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Introduction

In recent years (10-15), the global scientific community has been focusing on the construction of
virtual digital models (VDM) of machining [1-14]. These models are primarily designed to determine the
relationship between technological parameters and the output properties of the machining process. Most
of the presented works do not reveal the structure of the relationship between state coordinates and output
properties [ 1-7], but use experimentally obtained regression equations that couple technological parameters
to the quality parameters of parts and tool wear [5—7]. This information is necessary for constructing a
CNC program. In many cases, neural network modeling methods are used instead of regression equations
[8—11]. The exceptions are studies [2—4, 17-21], in which dynamic cutting system (DCS) models are used
to construct VDM. VDMs have been developed that allow the trajectories of form-forming movements to be
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coupled to the geometric characteristics of the formed surface and wear [17-21]. Most studies are limited
to the problem of estimating wear as the main factor affecting the output properties [22—24]. Here, we note
the modeling of evolutionary changes in the DCS that we proposed earlier [25, 26]. In this system, wear
evolution and quality parameters are represented as a Volterra's integral equation of the second kind with
respect to the phase trajectory of irreversible transformations in terms of work done. Thus, the evolution
of properties and parameters reveals the complete DCS. However, its use requires significant computing
resources. In this paper, we will limit ourselves to the problem of wear diagnosis based on the analysis
of vibroacoustic emission (VAE) [27-47]. To measure VAE, piezoelectric transducers, force sensors, non-
contact laser and other measuring systems are used to determine the vibrations of a certain DCS coordinate
in the frequency range (10 Hz...600 kHz). The measured sequences undergo preliminary processing using
integral transformations, primarily Fourier transformations [26], Wavelet transformations [37], Hilbert-
Huang transformations [36], Volterra transformations [3, 37, 28], etc. Methods of complexing measurable
sequences of various physical nature are used [48].

In contrast to previous studies, this paper focuses on the construction of an information sign space (/55),
which considers the sensitivity of parameters’ variations to wear changes, their noise immunity, and ease
of formation in diagnostic systems. Two frequency ranges are considered separately. The low-frequency
range is within (1.0-1.5) kHz, and the high-frequency range is above 2.0 kHz. This division is due to the
peculiarities of mathematical modeling of the DCS as a channel through which information about the force
interactions formed during processing is transmitted.

The purpose of the work is to develop a method for diagnosing cutting tool wear by determining the
information space of features formed on the basis of studying changes in the frequency characteristics of
the dynamic cutting system caused by wear development. To achieve this purpose, the following tasks must
be undertaken.

—to develop an analytical method for determining the information space of the low- and high-frequency
ranges;

— to perform mathematical modeling and to conduct digital simulations, and full-scale experiments;

— to determine the parameters of the information space within the considered frequency ranges and a
method for their evaluation.

Methods

Methodology for experimental wear assessment

A generalized parameter for assessing the tool’s condition is the wear on its flank face. Therefore, let
us consider an algorithm for the experimental assessment of flank wear, which is defined by the height of
the flank wear land (Fig. 1). The configuration of the wear mark on the flank face varies, and only in some
cases does it approximate a rectangle, as shown in Fig. 1, a. Therefore, we will define the wear assessment
as the height of an equivalent rectangle w=3_S /(t @ - X, ) where §, is the surface area of the wear trace
on the flank face of the tool, and X, is the elastic deformatlon under equlhbrlum conditions. The area §, is
estimated using a grid (Fig. 1, ¢). It has been previously shown [2, 3, 26, 47] that the properties of dynamlc
contact stiffness (DCS) are influenced by dynamic connection parameters, and changes in these parameters
are manifested as variations in vibration spectra. The parameters of this connection are dependent on wear,
and it is convenient to analyze the interdependence of the vibration spectrum and wear independently
within two frequency ranges. In the low-frequency range (@, € (0,0,)), the model can be represented as a
finite-dimensional spatial discrete model [47]. This is a frequency range whose upper limit is defined by the
natural frequencies of the tool and workpiece subsystems. We will interpret the frequency range above @,
as the high-frequency range (@, € (®,,©).

Methodology for analytical determination of the information space in the low-frequency range

The previously derived DCS model [47] is considered. We will limit our analysis to the case of machining
a non-deformable workpiece. Then, the equation of the perturbed dynamic system response (DSR) can be
written as:
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Fig. 1. Examples of photographs of the worn tool part and wear evaluation scheme:

a —flank wear of a 79 WC-15 TiC-6% Co insert during turning of 4157 301 steel; b — wear development
of a 79 WC-15 TiC-6% Co insert during turning of steel 0.2 C-Cr; ¢ — schematic of the matrix grid

?X X
m——+h—+cX=FK(L,V,X,p) +f(t 1
R 2LV, X,p) + 1) (1)
where m = diag(m), h = [hS,k]’ c= [CS,k]’ S, k=1, 2, 3 is positively definite symmetric matrices of inertial,
velocity, and elastic coefficients; X = {X,, X, X 3}T€9i’ X(3) is deformation vector; F. = F + ® is the vector-
function of forces on the rake F and flank ® faces; F = {F|, F, F3}TE9%X(3); ®=10,0, CI)3}TESRX(3).

Let us also consider deformation velocities Vy =dX /dt = {VX,I,VX’Z,VX,3}T € ‘J%()?). We represent
forces F in the form F = {FI,FZ,Fg,}T = F(O){XI,XQ,X:;}T [47]. Here x1,%2,%3 are angular coefficients

satisfying the condition ()(1)2 + ()(2)2 + ()(3)2 =1. The given perturbations f(¢)= f,(t){x,> 1»» Z3}T are

considered to be reduced to the coordinate system of the forces F . Furthermore, f)(#) is modeled as

“white” noise. Based on prior studies, the model of cutting forces acting on the rake face of the tool F ©)
is given by [47]:

Vol. 27 No. 3 2025 %
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1
TOGFO® /g 4+ FO — o, Vx3){f§9) —[X) - kX (2 - T)]} x| {Vz(&) -Vx, (é)}d&, (2)
t-T

where p = pyg {1 +pexp[—g(V3 - Vx, )]} is the chip pressure, kg/mm?; p, is the pressure in the area of low

cutting speed region on the tool’s rake face; p is the dimensionless parameter; g is the steepness coefficient,
s/m; 7 is the chip formation time constant, s; kp is the dimensionless trail regeneration coefficient

(0CK (1),
Forces ®,, ®, can be expressed as:
D, =kopFy +pop [1‘}0) - X (f)] exp [g(v = U*)];
D3 = kgpkr Fy + krpo {(rﬁi” - X (f)) exp [G(U - 0*)}},

where p, is the force per unit contact length on the tool flank face, representing stiffness, kg/mm; g is a
parameter depending on the rear angle 4 and wear; k, is the friction coefficient; kg, is the dimensionless

3)

coefficient of elastic recovery.

Equations (1)-(3) constitute a numerical model of the DCS. The model’s adequacy was validated by
comparing the results of digital simulations and full-scale experiments, which were conducted using
continuous vibration monitoring measurement systems. The parameters of the dynamic connection equation,
particularly the chip pressure on the rake face of the tool, were refined using both theoretical material [49]
and force measurements during the cutting process [50]. For this purpose, a STD.201-1 system was used
instead of the support to measure the dynamic loads on the tool along the {X,, X, X;} axes. The hardware
interface of the test bench consists of a set of electronic units manufactured by National Instruments: NI-
9234, NI-9237, and NI-9219, with a sampling frequency of up to 25 kHz. The accuracy of the analytical
simulation results is limited by the zone of steady-state tool wear and the onset of accelerated wear, where
the influence of random processes in the cutting zone reduces the accuracy of classical analytical nonlinear
models.

Here, we leverage previously developed mathematical tools to construct a space of wear characteristics.

It is important to note that the parameters of the dynamic connection p(w) = {p,(w), p,(W),... p,(w)}
formed during cutting depend on wear. Let experimentally determined trajectories be given as p(w) =
= {p,w), p,(W),... p (w)}. For the sequence w = {w,, w,,...w,}, we calculate the spectra SXI’XI (),

S X2, X, (W) and S X3,X; (1) in the space SR()?) as Fourier transforms of the diagonal elements of the

correlationmatricesofthetimeseriesofdeformations XV (¢) = {X l(i)(t), X éi)(t), X §i )(t)}T € ER()?), i=12,..k.

Consequently, we obtain a set of deformation spectra for each set of parameters corresponding to each wear

state w = {w,, w,,...w,}.

Results and Discussion

Example of determining the parameters of the information space in the low-frequency range

If the perturbations f(¢) are small and the equilibrium is asymptotically stable, then the forces ® in
Equation (1) can be neglected. In this case, the main parameters influencing the formation of the spectra are
the variations in p and 7. Consider the turning of a shaft with a diameter of D = 84.0 mm, made of 0./
C-Mn-2 Ni-Mo-V steel. The investigations were carried out as part of the implementation of a commercial
contract with Afommash (Volgodonsk). The machining conditions were based on the technological process
for manufacturing a real “blow-off pipe” type detail for rough turning. The technological parameters were
as follows: feed rate Sp = 0.1 mm; depth of cut t, = 2 mm; and cutting speed V; = (0.5...3.8) m/s. During
the investigation, the range of cutting speeds was expanded in order to obtain more complete information
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about the diagnostic characteristics in the vibroacoustic emission (VAE) signals. Machining was performed
on a modernized /K62 lathe, equipped with adjustable spindle and feed drives. Instead of the carriage, a
STD.201-1 measuring system was installed to determine forces, vibration, and temperature. Parameters are
given in Table 1. The total mass is m = 0.015 kg-sz/mm. The dynamic couple parameters are provided in
Table 2. The resonant frequencies of the tool subsystem are Qo’ ; = 130 Hz, on ;=174 Hz, Qo, ;=236 Hz.

Table 1
Matrices of speed coefficients and elasticity of the tool subsystem
¢, , (kg/mm) ¢, , (kg/mm) ¢, 5 (kg/mm) h, , (kg's/mm) h, , (kg's/mm) h; ; (kg's/mm)
4,500 1,500 750 1.3 1.1 0.8
€127 S €137 % €237 652 iy =hy, hy;=hs, hys=hs,
(kg/mm) (kg/mm) (kg/mm) (kg-s/mm) (kg's/mm) (kg's/mm)
200 150 80 0.6 0.5 0.4
Table 2
Dynamic coupling parameters
(D
p Py -1 (0) k )
(kgfmm?) | (kgfmm?) | EE )| T e Ay | | % | %
100-1,000 20 5-50 0.0001 | 1-7 0.2 5 0.1 0.4 0.51 0.76

The spectra are studied based on numerical modeling in the Matlab-Simulink software package, as well
as experimentally by direct measurement of the vibroacoustic emission (VAE) during the cutting process.

Let us consider the spectra of deformation oscillations X e ER()? calculated as responses to “white”

noise. The spectra in Fig. 2, @ and b differ from the spectrum in Fig. 2, ¢ by angular coefficients
X =1{x1%2> x3}T . The examples are selected to illustrate the following properties of the spectra.

1. Resonances (shown as round, unshaded points) and antiresonances (shown as shaded points) can be
distinguished in the spectrum. In real systems, they remain virtually unchanged when the parameters of the
dynamic connection formed by the cutting process vary.

2. In the case of kinematic disturbances (Fig. 2, a), periodic spikes are superimposed on the spectra. The
distance between them is equal to the rotation frequency of the workpiece. In the case of force disturbances,
the peaks are normalized (Fig. 2, b). They are also normalized in the high-frequency range. Therefore, in
the actual measured spectrum, significant variations in level are detected as the frequency increases, but
resonance frequencies are usually observed.

3. Peaks at all resonances may not appear, or they may appear to a lesser extent (Fig. 2, ¢). This behavior
i1s determined by the structure of the elasticity matrices ¢ coefficients y. It is known that the angular
coefficients change as wear increases. For example, forces in the direction normal to the flank face increase
faster [51], which is reflected in the redistribution of amplitudes at resonance frequencies.

4. Wear development causes an increase in the parameters p and T, as well as a change in the angular
coefficients %. An increase in p causes a shift in the roots of the characteristic polynomial of the linearized
variation equation, such that some roots move toward the imaginary axis, and an increase in p always leads
to a loss of stability. An increase in T has a contradictory effect. On the one hand, an increase in 7
contributes to self-excitation, and on the other hand, it leads to additional damping.

5. As wear progresses, due to changes in the parameters of dynamic coupling, the system may lose its
equilibrium stability, and various attracting sets of deformations may form in the vicinity of the trajectory,
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Fig. 2. Typical examples of autospectra:
a — spindle rotation frequency of 10.0 Hz, disturbances applied to feed rate variations; b — spindle rotation
frequency of 100 Hz, disturbances applied to cutting force module; ¢ — spectral changes depending on the

direction of deformation displacements in space ‘R()?)

with bifurcations possibly observed along the trajectory. In this case, the normalized vibration spectrum is
practically independent of perturbations and is determined by the properties of the DCS.

An example of the influence of parameter p on the dispersion-normalized spectrum for value X € SR()?)

is shown in Fig. 3. Experiments show that for 0./ C-Mn-2 Ni-Mo-V steel under conditions of feed rate

SE,O) = 0.1 mm, cutting depth tf,,o) = 1.5 mm, and cutting speed V3(0) = 1.2 m/s, as wear on the rake face

increases to 0.6 mm, a monotonic increase in p from 100 kg/mm? to 160 kg/mm? is observed. This
corresponds to the transformation of the spectrum shown in Fig. 4.

Note the special features of the spectrum changes. There is a redistribution of the intensity of oscillations
in frequency ranges located near the natural frequencies. Let us denote them by A, , i, s =1, 2, 3. Here, i is

the resonance number, and s is the number of directions of oscillations in space ER()?). As p increases, not

only does the amphtude at frequency €2, increase, but the quality factor of this mode also increases. At
p =160 kg/mm a single oscillator w1th a common frequency €2, is formed. Analysis shows that when
p=145 kg/mm the equilibrium loses stability and self-oscﬂlatlons are formed.

More details on the formation of attracting sets of deformations can be found in our works [2, 3, 25, 26].
As the roots of the characteristic polynomial approach the imaginary axis, the quality factor of the oscillator
representing this pair of complex conjugate roots increases. Here are some examples of how the ratio of
amplitudes at resonances changes with p (Fig. 4). The point of instability is marked with a red dotted line,
to the right of which a delta-shaped spectrum &(w — 93) is formed, so all coefficients increase indefinitely.

A rougher but more interference-resistant estimate is the average frequency of the spectrum o' in the

X e SR(;) directions. With increasing wear, primarily due to an increase in the parameter T?, a shift of the

% Vol. 27 No. 3 2025
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Fig. 3. Example of changes in deformation autospectra depending on chip pressure p on the tool’s
rake face

Fig. 4. Sensitivity of amplitudes at resonances to variations p

overall vibration spectrum toward the low-frequency range is observed. If o/ is specified, then
(&)

(O] 0
I S XX, (w)do = _[ S X.X; (0)do is valid. The increment o depends less significantly on variations in

0 ®

the initial parameters, disturbances, and modes.

As wear increases, two interrelated processes can be observed. The first process characterizes the
determination of the state (Fig. 5). In this case, the peaks in the spectra become more pronounced and exhibit
increased quality factors. The second process characterizes the degradation of properties, manifested in the
formation of chaos.

Dispersion estimation is used to evaluate evolution
-1

4)

17 . .
where oy, x, (p) = _ISX1,X1 (o, p;)do, i =0,1,2..k; p = {p,, p,,-..p,} is sequence of p, values, each of
T
0

which corresponds to a variance.
In this regard, when considering the total variance, there are two stages (Fig. 5, b).
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a b
Fig. 5. Sensitivity of average frequency @ (a) and relative dispersion 6, \, (b) during variation
at different cutting depths tg))

At the initial stage of running-in, the dispersion of oscillations decreases, and then increases. This
trend holds true regardless of whether the equilibrium point is stable or whether various attracting sets of
deformations form in its vicinity. The analysis allows us to create an 1SS system. The first assessment IT is
based on an analysis of changes in relative amplitude Al.,s, i,s =1, 2, 3 increments in the direction s:

I =[5 4(w) - 8,4(0)]5 ,4(0) ", (5)

where 8 4(W) = A3 1 (W) / Ay 1(W),s=1.

The second I1, assessment is based on determining the 0@ displacement as w wear increases. However,
calculating the average frequency requires significant computing resources. Therefore, an equivalent
assessment of two signals passing through low- and high-frequency filters can be considered. In this case,
it is not necessary for the cutoff frequencies of the filters to coincide exactly with the frequency ©“. Then,

_og(w)-op(w)
I, = o) , (6)

where o (w) is the dispersion of the VAE signal in the low-frequency range; o g(w) is the dispersion of
the VAE signal in the high-frequency range; o(w) is the general dispersion.

The signal processing is such that when w = 0, the assessment I, = 0. Then, the assessment of I, based
on (4) is also informative:

_SXL4 (w) - ox1,x,(0)

M, .
G X{,X] (O)

; (7)

where 8)(1, X, (w) is the dispersion assessment calculated using the algorithm in Eq. (4).

Parameters of the high-frequency range information space. In the high-frequency range, it is not
possible to analytically determine the response of vibration sequences to changes in wear, since the dynamic
model has a limited frequency range of validity. However, the cutting process is a source of waves in the
frequency range reaching hundreds of kilohertz [5, 15]. We interpret the measured signal in the high-
frequency range as an acoustic emission (4E) signal. The source of this signal is the force interactions in
the regions (Fig. 6, a) of primary (1) and secondary (2) plastic deformation, as well as in the contact area
between the flank face of the tool and the workpiece (3). When measuring this signal, the wave properties
of the channel connecting the cutting zone with the 4E measurement point are of fundamental importance.
It is necessary to take into account not only the dissipative properties of the channel, but also its geometry,
as well as joints that introduce nonlinear distortions and an insensitivity zone caused by butt joints [50, 51].
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Cc

Fig. 6. Scheme of AE signal measurement and formation:

a —model of periodic force components formation; b — cutter measuring scheme; ¢, d — model
of random pulse sequence formation

A measuring cutter (Fig. 6, b) was used for the experimental study of AE properties. AE was evaluated
using a piezoelectric transducer (2) installed in contact with a tetrahedral plate (1) made of hardmetal
(79 % WC; 15 % TiC) and the body of the cutter (5). Two ceramic plates, based on solid solutions of
zirconate and lead titanate (ZLT), are installed so that their outer surfaces are in electrical contact with the
tool body, while the central plates are insulated and connected to a coaxial cable (3), the braid of which is
connected to the cutter body. The ceramic inserts (2) are pressed against the cutting plate with a screw (4).
The coaxial cable is connected to a computer for information processing via an analog-to-digital converter
E14-440.

A model of the source of power emission can be proposed. To do this, on the surface of the wearable
flank face of the tool, we select the area of Sl.(N’k)(t) (Fig. 6, ¢) in which the force fl.(N’k)(t) is formed. In time,
it represents a sequence of standard pulses (Fig. 6, d), each of which describes the change in forces over a
time interval 1€(z,_.t)).
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SO0 =kt 1 e (.t + aTNR), k= fV0 7 AT P,

i+1 i+1

SNO@ = S0 k1, e (h+aTNP, 4+ aTNR 4 asNR) k] = fAIVR f adN0); (g

FNR@y =0, te(n+aTHHR a0 g ).

i+1

The sequence represents a set of  standard pulses (8) fl-(N’k)(t) =
= fl.(N’k)(t), te(O,Tl(N’k)) f(N 20) te(T(N 2 T(N k)) f(N B ), te(T(N k) T(N k))}. The

tangential components of elementary forces f< )(t) have a similar structure.

In the following, the work is limited to considering the impulse sequence f;*~ &, )(t) which has two stages.
7(N.k)

In the first stage, there is an accumulation of potential energy (time interval A7,

). Here, elastic

displacement of microcontacts occurs up to values at which the bonds break. This time depends on the

cutting speed. In the second stage, the energy is released (time interval AN k)). The release of energy is

i+l

accompanied by an impulse of irreversible energy transformations, which generates heat, but also causes
other physical interaction effects. The release of energy also forms an elastic wave impulse.
The standard sequence is characterized by the following parameters: the distance between pulses Tl.(N’k),

rise time ATI.(N’k), fall time Atl.(N’k), and height fl(év ) (Fig. 6, d). This impulse can be caused by elastic-

plastic interaction or the destruction of adhesive and other bonds.

First, the frequency-domain representations of the sequence are analyzed (Fig. 7). In the illustration,
the upper two curves represent the sequence in the time domain, but on different scales. The lower two
diagrams correspond to their spectral representations, also shown on two scales. Note the following key
properties of these representations.

1. If the distance between pulses is constant 0.02 s = const, then the spectrum consists of a discrete
set of frequencies depending on the pulse duratlon relative to the distance AT, ™ If the pulse width equals
the distance between pulses, then in the frequency domain we observe frequency bursts corresponding to
a Fourier series expansion. In this case, the spectrum contains constant components: the first and third
harmonics (Fig. 7, a). When AT, ™8 is reduced, additional frequencies appear (Fig. 7, b), which eventually
transform into a continuous spectrum (Fig. 7, ¢). As AT, MH_0, the spectrum approaches “white” noise.

2. If uncertainty is introduced in AT, ™B then the dlscrete spectrum shown in Fig. 7, b transforms into
a continuous spectrum (Fig. 7, d). A broademng of the spectral lines is observed. The frequency of the
spectral maximum corresponds to the mathematical expectation of the distance between pulses, and the
variability (spread) of the intervals between pulses is reflected in the broadening of the spectral line.

3. Changes in the ratio between the rising and falling stages of the pulses also affect the spectrum,
but modeling shows that these changes are insignificant. Regarding amplitude uncertainty, the spectrum
amplifies the components located between the main bursts. If a narrowband filter selects a signal in the
frequency window A®, an increase in amplitude uncertainty corresponds to an increase in amplitude
modulation of the signal within this frequency window Aw.

In the contact region between the flank face of the tool and the workpiece, numerous interactions occur
(Fig. 6, ¢), which generate the emission signal:

T(Nk) —

i=nk=m
FM@ =35 00, 9)
i=l k=1
where k and i are the numbers of rows and contacts per row on the interaction surface, respectively.
It is necessary to formulate additional hypotheses regarding the influence of the probability distribution
of these contacts on the contact surface in order to determine the spectral properties of the set of random
sequences.
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c d

Fig. 7. Examples of spectral changes of a standard pulse sequence

The calculations indicate that increasing the uncertainty in the emission signal over time leads not only
to broadening of the emission signal’s spectral line but also to a decrease in the intervals between pulses
due to regular spatial shifts in the signals. Therefore, as wear increases, the emission signal spectrum
becomes blurred and shifts toward the high-frequency region. It is important to note that each individual
pulse has risen and fall stages that depend primarily not on time but on the path of relative movements; thus,
increasing the cutting speed reduces the parameters TI.(N’k) and ATi(N’k). As a result, the spectrum becomes
dependent on the cutting speed.

If we analyze the frequency range Awy € (w1, 2) , we observe that the main changes in the frequency

spectra with increasing wear correspond to the features described above. Moreover, the upper frequency
®,, in this range is determined by the rule:
-1
hy
600,2 = (V_
P

where £, is the height of the contact between the flank face and the workpiece at the initial stage of wear
w = 0; it depends on the elastic recovery of the material.

hy +w -
Vp '

The lower frequency is ©g; = [

This range must be adjusted experimentally. Here is an example of changes in the spectra obtained
from the sequences measured by the cutter shown in Fig. 6, b when turning 0./ C-Mn-2 Ni-Mo-V steel
at the following cutting conditions: feed rate Sp = 0.1 mm, depth of cut t,= 1.5 mm, and cutting speed
V,=12m/s (Fig. 8).
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b

Fig. 8. Example of AE spectrum changes depending on wear

The spectra represent the AE signal measured after the conversion of forces into acoustic waves. Let
the vibration sequence X(#) be defined within the frequency window A® E(®, ,, ®,,). Then, the following
information features of the AE signal are considered:

0,1°

®0,2 0,2 ®0,2 -
My(w) = j' S(o,w)do - J' S(0,0)do j S(0,0)do; (10)
@1 ®0,1 @0, 1
where S(w, w) is the AE signal spectrum of a worn tool; S(w, 0) is the AF signal spectrum at the initial stage
of wear.

-1

o0, ¢ ®0,2 ©0,2
Msw)={ | Sowdo- [ Sw0dor{ [ So0)do} , (11)
®Q,1 ®0, ¢ ®Q,1

where o, _ is the average frequency of the spectrum within the window A® E(®, ,, ®,).
Since calculating the frequency within A E(®, ,, ®,,) can be challenging, it is convenient to select a

0,1°
®,¢ ®0,2

frequency @, = 0.5(®, + @ ,) and ensure, for w =0, the condition j S(o,w)do = j S(»,0)dw holds.
®0,1 ®0, ¢

Finally, to estimate the irregularity of the pulse sequence amplitude, the amplitude modulation signal of
the selected high-frequency signal X(¢#) can be considered. The modulation level of x(7), determined
after detecting the signal X(f) and estimating its dispersion using moving average algorithms
o(t) = — j x (&)dg, is highly informative. Then,

r t-AT

(W) = {o,, (1) — o} {o} . (12)
Depending on the hardware implementation and the vibration sequences available for measurement, all

the above-mentioned information features IT = {IT,, IL,, ... H6}TE ERH6 can be used.
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All formed information feature set (/FS) parameters I = {II,, IL,, ... H6}TE SRH6 have the following
properties. First, /F'S parameters are dimensionless, their values are usually positive, and they change
monotonically as wear progresses. Second, wear w = 0 in all cases corresponds to the condition IT(w) = 0,
when w = 0. Third, from the variety of information features, those highly sensitive to changes in wear have
been selected. Their area of application depends on the following.

The information feature I, can be used if, as wear progresses, the equilibrium of the dynamic cutting
system is asymptotically stable. It suffices to note that the internal amplification factor in the dynamic
system depends not only on p, but also on the cutting depth. It changes to a lesser extent with variations in
cutting speed and feed rate. It has been shown earlier that the evolution of the cutting system properties can
be highly sensitive to small variations in technological parameters and disturbances. It can be concluded
that the redistribution of amplitudes is highly sensitive to wear development. However, this holds true
within the range of stable equilibrium, as well as in cases of low sensitivity of the system evolution to
variations in initial system parameters and disturbances.

To use the information feature I1, for diagnosing wear on CNC machines, it is necessary to coordinate
the diagnosis with the CNC program. Information assessments II, and I, are more universal but less
sensitive to variations in the dynamic properties of the system and to changes in operating modes. When
constructing diagnostic systems for turning structural steels at constant cutting modes and stable elastic
deformation equilibrium, it is possible to divide wear information into 4—5 wear classes [27].

However, all three characteristics depend on the accuracy of the specific machine and its condition.
Previous studies of the coherence function between force disturbances and deformations have shown that
it increases with increasing frequency [3]. When selecting the space of information features, the features
I1,, I, and II; are more resistant to interference. In this case, the main disturbances are associated with
variations in the allowance, spindle group runout, and kinematic disturbances from the feed drives. All
disturbances originating from the machine lie within the low-frequency range.

At the same time, when installing the AE sensor, it is necessary to take into account the wave
properties of the channel connecting the force emission generated in the cutting zone and the measured
vibrations (oscillatory deformations, displacements, accelerations, etc.). There is a general rule here:
the higher the frequency, the closer the measuring transducer should be to the cutting zone. In our
opinion, specialized cutting tools with integrated measurement transducers hold the most promise for
AE measurement.

The presented method for determining diagnostic signs of tool wear and increased vibration activity of
executive elements has practical significance for the creation and development of intelligent algorithms
for monitoring systems. Changes in the assessments of diagnostic signs of wear serve as corrective
parameters that can be used to build an adaptive control algorithm in the CNC unit, capable of extending
the tool’s service life, but are not limited to this. Within the framework of the presented methodology,
the tasks of determining diagnostic signs of degradation of the geometric topology of the part surface
and the operational characteristics of the machine tool are of research interest, but these are subjects for
future studies. The identified and collected information features in the VAE signals allow the creation of
“Test Data” and “Training Data” databases for training the assessment of cutting process dynamics in
machine learning models of diagnostic systems, which is another step towards the digital transformation
of the machine tool industry.

Conclusion

The developed methodology, mathematical modeling, and digital and full-scale experiments have made
it possible to form a rational information space for wear diagnosis, in which, based on known recognition
methods, decisive rules can be constructed to classify information according to its correspondence to specific
wear levels. For the practical application of the methodology in algorithms for monitoring, diagnosing, and
controlling the cutting process, it is important to consider the following points.

The basis for constructing tool wear diagnosis systems based on the observation of measurable vibration
sequences can be both the dependence of vibrations on changes in the parameters of the dynamic connection
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formed by the cutting process and changes in the properties of force emission, represented as a random
pulse sequence.

The parameters of the dynamic connection formed by the cutting process depend not only on wear,
but also on the technological modes and disturbances originating from the machine itself. Therefore, the
use of information parameters based on changes in the vibration spectrum in the low-frequency range
is relevant when processing parts in constant modes on equipment with small variations in allowance,
spindle group runout, and kinematic disturbances — for example, on automatic production lines. When using
these parameters on CNC machines, the diagnostic program must be coordinated with the CNC program;
otherwise, the adequacy of wear representation in the spectral characteristics is significantly reduced.

Force emission, considered in the high-frequency range, firstly causes changes in the intensity of force
emission; secondly, shifts the intensity maximum within the frequency range; and finally, the development
of wear leads to the formation of uncertainty in all parameters modeling force emission as a random pulse
process, which is also an informational feature for wear diagnostic systems.
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