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Abstract. A method for detecting excitations leading to the damage of the gears and bearings working surfaces has been developed
by means of experimental study of the dynamic characteristics of the gearbox of metro tunnel escalator drive in normal and bad
performance. The technique is based on the acquisition and analysis of low and high resolution spectra. The technique is tested
during the analysis of vibration spectra of a standard three-stage, four-shaft gearbox of tunnel escalator drive. The vibration
analysis was performed using the kinematic excitation frequencies generated by the gears and rolling bearings in the zones of
resonance vibrations of the gearbox elements. According to the results of the analysis, the presence of variable stiffness of the teeth
in one of the gears and damage of the inner ring of the ball bearing of the intermediate shaft cover is established.

Keywords: gearbox, vibration spectrum, fault diagnosis, DASYLab, low and high resolution spectra, natural frequencies, vibration
modes

Introduction

Modern systems of the machines technical state monitoring are increasingly using diagnostic methods not only to
identify defects, but also to identify the causes of changes in the machines performance during their life cycle [1]. This
combination of monitoring and diagnostics helps to improve the quality control of machines and to accurately predict
their operable time. The problem of ensuring the machines operable condition is particularly relevant for the subway
transportation system, because it determines the safety of passengers and the continuity of passenger traffic. First and
foremost, it concerns tunnel escalators, because their capacity largely determines the efficiency of the entire subway.

The technical state of the rotary machines, as well as the change in the parameters of the friction coupling
elements contact surfaces (bearings, current transmissions, gears, etc.) is largely determined by the external (resulting
from operational process) and internal (resulting from the coupling contact) vibration loads. In this case, the mechanical
vibrations that occur in the rotary machine are not only a source of coupling elements contact surfaces defects
appearance and development, but also a tool for their detection.

The performance of the gearbox of metro tunnel escalator drive is characterized by considerable loads, including
those of dynamic nature. Thus, due to the gears production and assembly errors, as well as the cyclic contact interaction
of the gear wheels teeth during operation, a series of shock pulses occur [2]. These pulses in a normal performance
gearbox have a low-amplitude, broadband nature, and in the spectrum of the vibration signal presented as peaks and
humps of "white noise", located in the gearbox elements local resonance areas. The reason is the limit of the level of
energy generated by the initial defects of the gearbox elements. But over time, under heavy loads, the action of shock
pulses causes defects such as influxes, detachments, and chips that develop extremely fast and can cause the gearbox to
wear out.

Similar shock pulse series can be also caused by the gearbox shafts rolling bearings [3]. The vibration signal of
the faulty rolling bearing includes deterministic signals, bearing elements defects signals and noise [4]. Deterministic
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signals are usually low-frequency signals of manufacturing errors of bearings tracks and rolling bodies. Defects signals
(chips on the working surfaces of the tracks and rolling bodies) of the bearing are the periodic resonance vibrations of
the bearing structure elements resulting from short impulses generated each time the defect enters the contact zone of
the coupled bearing elements [3]. It is this difference in signals that distinguishes signals from defects in the bearing
elements from the common signal. This difference also determines the effectiveness of the methods of condition
monitoring and diagnostics of rolling bearing faults [5].

The vibration spectrum of a defectless gearbox usually contains harmonics caused by the kinematics of the gears
and the shaft support bearings.

In the vibration spectrum of the N-stage gearbox, N series of harmonics corresponding to the shaft speed and
(N — 1) series of harmonics with gear frequencies will be observed. Typical for the rolling bearings of each gearbox
shaft will be the harmonics corresponding to the speed of the shaft and its multiple frequencies (usually, the 2nd and 3rd
harmonics of the rotation frequency), as well as the separator speed, the inner and outer race frequencies, the ball spin
frequency, as well as multiples of their frequency [6, 7].

The appearance and development of defects on the working surfaces of the gears and bearings lead to significant
changes in the initial vibration spectra, but can be presented somewhat differently. Thus, defects of the working
surfaces of the gears are mostly manifested in the low- and mid-frequency range of the vibration spectrum (in the mode
of vibration acceleration measurement), and the defects of the bearings in the mid- and high-frequency range of the
spectrum [7, 8]. This is in particular associated with the use of high frequency resonance technique (HFRT) and shock
pulse method (SPM) [5] for the diagnostics of bearings defects. The use of low-frequency excitation to detect defects in
the elements of low-speed bearings is deemed virtually impossible. The main reason for this is the limit on the level of
energy generated by defects in the bearing elements [8].

Current methods of diagnosis of bearing defects are usually based on the use of different analog signals filtering
methods [4, 5]. These methods are implemented by means of virtual instruments (Virtual Instrumentation), the most
famous of which are LabVIEW from National Instruments (USA) and DASYLab from DATALOG GmbH (Germany)
[9, 10].

LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is a graphical application programming
environment that is used as a standard tool for measuring, analyzing data and further managing devices and study
objects. LabVIEW is a high-level environment and is used not only in data acquisition and processing systems, but also
for the management of technical facilities and processes.

DASYLab (Data Acquisition Systems Laboratory) is a software package for data acquisition systems with all
types of interfaces to connect to hardware such as RS232, IEEE USB, parallel port, ISA bus, PCI bus, and more.
Moreover, DASYLab has many functional modules for measurement and control.

A great practical advantage of DASYLab is the ability to use an audio card for the input / output of analog AC
signals (with some sampling frequency limitations) and a parallel PC port for digital I / O. This function is performed
by a special driver in the system that provides real-time operation. This DASYLab property allows you to get extremely
cheap solutions in terms of hardware costs for a wide range of measurement and testing tasks, including vibration and
noise of rotary machines.

The purpose of the study comprises the development of express method for the online monitoring of the metro
tunnel escalator drive gearbox performance for use in the metro escalator service system of technical state monitoring.

Object and prerequisites of the study

The study object is the ET-2 type tunnel escalator drive gearbox of Kyiv metro, fig. 1.
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Fig. 1. ET-2 type tunnel escalator drive gearbox: @) photo [11]; b) construction scheme [12]
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The gearbox is three-stage, contains four shafts. Shafts are installed in the gearbox housing with the rolling
bearings as supports [12]. The kinematic scheme of the gearbox is depicted on fig. 2.

The vibration signal measurement was performed by means of vibration acceleration sensor PCB 353B15 that is
installed on the II (intermediate) shaft cover (fig.1, b, fig. 2). The analog signal was then transmitted to the amplifier
PCB 480E09, after that it was converted by the analog-to-digital converter NI USB-9215, recorded on a PC in a time
dependent graph and then it was processed by means of the Fast Fourier Transform (FFT).
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Fig. 2. The kinematic scheme of ET-2 type gearbox of tunnel escalator drive

The results of the gearbox vibration state monitoring during specific operational time was used to obtain the
information regarding the good (initial) and bad (faulty) state of the gearbox (fig. 3).

0.07

0.06 b

| bl i A "
0 L S e b i L et s L

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Frequency [Hz]

el il SAD S

e e

Fig. 3. Gearbox vibration spectra: 1 (green) — operable gearbox; 2 (red) — damaged gearbox

The averaged vibration spectra obtained by the fast Fourier transform (Fig. 3) do not allow to clearly identify the
presence of defects at characteristic frequencies [6, 7], but they allow to give a qualitative assessment of changes in the
vibration state of the gearbox. Thus, the vibration spectrum of an operable gearbox (Fig. 3, spectrum 1 (green)) is
characterized by a relatively low level with two zones of growth in vibrations in the low- and medium-frequency range.
In the spectrum of the damaged gearbox (Fig. 3, spectrum 2 (red)), there is a significant increase in the amplitude of
vibrations in the low-frequency zone, which, as the most important information, indicates the damage to the gears
working surfaces [7]. The growth of “peaks” in the mid-frequency zone and humps of “white noise” in the high-
frequency zone is evidence of flawed operation of the bearings and the development of bearing vibrations [6].

This is exactly what was confirmed during the gearbox repair works. Thus, after disassembly of the gearbox, a
slight damage to the radial ball bearing located in the intermediate shaft cover (Fig. 15) was found, as well as the
significant damage to the gear surfaces of the high-speed coupling, which were present in the form of influxes and
detachments.
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This information became the basis for identifying the causes of changes in the vibration state of the gearbox and
justifying the frequency ranges of vibration levels monitoring to control its performance.

Research method

In the practice of machines technical state vibrodiagnostics, a procedure that is usually used comprises of
comparing the spectrum of the vibration signal measured on the diagnosed equipment with the spectrum of the vibration
signal measured previously on the same equipment, or on a certainly operable equipment with similar characteristics
and modes of operation [13]. Therefore, as the first step, the vibration analysis of an operable gearbox is performed
(Fig. 3, spectrum 1).

The time dependent vibration signal is converted to low or high resolution spectra using a fast Fourier transform
procedure and two filtering techniques [14].

To obtain the low resolution spectrum, the first twenty blocks of data are cut off and the remaining data is filtered
through a Flat top window. This ensures that the filtered signal amplitude corresponds to the initial one.

The Hann window is used to obtain the high resolution spectrum. The frequencies are more precisely determined.

The low resolution spectrum is used for the initial signal analysis and detection of high vibration bands, while the
high resolution spectrum is used to determine the frequencies with the highest amplitudes in these bands more
accurately.

Signal processing is performed in the DASYLab software environment, which, through graphical programming,
allows you to quickly build a scheme for converting a digital signal (Fig. 4).
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Fig. 4. Digital signal processing in DASYLab: a) block scheme for obtaining spectra of different resolutions;
b) an example of implementing a signal transformation into a low resolution spectrum

Signal filtering using the Hann window has been performed in order to distinguish frequencies of the most
intense disturbances in range bellow 220 Hz. Therefore, high resolution spectrum has been obtained which is shown
on fig. 5.

The model spectrum of gearbox vibrations is determined by the measurements of the operable gearbox results [13].

The vibration spectrum of an operable gearbox is calculated by means of vibration signal of 200 sec. duration,
measured in the axial direction by a vibration accelerometer mounted on the cover of the II (intermediate) shaft (Fig. 2).

A low resolution spectrum was obtained on the first step of the measured signal transformation, in which two
bands with high vibration intensity were detected — from 74 to 200 Hz and from 1155 to 1210 Hz, that can be observed
on the non-filtered spectrum (Fig. 3, spectrum 1).

In order to isolate the frequencies of the most intense excitations in the range up to 220 Hz, the filtering of the
signal was carried out using Hann windows and the high resolution spectrum presented in Fig. 5.

Analysis of the research results

The analysis of the vibrations of the gearbox is performed with the frequencies of kinematic excitation generated
by gears and rolling bearings [7], the main of which are: the rotation frequency of the j — th shaft (f;), the gear mesh
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frequency of the i — th transmission (f5; = f;; z; ), the inner (f;z) and outer (for) race frequencies, the ball spin frequency
(fss) and their multiples.

Analysis of the high resolution spectrum (Fig. 5) revealed the presence of a peak at the gear mesh frequency of
the 2nd gear f.,1= 74 Hz. This indicates a possible malfunction of the gearing, which transmits movement from the
intermediate shaft /7 to the low-speed shaft /// (Fig. 2). Vibrations peak at multiple frequencies kf1, at k = 1,5; 2,5.
This indicates that there may be the variable stiffness defect of the meshed teeth. But at multiple frequencies, this defect
is only present when resonance vibrations occur [6].
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Fig. 5. High resolution spectrum in low frequency band up to 200 Hz

To determine the natural frequencies of the gearbox elements, we use the Ansys software environment, to be
accurate its Modal analyzer.

To do this, the mechanical characteristics of the material in the Engineering Data module are specified. Next, the
Parasolid format 3D model is loaded into the module and the parts relationships are specified in the Connections
module (Fig. 6). After that, a standard finite element (Mesh) breakdown takes place and model constraints are specified.
In our case, the limitation is the need to represent the bearing units as elastic supports with a specific stiffness of
1,15-10° N/m?. The simulation results of the first two modes of shaft oscillation are depicted on Fig. 7.
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Fig. 6. Intermediate shaft model in Ansys Mechanical (Modal analyzer module window)
As can be seen (Fig. 7a), the first natural frequency of the intermediate shaft (188 Hz) is close to 2.5 times the

harmonic of gear mesh frequency, which confirms the presence of a defect of variable teeth stiffness in the gearing, that
transmits motion from the intermediate shaft /I to the low-speed one /1.
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The results indicate a variable teeth stiffness in the gearing (zs/z3) and the presence of parametric resonance
vibrations, which lead to the emergence of discontinuous shock modes of gearing operation and causes damage to the
profile of the teeth [6].
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Fig. 7. First a) and second b) modes of intermediate shaft oscillations

The zone of high vibration intensity that lies in the range from 1155 to 1210 Hz (Fig. 3) may correspond the
resonant vibrations of the intermediate shaft cover, where the damaged radial ball bearing of model 324 is installed
(Fig. 1b) with the parameters: d x D = 120 x 260 mm, z = 8, D,, = 42.86 mm and a rotation frequency n = 165 min™'. In
addition, a vibration accelerometer was installed on this cover.

When modelling the oscillation modes of the intermediate shaft cover in the Ansys software environment, it was
assumed that it was elastically fastened to the housing at bolt hole locations with a specific stiffness of 2,64-10'7 N/m?>.
The simulation results, which are the first two modes of shaft cover oscillation are presented in Fig. 8.
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Fig. 8. First a) and second b) modes of intermediate shaft cover oscillation

First shaft cover natural frequency is 1208 Hz (Fig. 8, a), that affirms resonance nature of gearbox vibrations in
the range from 1155 to 1210 Hz (Fig. 3), that caused by the defect in the bearing that is installed there.

111



ISSN 2521-1943. Mechanics and Advanced Technologies #2 (89), 2020

Conclusions

1. Obtaining and analyzing high resolution spectra in conjunction with the use of computer simulation method to
determine the natural frequencies of individual elements of the gearbox of metro tunnel escalator drive definitely allows
to diagnose gears defects of variable stiffness of the teeth type, which occur in the gearbox shafts local resonance areas.

2. The modes of oscillation analysis, that allows us to obtain cover’s natural frequencies, of the shaft cover, on
which the vibration accelerometer is installed, allows to diagnose the defect development in the bearings.

3. It is recommended, that vibrations measurements using developed method and control of the vibration levels
near the frequencies, that correspond the first mode of natural vibrations of the gearbox intermediate shaft and its shaft
cover, were included to the system of the technical state monitoring of the metro tunnel escalator drive gearbox of ET-2

type.
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MeToanka OHiHKM TeXHIYHOI0 CTaHY PeAYKTOPa NPUBOAY eCKAJIaTopa
METPONOJITeHY

10. M. lanunabuenko, B. FO. Boiiko, A. 1. Ilerpumun

Anomauyia. Ha ocnosi excnepumenmanbnoco 00CHiONCeHHsT OUHAMIMHUX XAPAKMEPUCMUK peoyKmopd Hnpueoody ecKaiamopa
Mempononimeny y CHpaGHOMY Ma NOWKOOICEHOMY CMAHAX pO3POONIeHO MemOOUKY GUAGNIEHHA 30ypenb, Wo Npu3eooams 00
NOUIKOOXHCEHHA POOOUUX NOBEPXOHL 3y0Uacmux Koaic i niowuntuxie. Memoouxa 6a3yemvcs Ha OMPUMAHHI MA AHAAI3I CneKmpie
HU3bKOi ma 8ucoxkoi po3dinbHoi 30amuocmi. Memoouka anpobosana Ha aHANi3  cnekmpig 6ibpayil  CMAHOAPMHOZO
MPLOXCMYNEHEB8020, YOMUPLOXBATOB020 PEOYKMOpA NPUsody MyHenbHo20 eckaiamopa. Ananiz 8ibpayiii nposoouscs 3a wacmomamu
KiHeMamuyHo2o 30ypeHHs, 2eHepo8anHo2o 3ybuacmumu nepeoayamu i NIOWURHUKAMU KOYEHHS 8 30HAX DPe30HAMCHUX KOAUBAHb
enemenmis pedykmopa. 3a pe3ynomamamu aHanizy 6CMAHOBNEHO HASGHICMb 3MIHHOT JicopcmKocmi 3y0yie y 00H020 3 3ayennienb ma
NOWKOOJICEHHS BHYMPIUIHBO20 KilbYYsl KYIbKOBO20 NIOWUNHUKA KPUWKU NPOMIXHCHO20 6ATLY.
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Knwuogi cnosa: peoyxmop, cnekmp 6ibpayii, diaenocmukxa nowikoodxcenb, DASYLab, cnexmpu Husvkoi i ucokoi po3oinbHoi
30amHocmi, 61ACHI Yacmomu, Gopmu KOIUSAaHb

MeToanka OlleHKH TEXHHYECKOT0 COCTOSTHUSA PeIyKTOPa NMPUBOA ICKAJIATOpPA
METPONnoJIuTEHA

10. M. Januabuenko, B. FO. Boiiko, A. U. IleTpuiun

Annomayun. Ha 0cHO8aHUU IKCNEPUMEHMATLHOZ0 UCCE008AHUA OUHAMUYECKUX XAPAKMEPUCTNUK PEOYKMOPa NPUBodd CKAIamopa
MempOononumena 6 UCNPABHOM U NOBPEHCOEHHOM COCMOAHUAX pa3pabomana Memoouka OnpedeieHus B03MYUjeHUll, KOmopbvle
npuUoOsIM K NOBPEN’COCHUAM PAabOuux NOGepXHOCMell 3y0uampix Koec u noOwunuuxkos. Memoouxa 6azupyemcs Ha noayyenuu u
auanuze CNeKmpos HU3KOU U 6bICOKOU paspeuiarnwel cnocoonocmu. Memoouka anpobuposana Ha ananuse cneKkmpos euopayuil
CMan0apmno20 MpEXCMyneniamozo, Yemulpéx-6aioe020 pedyKmopa npusooa MyHHENbHO20 JcKanamopa. Awanusz eudpayuil
nPOBOOUNCS NO YACMOMAX KUHEMAMUYECKO20 803MYUEHUSl, C2EHEPUPOBAHHO20 3YOUAMbBIMU Nepedauamil U NOOWUNHUKAMY KaYeHUs
6 30HAX PE3OHAHCHBIX KONeOanutl dnemenmos pedykmopa. I1o pesyibmamax ananu3a yCmano8ileHo HAluUue CMEHHOU HCecmKocmu
3y0106 6 0OHOM U3 3ayeneHUll U NOBPEHCOEHUsI BHYMPEHHe20 KOIbYA WAPUKONOOWUNHUKA KPLIUKU NPOMENCYMOUHO20 8AA.
Knruesvie cnosa: pedykmop, cnekmp eubpayuu, ouacHocmuka nospexcoenuu, DASYLab, cnexmpvl HU3KOU u 8blCOKOU
paspewaioweli cnocoOHOCmU, cOOCMEEHHbLE YACTOMbL, POPMbl KONeOAHULL
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