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MATHEMATICAL MODELING OF ROLLER WEAR

In the given work the method of noise-acoustic non-destructive control during carrying out of
diagnostics of bearings of rolling of mats of wheels of cars is considered. The proposed non-
destructive method of control provides an opportunity to check the efficiency of the selected lubricant,
thereby increasing the life and performance of the bearings. A laboratory installation for the diagno-
sis of roller bearings has been created, which allows to obtain their acoustic parameters depending on
the load of the bearing unit, the time of application and application of different types of lubricants in
bearings. The mathematical model developed by the authors is aimed at determining the degree of
wear of bearing shafts and allows them to predict their possible work life based on the received noise-
acoustic parameters.

Keywords: bearing; non-destructive control; diagnostics, acoustic parameters, lubricants; la-
boratory setting.

B oaniti pobomi posensoacmvci mMemoo wyMo-aKyCmuuHo20 HepYUHIGHO20 KOHMPOIIO Npu
NnpoBedenHi 0iacHOCMY8aHHS NIOWUNHUKIE KOYEHHST MAMOYUH KOJIC a8momooinie. 3anpononoeanuti
HepYUHIEHUTI MemMOO KOHMPOTII0 HAOAE MOMCIUGICIb Nepesipumu eghpeKmusHicms 06pano20 macmuaa,
mum camum nioguwumu pecypc i npayezoamuicms niowunuuxie. Cmeopena 1abopamopHa ycmanos-
Ka 071A Oia2HOCMY6AHHA NIOWUNHUKIE KOUEHHS, AKA 0036015€ OMPUMAMY iX aKYCMUYHI Napamempu 6
3anexicHocmi 6i0 HABAHMAICEHHS NIOWUNHUKOBO20 8V3IA, YACY HANPAYIOBAHHSA | 3CMOCYBAHHA PISHUX
8U0I8 MacmMUIbHUX Mmamepianie y niowunnuxax. Pospobnena aemopamu mamemamuuna mooens
CHPAMOBAHA HA GUHAYEHHS CIMYNEHIO 3HOWYBAHHA NIOWUNHUKIG KOUEHHS Ma 00380JIAE NPOSHO3YE8AMU
iX modcnusull pecypc pobomu Ha niOCmagi OMPUMAHUX WYMO-AKYCIUYHUX NAPAMempIie.

Knrouoei cnosa: niowunuux, HepyuHi6HU KOHMPOIb, 0IACHOCMUKA, AKYCMUYHI NApaAMempu,
MacmuabHi mamepianu; 1a00pamopHa yCMaHosKa.

Formulation of the problem

The resource of cars is determined, basically, by the rolling bearings resource. Defects in the
manufacture and operation of bearings in different ways affect the signal of vibration and have differ-
ent diagnostic features. This allows detecting defects at the stage of their occurrence and predict fur-
ther development. The manufacturing defects include: deflection of the form in the fabrication of roll-
ing bodies, unbalanced rings, eccentricity of the wraps, radial gaps; violation of roughness of rolling
surface. The defects of installation include: defects of planting bearings in the nest; strong drag; wrong
centering.

The main reasons for the release of the bearing are: failure of lubrication (40%); violation of
the montage (30%); other causes (20%); natural wear (10%) [1, 2].

The acoustic method of non-destructive control is based on the use of waves and elastic oscil-
lations. When acoustic control is usually used oscillations with a frequency of 0,5 ... 25 MHz (ultra-
sound) [3—S5]. Therefore, most acoustic techniques are ultrasound, although there are known cases of
use and oscillation of the sound frequency. Currently, four methods of ultrasound evaluation of the
technical condition of rolling bearings are used in practice: the Peak-factor, the direct spectrum, the
spectrographs and shock impulses.

Analysis of recent research and publications

Many scientists are involved in the diagnostics of parts and units of automobiles using non-

destructive methods of control. Much attention is paid to the diagnosis of roller bearings.
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So in [6] the authors proposed a method for diagnosing bearings, which involves the use of de-
formation measurements obtained with the help of fiber optic sensors, which allows to estimate dam-
age by measuring the size of small chips in the bearings of bearings. Using this method it is not possi-
ble to determine the degree of bearing of the bearing, but only to assess the degree of damage to its
internal and external cartridges.

Work [7] is devoted to the method of evaluation of the quality of lubricants, namely the de-
termination of contamination in the lubrication of rolling bearings using acoustic emission signals. The
authors of the article argue that the signature of the contaminated lubricant is much stronger than the
effect on conventional state indicators, such as RMS. However, a comprehensive evaluation of the
application of one or another lubricant in the roller bearing does not provide for the proposed method.

Proposed in [8], the methodology for the diagnosis of rolling bearings uses packet wavelet
transformation, tracking the order and the approach to modeling the features for generating the diag-
nostic metric as a measure of difference. The disadvantages of this method of diagnostics include its
great complexity (it is necessary to carry out the assessment of the distribution of the probability of the
diagnostic metric, which is statistically determined in the relevant conditions of use), as well as some
inaccuracy in the evaluation of bearing applications with or without lubricants.

The proposed method for the diagnosis of bearings [9] involves obtaining parameters using the
method of vibration. This method of variable structure was used to improve the reliability of the mal-
functioning while simultaneously reducing the uncertainty in the feedback linearization observer. The
main disadvantage of diagnosing with the linearization method is that the equivalence of the initial
nonlinear system and its linear approximation is preserved only for certain processes, and if the system
moves from one mode to another, it is necessary to change its linearized model, that is, it makes it
impossible to take into account the change in the load on bearing unit.

The method of diagnosing roller bearings in labor [10] involves identifying and eliminating
defects in bearings at the stage of harvesting them in the bearings of the assembly. The authors inves-
tigate the geometry and vibration signals generated by the acting bearings. The proposed method does
not make it possible to evaluate the bearing life after a certain period of working time, as well as eva-
luate the efficiency of the lubricant used in it.

Formation of the research goal

The purpose of the work is to develop a methodology for conducting studies of the perfor-
mance of rolling bearings by the method of acoustic non-destructive testing and to obtain the depen-
dence of the acoustic performance of the bearings on their performance, as well as the use of lubri-
cants in them. Development of a mathematical model that predicts the rolling bearing actuation, de-
pending on its acoustic parameters.

Presenting main material

Experimental studies were carried out on a laboratory installation (Fig. 1) for the diagnosis of
roller bearings [11], using a sound-acoustic method using the software GoldWawe and Spectrogram.
For research, the bearings of the front hub of the Mercedes Vito are selected.

Experiment on research of noise-acoustic indices of rolling bearings was carried out in several
stages. The first stage was carried out as follows: the bearing of the wheel hub was lubricated with
lubricant number 158, and installed on a laboratory installation (Fig. 1), that is, the case with a bearing
was installed with a tension on the shaft and connected to the electric motor; the system of the levers
changed the load on the shaft on which the post — The bearings are rolling, thus changing the load on
the bearing itself.

With acoustic sensors and computer technology, audio files were recorded with the corres-
ponding software; after switching off the plant, it was partially disassembled to replace the bearings
with another lubricant. Next, the next launch of the installation with bearings was used in which the
lubricant LITOL-24 and CIATIM-201 was used and the audio files were recorded. The load shift on
the bearing also occurred with the use of counter-loads.

Several cycles of filing the bearings with different lubricants and different loadings on the
bearing unit were carried out, and then analysis of these files was performed using GoldWave and
Spectrogram programs.
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Fig. 1. Installation for the diagnosis of roller bearings: / — frame; 2 — noise sensor; 3 — roll-
ing bearing; 4 — bearing support; 5 — intermediate shaft; 6 — coupling; 7 — electric motor

The obtained data (spectrographs, diagrams and noise indicators) allow visually seeing and
analyzing the wear condition of the bearing and the development of the defect in it, as well as the in-
fluence of the lubricant on the behavior of the noise-acoustic indicators.

An analysis of audio files (Fig. 2) made it possible to see how the behavior of the vibration
acoustic indices of the bearing changes with the use of different lubricants.

Fig. 2. Diagrams of noise-acoustic indicators for bearings with the use of different lubricants

Diagrams allow you to clearly see the development of the defect and the overall picture of the
state of the experimental under-spike and the dependence of the condition on the lubricant. The white
color in the diagram shows the initial state of the test bearing, and the black is the limiting state.

The experiment used an electret microphone, microphone with the principle of action similar
to the micro-phonons of the condenser type, which uses as a stationary plate of the condenser and the
source of the post-voltage voltage plate from the electret.

Tabl. 1 provides data on the magnitude of the noise band that was recorded during each cycle
of the experiment with different lubricants.
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Table 1. Results of noise level measurement

Working hours, hours 100 | 200 | 300 | 400 | 500 600 800 1000

Number of revolutions of a
bearing, 10° rev

6 12 18 24 30 36 48 60

472 | 472 | 48.1 | 50.5 | 56.4 61.3 70.4 75.1
LubricantNel58 | 47.5 | 47.3 | 483 | 504 | 56.6 61.7 70.5 75.2
473 | 47.5 | 48.6 | 509 | 564 61.2 70.3 75.5
453 | 464 | 494 | 553 | 61.1 69.6 717 78.3
LITOL-24 455 | 46.1 | 49.7 | 55.7 | 61.2 69.2 77.4 78.6
454 | 463 | 495 | 55.8 | 61.5 69.4 77.9 78.4
423 | 504 | 56.2 | 64.6 | 68.3 74.3 78.4 80.3
CIATIM-201 425 1495 | 56.7 | 645 | 68.6 74.4 78.8 80.4
426 | 498 | 563 | 642 | 68.4 74.5 78.4 80.5

The size of the sound
oscillations, dB

Fig. 3 shows the dependence of sound vibrations magnitude on the development ofbearings
and mastic materials.
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Fig. 3. The dependence of sound vibrations magnitude on the development for bearings and
lubricants

In the second stage, the dependence of the radial beating of the bearings of the hub of the
wheel on their overall performance was measured and the corresponding value of sound oscillations
was measured. To determine the indications of radial beating of rolling bearings, a clock-type indica-
tor mounted on a magnetic rack was used. The values of radial beating of bearings from their total
output are given in Tabl. 2.
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Table 2. Radial beating of bearings from their overall work

Number of revoh61t10ns ofa 6 12 18 24 30 36 48 60
bearing, 10° rev
ﬁiflal beating of bearings, | g5 | 115 | 12,1 | 154 | 182 | 254 | 32.6 | 413
The size of the sound oscilla- |y 31 4o 4 | 562 | 646 | 683 | 743 | 784 | 853
tions, dB

Fig. 4 shows the dependence of the radial beat of bearings on the value of sound vibrations.
For the bearing of the hub of the wheel, which was investigated, the permissible values of radial beats
were set, which make up for the lower limit of 10 mm, and for the upper one — 35 mm. Depending on
the value of the sound vibrations, we determine the degree of bearing operation and its possible work

life.

45

jum

40

35—k k% ;Lt
30

25

20

15
10 -

Radial beating of bearings,

40

45 50 55

60

65 70

75 80

The size of the sound oscillations, dB

=== A ctual

== min

A

85

Fig. 4. Dependence of radial beating bearings on the value of sound oscillations

In the third stage a mathematical model was obtained for determining the dependence of
acoustic parameters of bearings on their wear. This model takes into account the following parameters:
the number of revolutions of the bearing; Load bearing perceived by the bearer; type of grease (num-

ber of penetration). Levels of variation above the above parameters are presented in Tabl. 3.

Table 3. Levels of factors variation

Factors Marking | s 168 [x= 1| x=0 | x=1 | x*=1.68
factors
El;mNbeer(;fr Zivolutlons of a bear- ) 5 15 30 45 55
Load beari ived by th
bé’:r o gﬁr(‘)?ﬁ pereetve@ by the X 45 55 7 | 85 9.5
ggfﬁex’ﬁ}lbm”on penetra- s 235 250 | 270 | 290 305
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Encoding of factors by means of transformation:
_¥j=%j0
7j

X .

J

(1)

where X, — coded value of the factor; X T — the natural value of the factor; X 0 — the natural value

of the main level; 7, — variation interval; j — factor number.

We show the matrix of the plan calculated according to the formula and the corresponding re-
sults of the experiment obtained (Tabl. 4).

Table 4. The matrix of planning and research results

5 g
g 4 2 2 2 R=I
2 Z X0 X1 X2 X3 X1X2 | X1X3 X2X3 X X 2 X 3 y yp g X
i A
1 1 1 1 1 1 1 1 1 1 1 78.2 77.3 1.15
2 1 1 1 -1 1 -1 -1 1 1 1 76.6 75.3 1.7
3 1 1 -1 1 -1 1 -1 1 1 1 65.8 66.5 -1.1
4 1 1 -1 -1 -1 -1 1 1 1 1 67.3 66.5 1.19
5 1 -1 1 1 -1 -1 1 1 1 1 52.4 533 -1.7
6 1 —1 1 —1 -1 1 -1 1 1 1 53.8 53.3 | 0.93
7 1 -1 -1 1 1 -1 -1 1 1 1 45.1 45.5 -0.9
8 1 -1 -1 -1 1 1 1 1 1 1 46.4 45,5 1,94
9 1 1.68 0 0 0 0 0 |2.83 0 0 80.0 81.1 -1.4
10| 1 —1.68 0 0 0 0 0 |2.83 0 0 45.2 44.5 1.55
11] 1 0 1.68 0 0 0 0 0 |2.83 0 64.6 65.6 -1.5
12 1 0 -1.68 0 0 0 0 0 |2.83 0 52.7 51.6 | 2.09
13 1 0 0 1.68 0 0 0 0 0 2.83 57.2 58.4 -2.1
14| 1 0 0 -1.68 | 0 0 0 0 0 |283| 588 584 | 0.68
15] 1 0 0 0 0 0 0 0 0 0 57.6 58.4 -1.4
16 1 0 0 0 0 0 0 0 0 0 57.1 58.4 -2.3
17 1 0 0 0 0 0 0 0 0 0 58.8 58.4 0.68
18] 1 0 0 0 0 0 0 0 0 0 59.3 58.4 1.52
19 1 0 0 0 0 0 0 0 0 0 59.1 58.4 1.18
20 1 0 0 0 0 0 0 0 0 0 59.6 | 584 | 2.01

In this case, the mathematical model for a complete four factor experiment with the interaction
of the mode has the form:

2 2 2
Vp =bo+byxy +byxy +b3xz +bypx1xp +by3xixz + byzxpxz + byyxi +byoxs +b33x3.
The coefficients of the model are calculated by the formula:

b

J

N
2%V,
— i=1

N

b

where j =0, 1, 2, ..., k;, N — number of performed experiments (N = 20).
The coefficients of the model (2), which are calculated by the formula (3), make up:
bo = 585, bl = 109, b2 =4, 1,' b3 = —0.83,' b12 = 15, b13 = 025, b23 = 075,

bll =1.55,' b22 =0.14,’ b33 =-0.4.

2)

3)
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The dispersion S; of reproducibility is determined by the results of research in the center of
the plan. Dispersions that characterize the errors in determining the coefficients of the regression equa-
tion according to [12] for k = 4 are:

S2{by}=0.5833; S2{b;}=0.2563; S2{b; }=0.1375; S {p; }=0.0433.

When checking the coefficients by the criterion of the Investigator (with a 5% level of signi-
ficance and a degree of free-body /= 4) found that all the coefficients are significant and exceptionally
to the model (2).

Substituting the found coefficients into equation (2), we obtain the following relation:

y=585+109)731 +4.1')NCZ —083)733 +1.5'f1 ')NCZ +025)NCI ')NC3 +O75f2 'f:; +
+1.55-3% +0.14-%5 —04-54.

The verification of the hypothesis of the adequacy of the model (4) according to Fisher's crite-
rion at the 5% level of significance and the degrees of freedom of dispersion of adequacy
faud =N—k—=(ng—1)=20—4—(6-1)=11and dispersion of reproducibility fy=nyg-1=6-1=5
showed that the obtained models are adequate, since the calculated value of the criterion is less tabular
F.y =154 < Fp(0,05;11;5)=3.2 [13].

In the equation (4), the variablesX;, X, , X3 are coded values:

“4)

X = N=30 _.067.N-2;

X, :£:0.67~G—4,67; (5)
-~ p=270

X, = =0.05-p—135.

3 20 P

whereN — number of revolutions of a bearing, 10° rev; G — load bearing perceived by the bear-
er,10°H; ¢ — number of lubrication penetration, mm’.
For ease of computation, we convert the mathematical model (4) to a natural value:
0B=33.15-0.381-N-6.92-G+0.3- p+0.067- N-G+0.00084- N - p+0.025-G- p+

+0.007- N2 +0.063- G —0.001- p°.

Conclusions

On the basis of the conducted experiment and the analysis of the data obtained, it can be con-
cluded that the method of non-destructive noise-acoustic control of roller bearings with the use of
various lubricants is used to obtain the most reliable data on the degree of wear of rolling bearings,
their operation and to prevent the destruction of the entire site as a whole.

The considered noise-acoustic method allows us to develop recommendations for the applica-
tion of certain types of lubricants in roller bearings.

The developed mathematical model allows, based on the acoustic parameters of the bearings,
which were obtained during experimental studies, to determine the degree of wear and to predict the
potential life of the bearing roller.

(6)
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MATEMATHUYHE MOJIEJIFOBAHHSI 3BHOITYBAHHSA ITITAITUITHUKIB
KOYEHHSA
Imatko 1.3., ABep’snoB B.C., CacoB 0.0., Yepnera O.I'.

Pedepar

Pecypc aBTOMOO1LTIB BU3HAYAETHCS, B OCHOBHOMY, PECYPCOM I AIMUTTHUKIB KOUeHHsI. JledhekTn
BUTOTOBJICHHSI 1 €KCIUTyaTallil miIIIHUITHUKIB TI0 Pi3HOMY BIUIMBAIOTh HA CHTHAJ BiOpaii i MaroTh pi3Hi
JiarHocTHYHI 03HaKku. Lle 1o3Bossie BUABUTH NeeKTH Ha eTami iX BUHUKHEHHS Ta MPOTHO3yBaTH MO-
JATBIINHA pO3BUTOK. J[0 JeeKTiB BUTOTOBICHHS BiTHOCATHCS: BiIAXWIEHHS (DOPMHU MPU BUTOTOBIIEHHI
TIJT KOYCHHS, HEBPIBHOBKEHICTh KiJI€Ih, CKCIEHTPUCUTET OOOWMHM, pamialibHi 3a30pH; MOPYIICHHS
HIOPCTKOCTI MOBEPXHi KOYeHHS. J{0 neeKTiB MOHTaXy BiTHOCATHCA: Je(EKTH MOCAAKH IMiJIINITHUKIB
y THI3/Ia; CHJIbHE 3aTATyBaHHS; HENPAaBHIIbHE [IEHTPYBAaHHS.

AKyCTHYHUH MeTOJ HEPYHWHIBHOIO KOHTPOJIO 3aCHOBAaHHMM HAa BHKOPHWCTAHHI XBHJIb 1 TIPYK-
HUX KONMBaHb. [IpM aKyCTHYHOMY KOHTpOJIi 3a3BHYaii BHKOPHCTOBYIOTH KOJMBaHHSI 3 YacTOTOO
0,5..25 MI'u (ynbrpa3BykoBi). ToMy OUIBIIICTh aKyCTHYHHX METOHIB € YJIbTPa3BYKOBHUMH, XO4a Bi-
JIOMi BUITQJIKH BUKOPUCTAHHS 1 KOJMBaHb 3BYKOBOI YacTOTH. Y IaHWI 9ac B MPAKTUIl BUKOPHUCTOBY-
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IOThCSI YOTHPH METOJH YJIbTPA3BYKOBOI OI[IHKK TEXHIYHOTO CTaHy MiAIIMITHUKIB KoueHHs: [Tik-
YUHHUKA, TIPSIMOTO CIIEKTPY, CIEKTPY OTHMHAIOUNX 1 YIapHHUX IMITYJIBCIB.

MeTor0 po0OTH SBISETHCS PO3POOKA METOJIUKHU MPOBEACHHS JOCIIKEHb MPalie31aTHOCTI Ti-
JIIUTHAKIB KOUYEHHS METOIOM aKyCTHYHOTO HEPYHHIBHOTO KOHTPOJIIO Ta OTPUMAaHHS 3aJIEKHOCTEH
aKyCTUIHHMX ITOKA3HUKIB POOOTH MiAIIUITHUAKIB BiJl iX HAIpaIllOBaHHS, a TAKOXK 3aCTOCYBAaHHS B HUX
MacTWJIBHUX MatepiaiiB. Po3poOka MaTeMaTH4YHOT MOJIE, sika niepe0avyae OliHIOBaHHS CIIPAI[IOBaH-
HSl MIJIIUITHAKA KOYSHHS B 3aJIE)KHOCTI BiJl IOro aKyCTHYHHX MapaMeTpiB.

Ha ocHOBI MpoBeACHOTO EKCIIEPUMEHTY Ta aHalli3y OTPHUMAaHHUX JaHUX, MOXKHA 3POOUTH BH-
CHOBOK, II[0 3aCTOCOBAaHUI METOJl HEPYHHIBHOT'O NTYMO-aKyCTHYHOTO KOHTPOJIIO IMiIIIUITHUKIB KOYEH-
HS 3 32CTOCYBAHHSIM Pi3HUX MacTUJIBHUX MaTepiajiB, JO3BOJISIE OTPUMATH HAWOUIBII JOCTOBIPHI JaHHI
PO CTYMiHb 3HOIICHHS MiANIMITHUKIB KOYCHHSI, X CIPAIfOBAHHS Ta MONEPEIUTH PYHHYBAHHS BChOTO
By3JIa B IIJIOMY.

PosrstHyTHI 1IyMO-aKyCTHYHHN METOJ JIO3BOJISIE PO3POOHMTH PEKOMEHallii 10 3aCTOCYBaH-
HIO THX YH IHIIMX BUJIiB MACTHIILHUX MaTepiajiiB y MiAMUITHAKAX KOYCHHS.

Po3pobrieHa MareMaTn4Ha MOJIEITb JO3BOJISIE HA MiZICTABl aKyCTHYHHX MapaMeTpiB i IIHITHH-
KiB, sIKi OyJIM OTpHMaHi MPH MPOBE/ICHI eKCIIEPUMEHTATIBHUX TOCHTIKEHb, BH3HAYUTH CTYTiHb 3HOIIY-
BaHHA Ta IIPOTHO3YBaTH MOKIIMBUI pecypc poOOTH MiJIIUITHAKA KOUCHHS.

Jlireparypa

1 Kopo6ouka O. M., Ckopusixos E. C., CacoB O. O. OcHOBU pO3paxyHKiB, IPOCKTYBaHHS 1 €KCILIya-
Talii TEXHIYHOTO OOJNaJHaHHA JJs aBTOMOOUIBHOTO TpaHCHOPTY : Haed. moci6. [lHinmpomzep-
xkuHebk: JJTY, 2007. 226 c.

2 Kanerckuii U. H., CammikoBa O. H. Hepaspyiatoryie MeToabl KOHTPoJIs : yued. mood. Bnaauso-
crok: IBI'TY, 2007. 243 c.

3 Kimwoes B. B., Cocaun @. P., Kopanés A. B. Hepaspymatouuii KOHTpoJb U nuarHoctuka: CrpaBo-
gHuK. MockBa: Mammaoctpoerue, 2003. 656 c.

4 MapreiHoBckuii B. A. Mcrionb3oBanue crniekTpa orubaromieii BBICOKOYacTOTHON BUOpaLuy Ui Jua-
THOCTHKH TIOJIIMITHUKOB KadeHWs. 1exHuueckas OUAeHOCMUKA U Hepaspyuaowull KOHmMpOb.
2002. Ne3. C. 17-22.

5 Munynua M. A., JIu P. 1., bytan A. B. BoccraHoBneHHe MOTMMEPHON KOMIIO3UITNEH U HEpa3py-
HIAIONIUI KOHTPOJIb MOJUIUITHUKOB KAUY€HS CENbCKOXO03IUCTBEHHON TeXHUKU. BecmHuuk Muul'AY.
2010. Nel. C. 181-185.

6 Alian H., Konforty S., Ben-Simon U., Klein R., Tur M., Bortman J. Bearing fault detection and
fault size estimation using fiber-optic sensors. Mechanical Systems and Signal Processing. 2019.
Vol. 120(1). P. 392-407.

7 Martin-del-Campo S., Schnabel S., Sandin F., Marklund P. Detection of particle contaminants in
rolling element bearings with un supervised acoustic emission feature learning. Tribology
International. 2019. Vol. 63(1). P. 30-38.

8 Schmidt S., Heyns P., Gryllias K. A discrepancy analysis methodology for rolling
element bearing diagnostics under variable speed conditions. Mechanical Systems and Signal
Processing. 2019. Vol. 116. P. 40-61.

9 Piltan F., Kim J. Bearing fault diagnosis using an extended variable structure feedback linearization
observer. Sensors (Switzerland). 2018. Vol. 18(12). P. 43-59.

10 Jakubek B., Jakubowicz M., Smuiek W. Comparison of rolling bearings’ diagnosing methods —
Procedures of damage introduction. Vibrations in Physical Systems. 2018. Vol. 29. P. 11-19.

11 Imatko M. 3., ABep,sH0B B. C., CroTa 1. O. OTpuMaHHS IIyMO-IiaTHOCTUYHUX MTapaMeTpiB IiI-
NIMITHUKIB KOYEHHsI B 3aJIE)KHOCTI BiJj 3aCTOCYBaHHS MACTWJIBHUX MaTepialliB B J1a00paTOPHHUX
yMoBax. 30ipHux Haykoeux npays JIyyvkozco HayionanbHozco mexuiunozo yHieepcumemy. 2017.
Bum.10. C. 217221

12 xnsp B. C. [TnanupoBanue sxcriepumenTa u oopadorka pesynbraroB. Tomck: TITY, 2010. 247 c.

13 CyxoB A. H. MaTtemaTtnueckas o0paboTka pe3yabTaToB U3MepeHui : yueb. mocod. Mocksa: MU-
CH, 1982. 89 c.



