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ABSTRACT

Defect-free machining of materials and products with a strictly organized anisotropic structure (polymer composite materials),
with an uneven change in physical and mechanical properties throughout the volume (synthegran) or with high strength properties
(artificially grown superhard ruby and leucosapphire crystals) is either impossible or not economically feasible on modern CNC
technological machines. The reason for this is the lack of information about the power parameter, e.g., the machining force and
torque. Therefore, the use of the developed adaptive mechatronic mechanism (AMM) module, which implements parametric stabili-
zation of the power machining parameter in an open-loop control system, was an effective solution to this technological problem. An
analysis of the issue state in the field of mechatronic and intelligent machines has shown that to date, mechatronics as a science sys-
tematically combines mechanics, electronics, and informatics (computer science). Moreover, the term informatics indirectly reflects
another component of mechatronics — automation. In this regard, two main methods of automatic control are considered: by deviation
in a closed system with feedback and by disturbance in an open system without feedback on the controlled parameter. Examples of
open-loop systems with disturbance control, in which the “disturbance compensation principle” is implemented, are given. This
method cannot be replaced in the absence of sensors — sources of information about physical processes in technological machines for
various purposes, for example, in machine tool building, biomedicine, nuclear and military technology. As a rule, in all these ma-
chines there is a reciprocating movement of the working body (tool). The information model of the AMM module presented in the
article reflects its main elements and characteristics, including driving forces (electromagnetic and electrodynamic), a ball-bearing
screw mechanism, a fixed (unmovable) stator with a field winding and a movable armature with armature winding. The place of this
article in the general system of scientific research on the formulated new scientific direction “Mechatronic and intelligent technologi-
cal machines” is shown. This article is an introduction to this scientific direction, when automatic regulation “by disturbance” is per-
formed in a mechatronic machine, i.e., the principle of disturbance compensation is fulfilled.
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1. INTRODUCTION

1.1. Technological principle of machining

organized anisotropic structure, with an uneven
change in physical and mechanical properties
throughout the volume, or with high strength proper-

Typical machining is based on the technologi-
cal principle of reciprocating movement of the tool.
For example, the typical mechanical cycle in drilling
includes a tool rapid approach (RA), its machining
pass (MP), the tool intermediate withdrawal (for
cleaning it and introducing coolant into the cutting
zone), and the tool rapid retraction (RR).

It seems to be a simple cycle, but it requires ad-
aptation and intelligent control due to complex phys-
ical processes in the zone of interaction between the
tool and the machining object. For example, defect-
free machining of materials with a strictly
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ties is not economically feasible on modern CNC
machine tools.

Such materials include, for example, polymer
composite materials, syntegran, artificially grown
superhard crystals of ruby and leucosapphire, mod-
ern plasma coatings, and many others. The reason is
that on such machines, the CNC system provides
only kinematic parameters of machining (displace-
ment, speed, acceleration, impact). At the same time,
the quality and productivity of machining are pri-
marily determined by power parameters (force and
torque in the machining area).

The new technical solution, described below,
has passed experimental and production testing and
has shown new positive results that allow us to

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/deed.uk)

ISSN 2617-4316 (Print)
ISSN 2663-7723 (Online)

Digital control of
technical and social systems

105


https://doi.org/
https://doi.org/

Applied Aspects of Information Technology

2022; Vol. 5 No.2: 105-119

recommend its wide application in the creation of
mechatronic machines (including machine tools and
robots) of a new generation.

1.2. Means to ensure the technological
principle

To implement the controlled reciprocating mo-
tion, an adaptive mechatronic mechanism (AMM)
module has been developed, in the design of which a
“system of counteracting forces” is implemented,
ensuring their dynamic equilibrium. The ratio be-
tween these forces is adjustable and is determined by
the requirements of the machining technology. The
AMM module creates and regulates not kinematic,
but power parameters in mechatronic and intelligent
technological machines.

Mechatronics is a modern science that has fifty
years of experience, dating back to 1972. It includes
mechanics, computer science and electronics (elec-
tricity and magnetism). Currently, mechatronics is
associated with all those scientific disciplines that
were usually part of cybernetics, including applied
mathematics, automatic control theory, telemechan-
ics (telecommunications and telemetry), artificial
intelligence, information signals and systems, elec-
tromechanics, computer signal and image pro-
cessing, digital technologies in engineering, etc.
New terms have appeared in engineering and tech-
nology, for example, “mechatronic machine tools”,
“mechatronic and intelligent machines”, “configura-
ble control”, “mechatronic modules”, etc.

2. LITERATURE REVIEW

The emergence of new materials and technolo-
gy of high-strength cladding, on the one hand, and
the need for defect-free machining of parts made of
superhard and hard-to-machine materials, on the
other hand, led to the need to develop mechatronic
and intelligent machines.

Existing in-situ monitoring techniques are dif-
ferent depending on the features of laser additive
manufacturing. For example, laser induced break-
down spectroscopy (LIBS) was suggested for in situ
and real time elemental analysis of clad as well as
cladding process failures detection [1]. In-situ moni-
toring and ex-situ elasticity mapping for laser in-
duced metal melting pool are also examples [2]. Be-
sides, in situ X-ray imaging of defect takes place in
laser additive manufacturing [3] as well as in-situ
thermal imaging for single layer build time alteration
is also used [4].

This section discusses the sources of infor-
mation related to the features of approaches and
phenomena that need to be taken into account when
automating design and production.

The last 40-50 years, without exaggeration, can
be called the time of development of information
industries. Information technology covers all areas
of human activity, including politics, economics,
industry, education, art and others [5]. To the pre-
sent, manufacturing has been recognized as a skillful
function which is implemented in a workshop. Man-
ufacturing is no longer merely machining or fabrica-
tion. Moreover, manufacturing systems are covering
everything from order receipt through the product
shipment [6]. There is no need to assert (this is clear
from the very beginning) that all the stages of devel-
oping an integrated manufacturing system (including
CAD/CAM/CAE) correspond to the product life cy-
cle, on the one hand, and are based on information
and its meaning depending on the stage, on the other
hand. In this regard, great (and over time increasing)
importance is attached to improving the efficiency of
productive technologies based on virtual and physi-
cal technologies.

The development of virtual reality brings an old
and historic question on the difference between the
real world and unreal world as well as between de-
sired and actual. What we call “virtual reality” is a
representation of an actual or non-actual world and
the criterion of difference between the “real world”
and “virtual reality” is whether we present it with the
intention of using it as a representation. In other
words, “virtual reality” is presented as a simulation
or representation of an actual or non-actual world,
whereas what we call the “real world” is not pre-
sented as such [7].

The linguistic meaning of information includes
issues of modeling and simulation [8], on the one
hand, and issues of automation of technological pro-
cesses and technological systems [9], on the other
hand.

That is why this research deals with conception,
principles, and procedures needed to explain both
the essence of and the difference between two pro-
duction flows, namely the flow of information and
the flow of materials. The objective of research is to
establish the necessary and sufficient conditions for
ensuring the progress of an integrated manufacturing
system in terms of efficient product design and
manufacturing.

Automation of production is an effective means
of increasing the productivity of technological oper-
ations. At the same time, the acceleration of the
working movements of technological machines often
leads to stricter requirements for the speed of auto-
matic systems.

This requirement is partially reflected in the
mechatronic technological system (MTS) described
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in [10]. However, this development has a number of
disadvantages.

1. Large overall dimensions do not allow MTS
to be used as a replaceable tool head for CNC ma-
chines.

2. The large weight of the moving parts limits
the performance of MTS.

3. Inertia associated with the regulation of the
power parameter by its deviation in a closed control
system.

For example, the transition from the principle
of control “by deviation” to the principle of control
“py disturbance” shortens the path of the infor-
mation signal from the source of its occurrence to
the actuator, especially due to a rigid kinematic rela-
tionship between the resulting imbalance and the
place of its elimination. In this case, the classical
principle of automatic control works when the re-
sulting disturbance is self-eliminated (the principle
of compensation of disturbances).

Monitoring of CNC machining applications al-
lows the production to be analyzed and improved,
can improve part quality, reduce scrap and help with
the overall resource usage associated with a produc-
tion machine tool. Online process monitoring can
allow the machine to become smarter and adapt to
its conditions internally [11]. Machine learning and
adaptive machining could further help improve
manufacturing efficiency. However, in order to al-
low machines to become “smart”, widespread appli-
cation of sensing technologies to machine tools must
be carried out. Typically state of the art sensing sys-
tems for real-time machine monitoring is cost-
prohibitive to be applied machine-wide in a plant.
Usually, such systems are restricted to R+D and
work in a Lab environment. Therefore, there is a
need for a low cost, flexible sensor system that is
easy to apply to currently existing both CNC tech-
nologies and CNC machines.

The same goal is served by the idea of “direct
action regulators” expressed by I. A. Vyshnegradsky
in his famous work “On direct action regulators”
(1877), which later became known as “direct regula-
tion” and ““direct action systems” [12].

To illustrate the idea of “direct regulation”, it is
enough to recall the principle of operation of the
Watt’s centrifugal governor. The governor effective-
ly controlled the process of converting steam energy
into mechanical work using the principle of propor-
tional control [13]. The idea of direct regulation is
manifested in the fact that in the automatic control
system “by deviation”, the information signal of the
deviation of the current shaft speed from the set
speed is formed by a mechanical converter along a
rigid kinematic circuit and without involving an ad-

ditional energy source. In this case, the efficiency of
the system directly depends on the transfer function
of the mechanism. The study of this mechanism was
carried out by scientists of different age generations,
starting from 1.A. Vyshnegradsky (1831-1895), who
by mathematical modeling established the reason for
the low efficiency of the Watt's governor.

To identify the essence of a new technical solu-
tion, it is necessary to turn again to the principle of
equilibrium of solids in space, the gualitative charac-
teristic of which is defined as “stability” (Fig. 1).

.il :Jn j\l ‘-10 ;11
M /—.\Ié ".""—"""'\ )
a b c

Fig. 1. llustration of the stability concept:
a — stable system; b — unstable system;

¢ — neutral system
Source: compiled by the [14]

The equilibrium position of the ball is charac-
terized by the point Ao,. When deflecting to position
Az in the first case, the ball tends to position Ag (Fig.
1a), in the second it does not tend to this position
(Fig. 1b), in the third (Fig. 1c) — the state of the ball
is indifferent. In an indifferent state (Fig. 1c), the
equilibrium must be restored by the application of
any external forces, for example, the weight of a
load or a spring (Fig. 2).

P,zW
A H=L

g ,_H Balance due to the
weight of the load P,,

Balance due to a spring,
Pi>Ww

Fig. 2. Circuits of force closure due to the weight

of the load (a) and due to the spring (b)
Source: compiled by the [12]

Computer-aided design and production [15] as
well as the idea of representing a system through its
input, state, and output [16] were used in the devel-
opment of the mechatronic mechanism described
below. Another idea of balancing forces [17] with
the principle of “configurable control” [18] are also
used. The principle of hierarchical control [10] and
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its features [19] in intelligent systems were also tak-
en into account. The mechatronic mechanism con-
sidered below can be applied not only to metal-
cutting machine tools, but also to any mechatronic
machines in which it is necessary to change the force
and regulate the torque according to the program. It
may be implants production using additive technol-
ogies [20] and online monitoring [21, 22].

Intelligent control algorithms are extensive. It
could be genetic algorithm using neural network [23,
24], data processing [25] and machine learning [26]
as well as data control [27] and image processing
[28]. Therefore, such intelligent data processing
must be provided on CNC machines, for example,
drilling and grinding machines with an intelligent
numerical control system.

The purpose of the article is to develop a de-
sign and algorithm for the functioning of the AMM
module. In other words, this article discusses the
introduction to the problem (when the machining
technology determines the structure of the mecha-
nism), the design and principle of operation of the
AMM module for the implementation of a typical
machining cycle, based on the reciprocating motion
of the tool.

3. RESEARCH METHODOLOGY
3.1. Information model in statics

The disadvantages of the mechatronic techno-
logical system described in [10] are eliminated in the
new design of the AMM module, which is designed
to implement a controlled reciprocating motion
based on the principle of “dynamic equilibrium” of
oppositely directed forces.

The new technical solution — the AMM module
— implements a synergistic set of the following tech-
nical effects and principles.

1. The principle of separation of electromagnet-
ic effects is used both in the “solenoid — core” sub-
system (electromagnetic force E,,,) and in the sub-
system of force action on a current-carrying conduc-
tor located in a magnetic field (electrodynamic force
Fed)-

2. The effect of the unilateral action of the elec-
tromagnetic force F,,, on the ferromagnetic core in
the direction of its movement to a symmetrical loca-
tion relative to the solenoid (armature coil) is used.

3. The mechatronic mechanism structure has
been created to implement the reciprocating move-
ment of the working body of a technological ma-
chine due to the simultaneous action of the above
forces on it (E,,,, and F,;).

4. The motion direction reverse of the coil with
electric current (armature) by changing only the
magnitude (but not the direction of action) of the

electrodynamic force F,,;. Moreover, without chang-
ing the magnitude and direction of the electromag-
netic force E,,,,.

This made it possible to obtain the following
technical advantages compared to the design de-
scribed in [10].

1. The mass of the AMM module has been
halved, and its dimensions allow the installation of
this module in the seat of the CNC machine spindle
(tool shank with a retaining cone of 7:24).

2. The speed of the automatic control tracking
system has been increased both by reducing the
weight of the moving parts (one armature instead of
two) and by switching from the principle of regula-
tion “by deviation” in a closed system to the princi-
ple of regulation “by disturbance” in an open sys-
tem. The disturbance is the inconstancy (variability)
of the force parameter in the cutting zone.

3. In the power converter mode, the AMM
module is distinguished by a large range of the pow-
er parameter regulation, which allows for rough,
semi-finishing and final (including surface refine-
ment, smoothing, etc.) processing of difficult-to-
machine and superhard materials (up to nano-
technology), for example, anisotropic, crystalline
and polymer composite materials.

According to the existing automatic systems
classification, the developed AMM module refers to
direct-acting systems when the energy for the con-
trol action comes from the control object, i.e., from
the machining zone (Fig. 3a). The reason for this
statement is the fact that direct-acting systems as-
sume a direct mechanical connection of the energy
flow regulator with a source of disturbing action,
and thus the excess energy generated in the zone of
force interaction of the machine with the external
environment is used to return the system to an equi-
librium state. This eliminates complex feedback
loops (Fig. 3b).

——+
R1

Yo X
N g I SEN

Yo € . X y
Controller Plant —>

Dl

Plant

Negative feedback

Fig. 3. Automatic control systems
“by disturbance” (a) and “by deviation” (b)

Source: compiled by the authors
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Stabilization of force or torque during machin-
ing is carried out by changing the system parameter,
including a non-linear change in the parameter. Ex-
amples of parametric stabilization are known: stabi-
lization of the electric current strength in the baretter
or the electric voltage on the Zener diode (when the
Zener diode is switched on reversibly).

In accordance with the general systems theory
(systems engineering) one of the important initial
stages of a system development is an adequate rep-
resentation of the system from the stage of system
concept to the running one. The system design in-
cludes its description, modeling and simulation,
which may be represented in the respective formats:
verbal description (text) in ordinary languages,
graphical representations (block diagram, graphs),
special signs systems (e.g., programming lan-
guages), mathematical model, a timing diagram, the
combined method, etc. Selecting an appropriate way
of the system representation depends on the purpose
of the study [15]. If the purpose is to create condi-
tions to ensure the desired course of a process, when
the process is the developing system, then it should
be said of the system operation and control algo-
rithms. In this case the technical system is being de-
veloped in the form of a control system model. In
this modeling (versus simulation) the system is a
mathematical abstraction that is taken as a model of
a dynamic phenomenon which represents the dy-
namic phenomenon in terms of mathematical rela-
tions. According to H. Freeman [16] such a system
is characterized by the input u, state x and output y
(Fig. 4). The input u in the form of a set of time
functions (e.g., in time domain) is the external forces
(input variables) which are acting upon the grinding
process that represents the dynamic phenomenon
mentioned. The state x is a form of the system state-
space representation, which with the input affects
the output .

Input Output

T M ''''' p — ¥

‘::' emory free !
| relations ﬂ.

i State E

Lox T l !

i Memory :

Fig. 4. Representation of the grinding system

based on “input-state-output” model (a)
Source: compiled by the [16]

The output y in similar form is the measures of
the grinding process result, i.e., output quantities

belonging to the ground part (part accuracy, surface
finish and surface integrity).

A dynamic phenomenon (process) may or may
not possess a memory depending on whether or not
the effect of past applied forces is stored. In this
connection the state x of the system is a vector func-
tion of time (e.g., in time domain) as well as both the
input u and output y. In grinding it may be corre-
sponding signals like those of grinding force F in
Newtons, temperature T in Celsius or acoustic emis-
sion (AE) in root mean square quantities.

The AMM module (Fig. 5) contains a basic part
— housing 1 made of soft magnetic material. The
housing 1 performs the function of the external
magnetic core of the module; its end is the main de-
sign base when connecting the module to the spindle
head 2, for example, a CNC machine.

%

CNC
P(x,y.2) (x.0.2)

Computer

5

N
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]
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o
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Fig. 5. Module AMM structure

Source: compiled by the authors
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The hollow internal magnetic core 3 is coaxial-
ly fixed in the housing 1 using two screws 4 and two
pins 5. The field winding 6 is fixed to the magnetic
circuit 3 (provides a magnetic flux of the required
magnitude and direction) and a movable armature
coil 7 (non-magnetic aluminum alloy) with an arma-
ture winding 8 is installed. The armature coil 7
(hereinafter armature) has the ability to reciprocate
along the longitudinal axis of the magnetic circuit 3
without backlash and jamming on a sliding fit.

The nut 13 is fixed axially by means of ball
bearings 15 located in a non-magnetic (textolite)
housing 16 and is fixed from possible axial move-
ments by flanges 17 and 18. The nut 13 receives ro-
tation from the motor 11 (the source of rotational
movement of the spindle 10) through the bypass
coupling 12; it transmits this rotation to the spindle
10 due to force closure of the contact in the pair “the
inclined surface of the thread turns of the nut 13 —
the outer ring of the bearing 14”.

The spindle 10, receiving rotation from the nut
13, simultaneously has the possibility of reciprocat-
ing movements up and down along its longitudinal
axis (when the housing 1 is stationary). To do this, it
is rigidly connected to the coil 7 of the movable ar-
mature (carries the armature winding 8) through a
non-magnetic flange 19 made of textolite.

To combine reciprocating and rotational
movements, the spindle 10 is installed in the flange
19 using two duplex ball bearings 20. Radial and
axial backlashes in these bearings are eliminated
using a spacer ring 21 and a clamp nut 22, respec-
tively.

The spindle 10 is provided with a collet 23 in
which a machining tool 24, such as a drill, is fixed.

A workpiece 25 (or a product which is marked
with point A in Fig. 5) is installed on the table of the
CNC machine (point A in Fig. 5); it receives from
the CNC device the necessary program movements
along the x, y, and z axes (Fig. 5).

To control the vertical movements of the arma-
ture 7 and thus the tool 24, the AMM module pro-
vides a subsystem consisting of a field winding 6
(creates a magnetic flux) and an armature winding 8
(located in the area of this flux). In the initial state
(Fig. 6a), these two windings create oppositely di-
rected, but balancing forces, i.e., F.q = F,,,. Arma-
ture winding 8 creates an electromagnetic force E,,,
directed upwards. The field winding 6 creates an
electrodynamic force F,, directed downward. In Fig.
6, the letter Q stands for the weight of the moving
parts of the AMM module.

By adjusting the ratio between these forces,
when the condition F,; > (F,,,, — Q) is, it is possi-

ble to carry out rapid (Fig. 6b) and working (Fig. 6c)
feed of the tool in the direction of the workpiece
(down).

If the field winding 6 is turned off, the tool (for
example, a drill) will move up rapidly under the ac-
tion of the electromagnetic force E,,, (Fig. 6d).
Thus, the structure of a typical machining cycle (the
algorithm for the operation of the AMM module)
contains four repeating states. The motion parame-
ters for each of these states (speed and coordinates
of the tool movement) are set by the CNC system of
the technological machine, in which it becomes pos-
sible to repeat a typical work cycle (Fig. 6e) with
adaptive and intelligent control not only of the kin-
ematic, but also of the power parameters of the tech-
nological process (algorithm for controlling the
AMM module).

During machining, the resulting force F (Fig. 7)
creates a torque T that is balanced, for example, by
the cutting torque T,y;, i.€., T = Ts,:. When the lat-
ter (i.e., Tsy:) increases, the ball-bearing screw
mechanism of the power converter is activated (con-
sists of elements 10, 13, 14 and 15 in Fig. 5). The
specified excess of the cutting torque AT,,; leads to
an additional rotation of the ball-bearing screw in-
side the nut 13 and additional movement of the spin-
dle 10 upwards. As a result, the cutting torque is re-
stored to its previous level, which was before the
appearance of the disturbance, i.e., AT, = 0. This
is how the parametric stabilization of the cutting
torque T,,: (at F = constant) is performed by
changing the parameter — the angle of rotation of the
ball-bearing screw 10 in the nut 13.

In other words, when the cutting force exceeds
a predetermined value, the balance of forces is dis-
turbed, and the excess force acts on the ball bearing
screw (spindle 10), causing the spindle 10 with the
tool to lift to eliminate the imbalance of forces. This
is the adaptability of the mechatronic mechanism.

The power supply of the field winding 6 is car-
ried out from a DC source 27 through an adjustable
resistance 28 and a block 29 that changes the current
in the circuit according to computer 30 commands.

The armature winding 8 is powered by a DC
source 31 through adjustable resistance 32.

Thus, this subsection describes the information
model of the AMM module. The information model
covers the structure and composition of the mecha-
tronic mechanism, the algorithm of its operation
(typical technological cycle) and the control algo-
rithm for parametric stabilization of the cutting mo-
ment (regulation “by disturbance”, the principle of
compensation of disturbances).
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3.2. Information model in dynamics

A basic characteristic of any dynamic phenom-
enon is its behavior at any time and whether or not
the behavior is traceable not only to the presently
applied forces (input variables) but also to those ap-
plied in the past.

The working body of any technological ma-
chine makes repetitive movements. Most often, this
is a repeating technological cycle based on the recip-
rocating movement of the working body as it shown

in Fig. 6. The technological cycle characterizes the
main states of the mechatronic machine, namely:
equilibrium (Fig. 6a), rapid approach (Fig. 6b), ma-
chining pass (Fig. 6¢), and rapid retraction (Fig. 6d).
Thus, the working body performs the same repetitive
movements: RA, MP, RR (Fig. 6e). Each of these
movements can be obtained by adjusting the ratio
between forces F,,,, and F,,.

3T
F, em F, em Fe’" Fe’” RR RA
Fed Fed Fed Foa=0 P
Fed=Fem FeEFem FeaFem FedaFem
Equilibrium (Rapid (Machining (Rapid Machining cycle
approach, RA) pass, MP) retraction, RR)
a b c d e

Fig. 6. Formation of a technological cycle based on a system of two oppositely directed forces:

F,n,and F,y
Source: compiled by the authors

AF (3 m

\_/\

X

F éd

Fig. 7. An information model of dynamic equilibrium with an rapid approach of a tool based on a
system of two oppositely directed forces:

E,, and F,4
Source: compiled by the authors
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So, we have the following step-by-step proce-
dure.

1. For each point A(x,y, z) of the trajectory of
the tool, the value of the force F is set programmati-
cally for each instantaneous position of the tool in
space, i.e., function F(x,y,z), which is previously
(as a program for the tracking system) entered into
the computer 30 (Fig. 5).

And

F =Feq+ Q—Fepn. (1)

Relative to point O, torques with a shoulder a
arise (Fig. 7) that contribute to the rolling of the out-
er ring of the ball bearing down (T ,,,) and up
(Tup), and

Tgown = (F — Ny)a, (2
Tup = Fom @, @)

where N, is the vertical component of the force N
vector which is a response to the downward force F
(Fig. 7),i.e., N=N,+ N, (Fig.7).

The equations for determining the forces F.q4
and F,,,, were found earlier [17]. The magnitude of
the electrodynamic force can be found as follows

F,q = I[I, B] = I[IxB], (4)

where F,; is the force vector, N; I is the current
strength, A; I = 1 is the conductor length vector in
the current direction, A; B = B is the magnetic flux
density vector (or magnetic field induction vector),
Whb/m2or T.

In general, with the simultaneous action of mul-
tidirectional magnetic fluxes (one of which is creat-
ed by the stator field winding) on a current-carrying
conductor, the resulting mechanical force
(Fx)eq acting on this conductor can be found based
on vector summation and multiplication, i.e.

(Fz)ed = ?:1 Ij [1_1(2?;1 Ei)]' (5)
where Y7, B; is the total induction (resultant vec-
tor) of magnetic field sources in the field winding,
T; [I;, (X7, By)] is the vector product of the vector
l; (conductor length j-th vector) and resulting vec-
tor i, B;; I; is the current strength in the j -th
conductor (j = 1,2, ...,K), A; [; is the length of

the j —th conductor, m.
Electromagnetic force can be found as follows

1
Fom = E.uo(.“r — Dn?I?S, (6)

where F,,, is the traction force developed by the ar-
mature winding, N; pou, = 1, and u,- are the ab-
solute (in N/AZ or H/m) and relative (dimensionless)
magnetic permeability of the magnetic core sub-

stance, respectively; p, is the magnetic permeabil-
ity of vacuum (magnetic constant), py = 4n-107
N/AZ or H/m); n is the number of turns of the wind-
ing on the current coil (i.e., the number of turns of
the armature winding) per unit length of this wind-
ing, 1/m; I is the current in the coil winding (current
in the armature winding), A; S is the area of the
circular cross-section of the coil winding (i.e., arma-
ture winding), m?.

In the same computer 30, when the control pro-
gram of the CNC system is executed, the instantane-
ous values of the current coordinates of the
tool (x,y,z) are received. At each moment of time,
the computer through block 29 maintains a variable
level of electric current 1(x,y, z), which ensures the
performance of the function F(x,y,z) mentioned
above. Thus, when the control program is executed,
the current I(x, y, z) of the required value, shape and
duty cycle flows through the field winding 6.

When the source 27 is turned on by a signal
from the computer 30, the electric circuit of the field
winding 6 creates a magnetic flux. It passes, in par-
ticular through the armature winding 8. This causes
the appearance of an electrodynamic force F,;, the
action of which brings the armature (in the direction
of the force F,4), and with it the machining tool, to
its original working position, i.e., until the power
closure of the armature housing 19 with split rings
26. The closure of these rings generates a signal to
the CNC system about the readiness of the spindle to
execute the control program of the CNC system.

2. The CNC system of the machine is activated,
which starts the electric motor 11 and sets the re-
quired cutting depth (in accordance with the control
program) for the spindle head of the machine. Fur-
ther, the cutting process is carried out as usual, for
example, on drilling, milling, or grinding CNC ma-
chines. In the absence of any deviations in the trajec-
tory of the tool from the prescribed trajectory, the
final geometric accuracy of the product will corre-
spond to the accuracy class of the CNC machine.
However, for this class of hard-to-machine materials
with pronounced anisotropic properties, this condi-
tion is not enough. It is also required to ensure the
product surface integrity.

It is known that some places of the product to
be machined with increased physical and mechanical
characteristics cause the appearance of force and
cutting torque in the cutting zone, which significant-
ly exceed the permissible values. In this case, the
“excess” of the force and torque causes the tool to
move in the direction “from the product” and the
transition of this tool to a reduced cutting depth.
When the cutting depth is reduced by At = Az, the
cutting force will return to the required value.
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This kind of “transition” (from one cutting
depth to another) occurs continuously during the
removal of the stock allowance and the machine, as
a whole, goes into “configurable control” mode [18].
This mode is characterized by mechanical instabil-
ity, which manifests itself as “vibrational cutting”
with variable frequency and amplitude of vibrations
of the tool cutting edge (the frequency and ampli-
tude of vibrations are determined by the material
anisotropy).

To achieve the specified accuracy of complex-
shaped parts, it must be taken into account that in the
“configurable control” mode, the specified accuracy
of the product to be machined must be achieved, for
example, in the following two ways:

1) introducing additional strokes into the tech-
nological process and performing the operation until
the remaining stock allowance is finally removed.
This kind of technology is ineffective, but it is quite
feasible, especially when it is necessary to achieve
precision machining parameters lying in the field of
nanoscale;

2) equipping the CNC system of the technolog-
ical machine with an algorithm for accounting for
the remaining stock allowance. The essence of this
method boils down to the fact that it becomes possi-
ble to cut in the product's places only where the
stock allowance (material to be remove) has not yet
been removed.

This method should not be confused with the
function of additional machining. For example, the
PowerMILL program developed by Delcam allows
forming a 3D model (algorithm) of the remaining
stock allowance after the end of each stroke. This
model is used to form the tool movement trajectory
by the CNC machine system to remove the remain-
ing stock allowance, i.e., selectively in those
product's places where the stock allowance re-
mained.

This allows saving time on idling. The opera-
tion of such a program can be seen visually on the
monitor screen of the CNC system.

4. RESULTS
4.1. General layout of the machine

The movements of the workpiece in the direc-
tion of the x and y axes are carried out due to the
longitudinal and transverse feedings of the machine
(Fig. 8). These movements are not interconnected (in
this particular case) with any responses of the AMM
module and are carried out by means of the CNC
system of the CNC machine in accordance with the
established control program.

The movement of the tool along the z axis (in
this particular case) is the result of the addition of

two movements: the first movement is from the con-
trol system of the AMM module, the second is from
the CNC system of the machine. The contradiction
that arises in this case is eliminated due to the inter-
action of two levels of the hierarchical control sys-
tem: the lower level is the clamping force and cut-
ting torque stabilization during automatic control
“by disturbance”, the upper level is the standard ma-
chining of the vertical movement z from the CNC
system.

Fig.8. CNC mechatronic technological system

based on AMM module
Source: compiled by the authors

In this case, the implementation of the size
along the z coordinate is ensured by the fact of a
force closure between the end surface of the recess
in the housing 1 and two thrust plates 26 (Fig. 5).
They limit the axial movement of the armature and
thereby fix the extreme axial position of the tool, at
which the dimension along the z coordinate is exe-
cuted (this dimension is set by the CNC system).

4.2. Power converter mechanism

Nut 1 (Fig. 9) is given rotation from the driving
motor with an angular speed , and an axial force F
is applied to the screw 2. The force F is directed
along the screw axis and is variable in accordance
with the machining technological cycle. Under the
action of the force F, the “screw-nut” pair is
forcefully closed through ball bearings 3 at a point
located on an inclined surface at an angle a (Fig. 9).
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The screw is made in the form of a straight cy-
lindrical rod 4, on which two ball bearings 5 are co-
axially fixed perpendicular to the longitudinal axis
of the rod using pins 6 and 7, as well as spring
washers and seals 8.

The connection made in this way leaves the
possibility of free rotation of the outer rings of the
ball bearings, which, in this case, are double-start
threads and bearing surfaces in contact with the sur-
faces of the nut slotted grooves.

The design of the fixed (i.e., unmovable) stator
and the movable armature is quite technological
from the point of view of organizing lot production

b of the AMM module (Fig. 11).
To give the AMM module intellectual proper-
Fig. 9. Ball bearing screw mechanism: ties_, the stator coil contains sever{_:ll sections_, each of
an idea (a) and embodiment (b) which performs the corresponding function of a
Source: compiled by the authors sense organ. For example, the auditory function is

) o performed by a winding that takes into account the
~ Ball bearing screw has an original structure  soynd signal in the cutting zone. When a sound sig-
(Fig. 10). nal appears about the wear of the cutting tool, a con-
4 L J 7 ) trol electric current appears in this winding, which

5

changes the cutting force and torque based on the
| :3 |

provision of favorable working conditions for the

tool.
Changing the current strength in the field wind-
ing (at a constant armature current) allows obtaining
Fig. 10. Ball bearing screw: an idea (a) The AMM module is used as part of the work-
and embodiment (b) ing bodies of various technological machines,
Source: compiled by the authors

the necessary modes of roughing, semi-finishing and
finishing/smoothing, up to an infinitely small (al-
most zero) clamping force (Fig. 12).

4.3. Products made of superhard materials

Stator: coil and field Armature: coil and
winding winding
(unmovable) (movable)

150 mm

»
>

-t
Fig. 11. Stator and armature assembly on a ferromagnetic core
Source: compiled by the authors
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for example, in CNC machine tool building, biomed-
icine (in the manufacture of implants and prosthe-
ses), nuclear and military equipment. It is used in
stone cutting and engraving (Fig. 13).

g’
pindle

2 - o Grinding wheel
|~ ' Feed"g

Fig. 12. Contour grinding with infinitesimal tool

pressure (nanotechnology)
Source: compiled by the authors

Fig. 13. Products made of ruby (left) and mam-
moth tusk (right)

Source: compiled by the authors

The convenience of computer programming
makes it possible to implement various technologi-
cal cycles based on reciprocating movements of the
tool, including roughing, semi-finishing, finishing
and smoothing modes of machining and assembling
machines and mechanisms. Separate prospects open
up for the development of equipment for the repair-
ing technological machines, in particularly in the
field conditions on the basis of mobile repair com-
plexes (military equipment).

4.4. Educational process on mechatronic
automation devices

The problem follows from the following rea-
soning. The educational process in higher education
institution (hereinafter university) is one of the most
complex technological processes (with elements of
intellectual control), the result of which is an unusu-
al “product”, namely the worldview and a set of spe-

cial competences of the trained specialists. For the
successful creation of such a “product”, the corre-
sponding hierarchical “control program” (with a
large number of relevant subprograms, e.g., in the
form of syllabuses) is compiled and continuously
improved. Such “control program” is similar to the
control program for CNC machines, which is created
on the stage of technological preparation of produc-
tion, for example, by mechanical engineering tech-
nology specialists.

Such analogy makes it possible to conclude that
the educational process (teaching and learning) in a
university is also technological one, i.e., contains the
appropriate technological operations as well as high-
tech equipment and production tooling. The latter
additionally contains high-tech distance learning
devices (computer-aided devices) with the special
software, namely: Moodle, Google Classroom,
Google Meet, Zoom, Skype, Google Suite/Docs as
well as WhatsApp, Viber, Telegram, etc. Education-
al program — in the form of educational-professional
(EPP), educational-scientific (ESP) or educational-
creative (ECP) ones — is a system of educational
components at an appropriate level of higher educa-
tion within a specialty, which determines the re-
quirements for the level of education of persons who
can start studying under this program (e.g., EPP), a
list of educational disciplines (EDs) and a logical
sequence their study, the number of ECTS credits
which are necessary for the implementation of this
program, as well as expected learning outcomes
(competences), which must possess an applicant of
appropriate degree of higher education [10].

A university on the basis of the relevant educa-
tional program (such as EPP) with each specialty
develops a curriculum that defines the list and vol-
ume (scope) of EDs in ECTS credits, a sequence of
the EDs study, volume and forms of conducting
studies (lectures, practices, laboratory works, etc.),
schedule of the educational process (course work),
forms of current and final control. Thus, within the
limits of legislation, a university independently es-
tablishes names of EDs. The academic council of a
university approves educational programs (e.g.,
EPP) and a curriculum for each level (bachelor,
magister) of higher education and for both specialty
and specialization. The latter is registered in
Ukrainian National Agency for Higher Education
Quality Assurance.

A manufacturing (technological) process has an
analogy with the educational (technological) process
through both blocks and links (direct and reverse) as
well as according to their functional significance.
The use of the “technological approach” allows ob-
taining new conclusions about the connection of cat-
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egories “information” and “knowledge” (through the
engagement between them) and their place in pro-
ductive technologies of different nature. For this,
feedbacks are used (method of iterations) in the di-
rection from the lower levels of hierarchy to the
higher levels.

5. PROSPECTS FOR THE STUDY
FURTHER DEVELOPMENT

With this publication, the authors begin a se-
ries of articles on new technologies of mechanical
and biomedical engineering in the shaping of com-
plex and arbitrary surfaces of both machine parts
and implants made from difficult-to-machine and
superhard materials.

The authors do not aim to give an alternative
solution to the design features of already existing
technological machines, e.g., CNC machines, but
offer a new scientific direction to expand their tech-
nological capabilities, i.e. the authors intend to solve
those “difficult” tasks of mechanical engineering
technology that cannot be simply and efficiently im-
plemented on existing technological machines, for
example, on CNC metal-cutting machines.

From the general series of “difficult” tasks,
the following priorities can be distinguished.

1. High-quality shaping of products from su-
perhard single crystals, both artificially grown and
natural.

2. High-performance abrasive machining of
complex-shaped parts made of hard-to-machine ma-
terials without the formation of grinding defects
(burns and microcracks) on their surfaces with vari-
able arbitrary curvature.

3. Machining of materials with an anisotropic
or strictly organized structure, e.g., synthetic fibers,
fiberglass and other polymer-composite materials.

The list of the materials to be machined is
given as an example only for the reason that their
machining using new technology not only provides
high quantitative and qualitative indicators of the
machining process, but also creates prospects for
further improvement of these indicators.

Turning to the practice of automation of ma-
chining processes by cutting, it should be noted that
in this field of knowledge a paradoxical situation has
developed, to put it mildly, when there are com-
plaints about the “unpredictability” of changes in the
values of cutting forces in the contact zone “tool-
product” and this fact is one of the most important
reasons preventing the widespread dissemination
and implementation of the ideas of adaptive and in-
telligent control of machining processes, e.g., cut-
ting, milling, grinding, etc.

Thus, the solution of the problems of adaptive
and intelligent control of the processes of mechani-
cal cutting of structural materials, in our opinion,
should begin with the organization of the supply of a
dosed amount of mechanical energy necessary and
sufficient to perform the operation or a specific
technological operation step.

The metered supply of energy to the machin-
ing zone is only the first side of the problem, be-
cause the anisotropy inherent in each workpiece ma-
terial, tool wear and other known phenomena will
inevitably cause the level of the established cutting
forces to be exceeded.

Therefore, the second side of the problem is
the solution of the problem of controlling the cutting
force parameter in the mechanism for stabilizing the
cutting process based on optimal technological con-
ditions.

This kind of control over the actions of the
working bodies of a technological machine is quite
feasible and in some cases is implemented in exist-
ing machines, for example, in the form of a “float-
ing” spindle, i.e. spindle, which has freedom of
movement along its longitudinal axis, and only in
the direction “from the product”, i.e., in the direction
of the machining stock allowance, followed by the
unconditional removal of this allowance. If this con-
dition for removing the allowance is not met, then it
makes no sense to talk about the accuracy of dimen-
sional shaping and the machining quality.

6. CONCLUSIONS

1. Analysis of the state of the issue in the field
of mechatronic and intelligent machines has shown
that by now the science of mechatronics systemati-
cally combines mechanics, electronics, and comput-
er science. Moreover, the term informatics indirectly
reflects related disciplines, for example, automation
and telemechanics (measurement and control at a
distance, communication and telemetry). In this re-
gard, two main methods of automatic control are
considered: “by deviation” (in a closed system with
feedback) and “by disturbance” (in an open system
without feedback on the controlled parameter). It is
shown that the developed AMM module implements
parametric stabilization of power machining parame-
ters, for example, stabilization of cutting force and
torque.

2. It has been established that the main disturb-
ance during the operation of the technological ma-
chine is the fluctuation of the power load and torque
on the working shaft. Therefore, the development of
an automatic control system that implements the
“disturbance compensation principle” is an urgent
task in the development of modern technological
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machines, for example, machine tools with recipro-
cating tool movement.

3. Defect-free machining of materials with a
strictly organized anisotropic structure (polymer
composite materials), with an uneven change in
physical and mechanical properties throughout the
volume (synthegran) or with high strength properties
(artificially grown superhard crystals of ruby and
leucosapphire) is either impossible or not economi-
cally feasible on modern CNC machine tools.

The reason for this is the lack both of infor-
mation about the force parameter and the system that
is able to stabilize this force parameter, e.g., such as
cutting force and torque. Therefore, the use of the
developed AMM module, which implements para-
metric stabilization of the power cutting parameter
in an open control system, was an effective solution
to this technological problem.

4. In the current sample of the AMM module,
the possibility of creating a dynamic equilibrium of
oppositely directed electromagnetic and electrody-
namic forces is realized. They act on a coil with a
current (armature), which performs a reciprocating
movement when the ratio between these forces
changes.

5. To increase the speed of the AMM module,
the direction of movement of the coil with current
(armature) is reversed by changing the value of the
control current in the field winding without revers-
ing the direction of this current. The absence of cur-
rent reversal means that there is no transient process
of current change due to the influence of inductive
resistance.

6. The created AMM module contains the pos-
sibility of tactile sensuality in the range from macro-
through micro- to nano-efforts, which made it possi-
ble to implement roughing, semi-finishing and fin-
ishing (smoothing) machining modes.

7. The information model of the developed
mechatronic mechanism covers its structure and
composition, the operation algorithm (technological
machining cycle) and the control algorithm (para-
metric stabilization, regulation “by disturbance”, the
principle of compensation of disturbances).

8. The place of this article in the general system
of scientific research on the formulated new scien-
tific direction “Mechatronic and intelligent techno-
logical machines” is shown.
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AHOTALIS

Besnedexrna mexaniuHa 06poOKa MaTepiaiiB 3i CTPOTO OPraHi30BaHOIO aHI30TPOIHOIO CTPYKTYPOIO (IOJIIMEpHI KOMITO3HIIHHI
Marepiaiu), 3 HepiBHOMIPHOIO 3MiHOIO (Di3MKO-MEXaHIYHUX BIACTUBOCTEH 10 BChOMY 00’eMy (CHHTerpaH) abo 3 BHCOKMMH BIIACTH-
BOCTSIMH MIITHOCTI (IITYYHO BHPOIICHI HaATBEp/i KpHcTanu pyOiHa Ta jelikocandipy) abo HeMOXJIHBa, a00 eKOHOMIYHO HEJOIIJIbHA
Ha cydacHHX MertanopizanpHux Bepcrarax 3 UIIK. IIpuuuna 1mporo mojsrae y BiACYTHOCTI iH(pOpMAIii mpo CHIOBHH mapamerp —
CHITy 1 KpPYTHHI MOMEHT pi3aHHS. ToMy 3acTocyBaHHS pO3pOOJICHOTO MOIYNS aJaNTHBHOTO MEXAaTPOHHOro MexaHizmy (AMM),mo
peani3ye napameTpuyHy cTalimi3alilo CHIOBOTO MapaMeTpa pi3aHHS B PO3IMKHYTIH CHCTEMi YHPaBIiHHS, CTal0 e()EeKTHBHUM BHpi-
LICHHSAM 3a3HaY€HOI TEXHOJIOTIYHOI MpobiaeMu. AHAIII3 CTaHy MUTaHHA B raily3i MEXaTPOHHUX Ta IHTENEKTYaIbHIX MAIIHH [TOKa3aB,
10 Ha IIell Yac MeXaTpoHiKa SK HayKa CHCTEMHO IIO€JJHy€e MEXaHIKy, eJIeKTpOHIKy Ta iHdopmaTuky. [Ipuaomy Tepmid iHpopmaTHKa
1o6iYHO BigOMBAc 1€ OAHY CKJIAJIOBY MEXaTPOHIKM — aBTOMATHKY. Y 3B'3Ky 3 UM PO3IJIIHYTI JBa OCHOBHI CIIOCOOM aBTOMAaTHYHO-
IO YIPABIiHHA: 32 BiIXMICHHSIM Y 3aMKHYTIH CHCTEMi 31 3BOPOTHUM 3B’SI3KOM 1 32 00ypeHHSM Y pO3IMKHYTIil ccTeMi 0e3 3BOpPOTHO-
ro 3B’A3Ky 3a peryjbOBaHHM ITapaMeTpoM. HaBeneHo mpuKiIagyM po3iMKHEHMX CHUCTEM i3 PEryJIIOBaHHAM “‘3a 00ypeHHsIM”, y SIKHX
peami3yeTbes “mpuHIMI KomreHcarii o0ypens”. Takuil crmocid He 3aMiHMMO 3a BiICYTHOCTI JATYHMKIB — JpKepen iHpopMarii mpo
(i3M4HI IpoLeCH B TEXHOJIOTIYHUX MAIIMHAX PI3HOTO MPU3HAUCHHS, HAPUKIAA, y BepcTaToOyIyBaHHI, OloMenIu4HiH, aTOMHIH Ta
BIICHKOBIH TeXHilli. SIK MpaBMIIO, y BCIX IUX MAIIMHAX Ma€ Miclle 3BOPOTHO-TIOCTYNANBHUH pyX iHCTpyMeHTy. [Ipencrasiena y crat-
Ti iHpopMariitHa Moaens Moxysi AMM BinoOpaxkae HOro OCHOBHI €IEMEHTH Ta XapaKTepUCTUKH, Y TOMY YHCHI PYIIilHI cuin (ere-
KTPOMAarHiTHa Ta eJeKTPOJHHAaMi4Ha), MIaPUKOMIIIIUITHUKOBUI I'BHHTOBHI MeXaHi3M, HEPYXOMHI CTaTOp 3 OOMOTKOIO 30y KEeHHS
Ta pyxomuii skip. [TokasaHo Mmicue mi€el cTaTTi y 3araipHiii CHCTEMi HAyKOBHX JOCHIIIKEHb IOA0 CHOPMYIHOBAHOTO HOBOTO HAYKO-
BOTO HaNpsMKy “MeXaTpoHHI Ta iHTEIeKTyaJbHi TeXHOJOTiYHI MammHK". L[ cTaTTS € 3anpoBa/UKEHHAM Yy LIl HayKOBHH Harpsm,
KOJI y MEXaTPOHHIH MalIvHi 3/1iiICHIOETHCSI aBTOMATHYHE PETYIIIOBAaHHS 32 00ypeHHSIM, TOOTO BUKOHYEThCS “TIPHHIIUIT KOMIIEHC A1
00ypeHs”.

KurouoBi cjioBa: MexaTpoHHHH MeXaHi3M; IUKJI 0OpOOKH; 3BOPOTHO-TIOCTYNANBHAN PYX; KEpYBaHHA 3a 30ypeHHIM; MapaMeT-
pHUYHa aganTamis
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