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Ha ocnosi ananizy cucmem mexniunoi diaznocmuxu nposeoeno
00CNi0NHCENNA CUNLOBUX 6NIUBIE, WO GUHUKAIOMDb 6 MEXHOTLOZIMHUX
Komnaexcax. Y 36’°a3Ky 3 nooilom CUNOBUX 6NIUGIE HA OemepMino-
eani ma 6unaoxoei, 3anponoroeano pizti cnocoou eudinenns eiopa-
uii ingopmayiinux odiaznocmuunux xapaxmepucmux 0as 3aoes-
newenHs onepamueiozo i 00CmMmogipHozo eussienns dedexmis, axi
weuoxo poseusaromvca. Jocmogsipna oiaznocmuxa 00360aumb
nepeimu 3 cucmemu nJiAHOB0-NONEPEOHCYBANLHUX PEMOHMIE HA
opeanizauito peMoHmi6 N0 NOMOUHOMY CMAHY | SHUNCEHHIO BUMPAM
Ha peMoHm i 610HO0GIEHHSA BY3JII6 MEXHOTOLIMHUX KOMNILEKCIE WS-
XOM Panib020 6uUABAEHNA Dehexmis, wo 3apooHCYIOMbCa Y 6Y31aX.

IIpoananizyeaswu npovyec nowupenns 6i0POAKy CMUMHUX X6Ulb,
3YMOBIEHUX CUNOGUM ENIUCOM, CIMEOPEHO MAMEMAMUUHY MOOeTb
BUHUKHEHHS MA NOWUPEHHS NPYHCHUX X8UNb 8 CKIIAOHUX MEXHONO0-
2iUHUX KOMNIeKCcax 610 MiCUb ix 6uUHUKHeNHA 00 MOuKU cnocmepe-
socenns. Hasedeno xinemamuuni cxemu po3noecro0inceHHs HU3bKo-
yacmomnux eibpauiil, 6iopocuznanie 6i0 WIMK080-K0IEKMOPHO20
8Y3J14, @ MAKOIHC X6UJL 610 BHYMPIUHBO20 Kinbus nidwunuuxa. Ile
0ano 3moz2y 00TPYHMYEeamu Mmamemamuny mMo0eb GUHUKHEHHA ma
nowupenns 610poaKycCmMuMHUX X6Ulb 6 0eMANAX i 6Y31AX CKAAOHUX
MEXHOI02IMHUX KOMNILEKCI8 610 Pi3Hux djicepe 6ibpauii.

3a pesyavmamamu nopieHAILHO20 AHANI3Y Pe3yaomamie 00Ci-
0JCenns peanvHux GiOpauiiinux noie ma pe3yabmamie UuceabHo-
20 M00e08aHHA NIOMBEPOINCEHO AVEKBAMHICIL MOOE | Peabi020
npouecy. Hagedeno epaghixu uacosoi peanizauii cuenanie y mooe-
Jii, CHeKmpu peaiz08anux CuzHAie, a maKoic ix aemoKopenyiiuni
Qynxcuii, wo 6idoOpadcaionts 0CHOBHI XapaKmepucmuku cuznaie 6
mouui eumiproeanns. Ompumani pesyiomamu Moicymv Oymu 6uKo-
pucmani 0 mexniunoi 0iazHOCMUKY Ma w000 3HUNCEHHS sumpam
Ha peMonm i 610HOBNEHHA 8Y3J1i8 CKIAOHUX MEXHOJIOZIMHUX KOMN-
JIeKCi8 WIAAXOM PAHNDLO20 BUAGEHHA OeeKmis, Wo 3apooHCYIonts-
¢y 8y3nax

Kniouosi caosa: sibpocuenan, cmoxacmuunuil, niowunnuxu
Kouenns, nos eiopauii, eiopoaxycmuuni xeuni, yoaphi imnyocu
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1. Introduction
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further performance. To a large extent, this is due to the

role of technical diagnostics in reducing the cost of repair

Nowadays, in general, more and more attention is paid
to the technical diagnostics of sophisticated technological
complexes (TCs) in operation and to the prognoses of their

and restoration of TC units by early detection of defects
that originate in the assembly parts. Only reliable diag-
nostics can allow the transition from the system of planned




and preventive maintenance to the organization of repairs
according to the current state. At present, the increase
in the cost of new spare parts, on the one hand, and the
requirements to reduce operating costs, on the other hand,
while maintaining the level of reliability and safety [1],
necessitates the improvement of the system and, in some
cases, create new information technologies for diagnostics
and repair.

The paper considers the existing methods of opera-
tional control of the performance of rolling bearings of
various TCs. The characteristic damage of bearing units
of high-power TCs is analyzed in terms of the probability
of sudden failure of the support and the possibility of early
detection of damage by known methods [2].

One of the main sources of the vibration waves in a
rotating electric machine is the operation of its active zone,
i. e. elements adjacent to the working air gap between the
rotor and stator magnetic circuits. This is explained by the
fact that in the active zone of an electric machine there are
force interactions between magnetic fields and conductors,
which is the basis of transformation of electromagnetic
forms of energy into mechanical and vice versa. The spec-
tral composition of electromagnetic vibrations is limited
in the range of high frequencies by the speed of mutual
displacements of magnetic fields and conductors, as well as
by the maximum gradients of the electromagnetic fields of
the machine in the tangential direction. And, as the study
shows, the maximum energy of electromagnetic vibrations
falls at a frequency of 10—50 Hz and has an effective spec-
trum width of 100-500 Hz [3].

Vibrations caused by the unbalance of the rotary part are
of great importance for high-speed machines when operating
in the domain of maximum speeds [1, 4]. In this case, the first
harmonic of the spectrum of the vibratory forces is precisely
determined by the speed of rotation of the rotor, and the
spectral component is in the frequency range of vibrations of
TC electromagnetic interactions.

For large DC technological complexes, for example, trac-
tion locomotives, a significant role in the general picture of
the vibration fields, especially in the frequency range above
1 kHz, is played by the acoustic waves generated by the
brush-collector unit’s operation. Depending on the reason,
the period of vibration signals in this case may have differ-
ent degrees of correlation with the speed of rotation of the
armature machine.

Rolling bearings are the main sources of vibration of
electric machines, especially in the frequency range of
more than 1 kHz. The stochastic vibration signals that
are associated with the rolling bearing operation can
be subdivided into two large groups. The first group is
connected with the unessential geometry of the parts, for
example, the wavelength of the rolling paths. Damage in
the second group is caused by local damage to the work-
ing surfaces, for example, fatigue cracks. The vibration
parameters caused by the second group of causes, on the
contrary, have a significant spread, both in terms of the
repetition period and amplitude. This is due to the large
number of degrees of freedom for mutual displacement of
bearing parts. It can be argued that in the performance
of the rolling bearing with local damage to the working
surfaces, there must be force interaction in the form of
shock impulses, the amplitude and the period of repetition
of a random nature.

2. Literature review and problem statement

In [4], traction electric machines are characterized by
damage to the working surfaces of rolling bearings. Their
location is shown in order of the increasing probability of
instantaneous loss of the host’s performance.

Exfoliation means small (with a diameter of less than
0.1 mm) fatigue shells. Damage arises at the beginning on
the most loaded areas of the rings (for example, in the lower
zone of the outer clasp) and rollers, and then it develops on
other working surfaces of the component parts. This damage,
as arule, does not result in the loss of the capacity of the unit
and is detected during major repairs to TCs.

Burns are local thermal damage that occurs when a sig-
nificant electric current passes through the bearing. This is
characteristic of electric locomotives.

Overriverting is the emergence of local damages in the
form of the entry of rollers to the surface of the rings in the
process of transporting the machine. In the case of a signifi-
cant damage, it can lead to cracks.

Fatigue shells and chipped sides are shells with a diame-
ter larger than 0.5 mm. The result is the rupture of rings or
destruction of roller bodies and loss of the bearing capacity.

Cracks arise when the setting of rings in the bearing is
violated, which results in the rupture of rings and disability.

Thus, the task of diagnosing the bearings of electric mo-
tors is to promptly detect local damage, for example, type 2
and type 3, not allowing their further development. But the
authors of the work left unresolved the problem of reliability.

One of the directions to solve this problem is the use of
complex diagnostic systems, which allow to determine with
high probability the current state of assembly units and
parts of the rolling stock by the set of diagnostic signals [5].
The basis of such systems is a PC with an appropriate soft-
ware that whould allow you to determine the parameters of
the diagnostic signals, as well as store the resulting values
in the form of a data bank for each unit of the operated fleet.
By analyzing the change of parameters from one cycle of
diagnostics to another and comparing with the maximum
allowable values it is possible to observe the change in the
technical state of the units and parts and also to predict
their efficiency and reliability [6]. The use of such systems
will significantly reduce the volume of repair and restoration
work, as well as increase the reliability of the rolling stock.
In general, it can reduce the economic costs associated with
the rolling stock fleet maintenance. But a wide introduction
into the operational practice of such systems is constrained
by a number of reasons. This is primarily a significant cost
for the development and production of a comprehensive diag-
nostic system, as well as the lack of highly skilled specialists
for their service.

Small-scale portable means of technical control may
become an option to overcome the corresponding difficul-
ties. Means and devices of this class are not expensive; they
do not require changes in the adopted control system and
repair technology, but require special training of the service
personnel [7]. At the same time, such devices can serve to
collect preliminary information about diagnostic signals and
how to obtain and process them, which is necessary for the
development of integrated systems.

When rolling bearings are tested on special stands,
the resistance of the electric current of the oil film be-
tween the moving and non-moving parts of the bearing is



frequently used as a diagnostic parameter [8]. The mea-
surement of this parameter allows us to assess the current
state of the working surfaces of the assembly parts and
determine the residual motor resource. The size of the
electrical resistance practically does not affect the smooth
irregularities of the working surfaces, i. e. this parameter
has a high selectivity as for the local, most dangerous,
damage. But the resistance of the oil wedge is determined
primarily by the quality and condition of the lubricant
itself. Consequently, this method of diagnostics is not
applied to the used bearing units, especially when grease
lubricants are used.

The methods of checking the performance of rolling
bearings by the unit temperature [9] or by the speed of the
separator [8], which are used in various branches of engi-
neering, allow us to monitor their performance at the time
of inspection. This is the approach used in [9], but it is not
possible to reliably estimate the residual lifetime of an object
using these diagnostic parameters.

There is known a large number of methods for the
diagnosis of various mechanisms that is based on the
measurement of the parameters of stochastic processes
accompanying the operation [10]. The choice of acoustic
waves as a source of information is due to the fact that
the vibrational waves created by working under the load
bearing are directly associated with the force interaction
between its parts. Consequently, any change in the nature
of the contact between the bearing parts, such as changing
the geometry or the lubrication mode, will cause a change
in the pattern of the vibration field. An intense change in
the geometry of the bearing parts, plastic deformation or
crack opening necessarily give rise to the appearance of
elastic waves in the material of the elastic stress waves of a
wide frequency spectrum. This is reflected in the picture of
vibration of the machine surface at the point of the possible
observation [1].

The use of spectral analysis of vibration for the diag-
nostics of rotating parts is based on the natural periodicity
of the change in mechanical loads, which causes periodic
changes in the pattern of vibroacoustic waves of the working
mechanism. The existing and currently available portable
spectroanalyzers allow analyzing the vibration processes
that occur in working mechanisms, with subsequent transfer
of information to the PC. The obtained results are compared
with those available in the databank and the results of the
preliminary measurement. All this suggests that it is expe-
dient to study the diagnostic methods that determine the
location and nature of the damage, trace the dynamics and
make forecasts for its development.

3. The aim and objectives of the study

The aim of this work is to study the vibroacoustic fields
of dynamic electric machines and to develop methods for dis-
tinguishing in the general vibration picture the diagnostic
parameters that provide operative and reliable detection of
rapidly developing defects.

To achieve this aim, the following objectives were set:

— to develop and implement a mathematical model of the
occurrence and spread of vibroacoustic waves in a working
electric machine from their places of origin to the point of
observation;

— to compare the results of the study of the real vibration
fields in a working electric machine with the results obtained
during numerical simulation;

— to draw a conclusion on the adequacy of the proposed
model to real processes.

4. Investigation of vibroacoustic fields in electric
machines

4. 1. The modelling of input effects

Let us analyze the system of technical diagnostics [4]. The
object of the diagnosis is characterized by a set of time-depen-
dent parameters of the state Z;(¢), i=1, 2, 3,..., n. The operation
of the object is accompanied by the appearance of secondary
processes, whose parameters Yj, j=1, 2..., m (diagnostic pa-
rameters) are related to Z;(t) with some dependence:

Z (O =Y, Yy,.Y,). M

Parameters Yj are to be directly dimensioned without
disassembling or destroying an object, and their set must
uniquely determine the parameters of the state Z;(¢)

The information thus obtained can be used to reject
objects (according to the principle of “applicable — not ap-
plicable”) or to predict the technical condition. For example,
having determined (based on the statistics of operation) the
limit value of the diagnostic parameter Y., which corre-
sponds to the moment of failure of the object being diag-
nosed. Also, knowing the current values of Yj(t1) and Yj(¢2)
obtained at the moments of time ¢; and ¢, it is possible to use
the linear extrapolation to determine the residual lifetime of
the object before its failure:

tz_t1
Yj(tZ)_)]j(t1)]. (2)
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The connection between the parameters of the state Z;(¢)
and the diagnostic parameters can be both functional and
probabilistic. Moreover, in the latter case, an increased num-
ber of diagnostic parameters at their rational choice raises
the probability of diagnosis.

For any system of distribution and transmission of ener-
gy, the change in the output values X;, for a multidimensional
system, is determined by the values of the input effects F; and
the transmission characteristics of the system Q; through
the Duamel integral [1]:

X,(0)
X0/
X0
Q-1 Qpt-1)..Q0,;(t—-1) E(7)
_ < Qu(t-1) sz(t_'t)---sz(t_'c) % E(1) 1, (3)

Q-1 Qu(t-1..0,¢-1) | |F©®
where X;(¢) is the i-th output value; F;=/(¢) are input actions;

Qjj is the impulse transfer function of the system for the re-
sponse X; from the influence of F;.



We shall consider the value of vibration acceleration at
the point of the sensor installation as the desired output
feedback X;. The size of the vector of input effects F is
determined by the number of independent inputs, both in
terms of time implementation of processes and the point of
origin. The elements of the matrix Q due to the nonlinearity
of the system in general depend on the values of the input
effects F, but for most of the low-energy effects the nonlin-
earity can be neglected. This assumption is valid if the value
of the vibration displacement from the j-th effect is small
as to the deformation of the parts under the action of static
loads. The above described is applicable primarily to the
impulse response. In this case, the parametric effects on the
impulse transfer function Q;; are not excluded. Thus, in the
modeling system, the principle of superposition is performed
for the propagation of shock-driven vibration signals and is
not applied to low-frequency effects.

By setting the domain of admissible values of the in-
put effects Fj and determining the elements of the array of
transfer functions Q, we obtain a mathematical model of the
formation of the dynamic TC vibration field. The model is
suitable for further investigations of changes in the parame-
ters of the initial response X;=/(¢) [11].

To construct the model, we divide all the force effects
arising in the TC into deterministic and random. The deter-
ministic force effects primarily include the forces arising in
the magnetic zone of the machine and the vibrations of the
rolling bearings associated with the deviations in the shape
of the bearing parts from the ideal. They have significant
power, but in a very limited range of frequencies.

The sources of force effects of this group are proposed to
be considered as polyharmonic effects:

b |2
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where Fg,(¢) is temporal realization of the force effect;
F, is the amplitude of the force effect from the k-th factor;
Ty, and @y, are, respectively, the repetition period and the ini-
tial phase of the k-th power wave.

It should be noted that, in spite of the almost rigid
deterministic dependence of the frequency of each indi-
vidual wave on the period of the force variation, the values
of T; and ¢ do not correlate, which is explained by their
different physical nature. For example, the frequencies of
magnetic pulsations are determined by the frequency of the
power supply and the frequencies of the local vibrations of
the magnetic field from the interactions of the gear zones of
the machine. For asynchronous machines, these values can
be correlated because of the amount of slip, but the latter
depends on the moment of rotation of the machine shaft and
is not set in our task [3]. For machines with direct current,
the rotation speed theoretically does not depend on the fre-
quency of the supply voltage pulsations. Then in the form
of polyharmonic influence in the model it is necessary to
consider a small number of sources of low-frequency vibra-
tions with the highest energy. These include an unbalance
of the rotating part, the first harmonic of the power supply
frequency and the vibration from non-ideal bearing rings
(assembly deformations of the rings). Meantime, the ways
of occurrence of low-frequency waves are considered as
random waves with a normal distribution of amplitudes
and a limited spectrum. Then equation (4) will take the
following form [1]:

F,@®)=XF, sin(an—g+ ¢k)+2Frk SIN(2MkS, o +02), (5)

where 0<k<10, F,, is the amplitude of the force effect
from the k-th factor associated with the speed of the machine
shaft; F,;, is the amplitude of the force effect of the k-th factor
associated with the frequency of the power supply.

In the second group of deterministic force effects there
are included fast-change processes that accompany the work
of the brush-collector unit of DC machines: the co-brush of
the machine with collector plates and the sparking of the
brushes. In both cases, there occur pulse actions, the repeti-
tion period of which is determined by the speed of rotation
and the number of collector plates, and the duration of expo-
sure is too short compared to the period of repetition. Then,
the interaction data can be represented as follows:

0; q¢t+£@3
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where F,(¢) is the time realization of the force impulse; F,(A)
is the amplitude of the force impulse; 60/2K is the period of
repetition of force impulses.

A large number of other low-frequency sources of force
effects and the absence of functional and correlation inter-
actions between them allow to represent them as a frequen-
cy-limited random process by the Gaussian distribution
law [12]:

P(Fz)z
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where P(Fy) is the probability of the force impulse Fs with
amplitude A; m, o are respectively the mathematical ex-
pectation, the magnitude variance, and the mean square
deviation Fs.

The correlation corresponds to the time realization of the
process as [3]:

F (6)=U(¢)Cos(w,t + (1)), (®)

where U(¢) is the power wave envelope; wg is the central
frequency of the spectrum; ¢ (¢) is the initial phase of qua-
si-fluctuations.

The variable of U(¢) is a random function distributed by
the Relay law for which the dispersion value corresponds to
the dispersion of the value P(F):

P(U):cléexp(— 222} ()]

The initial phase ¢ (¢) has an even distribution within an
interval from 0 to 2m:

1
P(O)= 5 (10)
T
Shock force effects that occur while passing the local de-
fects of the working surfaces of the bearing parts in the load



zone. This happens due to the short interaction ith respect to
the average period of repetition similar to (6):

0; t, #t+nT,,
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where F,(t) is the time of the force impulse; F;(A) is the am-
plitude of the force impulse; T is periodicity of repetition of
the force impulses.

Moreover, the values of Fi(A) and Ty,, as shown earlier,
are random and follow the normal distribution law because
of the large number of degrees of freedom.

4. 2. Modelling of the propagation of vibroacoustic
waves

Based on the analysis of the propagation of vibroacoustic
waves (which result from the influence of F; in the structure
of the machine), from the point of their origin to the measur-
ing point, we suppose the form of vibration acceleration of
the surface X [12]. It is proposed to present the transmission
channel as a complex system consisting of masses of separate
sections m;;, elements of elastic connections Cj;, and elements
of absorption of energy from the wave Yj. The kinematic
scheme of propagation of power waves in the proposed sys-
tem is shown in Fig. 1:

F. Cn Cy

Fig. 1. A kinematic scheme of propagation of power waves

If we consider the propagation of low-frequency vibra-
tions (magnetic noise, vibration of the not-ideal bearing,
etc.), then, the elements of the machine’s body such as res-
onances of individual elements of the machine (for example,
internal and external bearing rings) and resonances of the
machine body serve as separate vibrational contours of the
presented system. At the same time, the length of the gener-
ated wave of vibration significantly exceeds the dimensions
of the machine. Thus, the frequency of forced vibrations of
500 Hz corresponds to the length of the longitudinal wave
in the steel of about 6 meters [6]. Consequently, the distri-
bution channel for this type of effects can be presented as a
kinematic scheme (Fig. 2).

In this case, Fy;,(¢) and Fx(¢) determined in equations (5)
and (8) are accepted as input effects F;.

Forced vibrations of this system can be described by the
differential equation of the n-th order [6]:

9'X 9'(F,, () +F5 (1))
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Fig. 2. A kinematic scheme for the propagation of
low-frequency vibrations

The impulse transfer function, expressed in terms of
complex frequency transmission coefficients, looks in the
following way [13]:

Q)= | KGwyexp(joyo, (13)

where K(jo) is the frequency transfer coefficient.

The transition to considering the behavior of the system
from the time domain to the frequency domain is explained
by the fact that the frequency transfer coefficient K(jo) can
be determined directly from equation (12) without resorting
to the solution of the differential equation [12]:

> b (joy
K(jo)=2——. %)
2 a,(jo)

Similarly, the frequency transfer coefficient can be de-
termined experimentally by the spectral component of vi-
bration signals under the influence of a random input signal
by approximating spectrographs in the form of polynomials
of the k-th order [13].

For high-frequency vibrations, the length of the acoustic
wave in the steel is 107'~10~2 m and is commensurable with
the dimensions of the machine parts. Here vibration systems
are represented by the waves from the heterogeneities in the
elements of the machine parts that arise when reflecting the
front. The source of high-frequency excitations in electric
machines, according to equations (6) and (11), is the work
of the brush-collector unit and the bearing. In the first case,
the force acts directly on the body parts, rigidly fixed rela-
tive to each other, i. e. the efforts of the previous strain in
the mounting units by far exceed the possible dynamic effort
from the loads. Then one can neglect non-linear cross-links
with other sources of power waves, which corresponds to the
kinematic scheme shown in Fig. 3 [13].

The impulse transfer function of the channel typical
of the perturbation F, according to equation (14) is found
based on the experimentally determined amplitude-frequen-
cy characteristic of the transmission channel.

Fo Cn Cy .
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Fig. 3. A kinematic scheme of propagation of vibration
signals from the brush-collector unit

Shock effects from local defects of the working surfaces
of the rolling bearings F; occur in two equally probable
points of origin: in the collision between the inner ring and
the vibration body or the outer clamp and the rolling body.



The propagation of the elastic wave from the outer clasp oc-
curs in a similar way to the propagation of F. In the case of
the wave propagation from the inner ring, the transfer of en-
ergy from the rolling body to the outer edge occurs through
the contact zone, the area of which is determined by the
instantaneous load on this body. Consequently, in this case it
is necessary to take into account the effect of low-frequency
vibrations on the process of the wave transmission [11]. The
kinematic scheme of the propagation channel for this case is
shown in Fig. 4.
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Fig. 4. A kinematic scheme of propagation of the wave from
the inner bearing ring

Accordingly, the impulse transfer function of the channel
is represented as [13].

Q)= [ FEGOKo)exp(jo)do (15)

where f(Fz(jo) is the nonlinearity of the transmission char-
acteristic.

4. 3. A research on of vibroacoustic signals from the
operation of TCs with defective bearings

To verify the theoretical preconditions for the nature
of the vibroacoustic fields of electromechanical converters,
we have thoroughly studied their vibroactivity depending
on the mode of operation and the technical conditions. The
main objects of research were traction electric motors of
locomotives ED-118 and electric locomotives NB-418, i. e.
collector machines of successive excitation with a capacity
of 300-790 kW. By their construction, electric motors are
classic DC motors. Bearing supports of the engine NB-418
are made on roller bearings No. 42330. The engine ED-118
has got roller bearing No. 42330 inset from the side of the
shaft outlet, and roller bearing No. 92417 — on the opposite
side. The use of roller bearings in the supports provides free
axial movement of the anchor machine within the range of
1-3 mm, which is limited by the ends of the roller clamp in
one of the inner rings. Such a design of the axial line of the
TC serves to equalize loads in gearsets while operating the
engine and eliminates the thermal impact of the anchor shaft
on the operation of the unit.

In the research, electric motors were installed on wooden
substrates on a rigid base in a horizontal position and were
rotated in idle mode. Power was supplied from an adjustable
single-phase transformer. The speed of rotation varied from
zero to the maximum change in the voltage. Labyrinth seals
of bearing units for engines NB-418 and areas of bearing
shields adjacent to bearing units for engines ED-118 were
chosen as places to install vibration sensors in.

To successfully solve the practical tasks of vibration
acoustic diagnostics of the rolling bearings, one must know
the degree of mutual influence of the bearings on the param-
eters of the vibration field at the measuring point. The given
task can be solved by determining the values of the coeffi-
cients of attenuation of vibration acoustic waves in the body
of the machine at different frequencies. The study of the
attenuation of waves in the body of the machine was carried

out by perturbing the acoustic pulses in the machine and
further measuring the relative levels of the spectral density
of the vibration acceleration [2].

We carried out the research on real objects and measured
the parameters of vibration signals that arise when TC with
defective bearing supports is operated.

The bearing diagnostics device PDD-SM manufactured
by the SC “Vibrotehnika” (Lithuania) was used as a primary
measuring instrument. Characteristics of the vibration sig-
nal were measured and recorded with the help of the oscil-
loscope S8-17; the vibration signal envelope was recorded by
means of a magnetoscope.

The PDD-SM is intended for continuous control over
the operation of TC ball-bearing units by measuring the
average and peak levels of vibration acceleration of the
body in the band of 10-50 kHz. A complete piezoelectric
accelerometer served as a primary converter in the device
operating at a frequency of 26 kHz and having an effective
bandwidth of 5 kHz.

The change in the frequency range of the investigated
vibroacoustic signals is due to the desire to increase the
ratio between the signal from the defect and the obstacles
from the work of the brush-collector node. Since the task of
measuring the spectral composition of vibration signals was
not raised, the application of the resonant converter does
not introduce additional distortions in the observed pattern.
Simultaneously with the measurement of the signal levels,
we observed the shape of the vibration signal and made its
magnetic recording.

The most labor-intensive part of the work at this stage
was distinguishing units that have various dangerous dam-
age to the working surfaces of rolling bearings from the gen-
eral exploited TC fleet. The results of organoleptic control of
the performance of anchor bearings were used as a criterion
of selection. After measuring the vibroactivity, TC nodes
were repaired in accordance with the adopted technological
program. After dismantling, rolling bearings were subjected
to complete disassembly and magnetic defectoscopy. Inves-
tigation of TC high-frequency vibration signals in the time
domain confirmed that in the case of a healthy bearing, vi-
bration is a stationary ergodic random process, if the obser-
vation time significantly exceeds the period of one revolution
of the machine shaft [3].

In this case, there may be isolated random acoustic
impulses that exceed the average amplitude of the signal
envelope by 1-2 orders of magnitude. One of the reasons for
the increased probability of this process may be the external
solid inclusions in the lubricant, then the average frequency
of vibroacoustic pulses can reach 10—50 signals per minute
at a pulse duration of 104 seconds.

In the case of local violations in the shape of the working
surfaces of the bearing, his work is accompanied by the ap-
pearance of shock impulses uncorrelated over the repetition
period and amplitude [2].

As the defect develops, the ratio of the average amplitude
of the acoustic impulse to the mathematical expectation of
the signal envelope increases. At the same time there is ob-
served a transition of shock impulses from the random to the
quasideterministic process.

As a result of experimental studies of the characteris-
tics of vibroacoustic signals using the PDD-SM device, a
conclusion was made regarding the following. The ratio of
the amplitude of the vibration signal to the average (peak
factor) for normal bearings is 3—6, the appearance of local



damage or random shock impulses is accompanied by a sharp
increase in the peak factor up to 50, and further development
of the defect leads to its decrease to 5—8 [2]. Fatigue failure,
such as exfoliation, increases the average value by 10-30 dB,
without practically changing the peak factor.

5. The results of numerical simulation and checking
the adequacy of the model to real processes

5. 1. Software for simulating the fields of vibration

After determining the perturbing forces F(¢) and impulse
transfer functions of the system Q(¢) from each source of
vibrations, it is possible to determine the time realizations of
the initial values (for example, the acceleration of the surface
at the measuring point). In equation (1), for one observation
point and assumed assumptions, the matrix F(¢) has a di-
mension of 1*4. The matrix Q(¢) also contains, respectively,
four elements representing indeterminate integrals from
the frequency characteristics obtained in the experiment in
accordance with (11):

[X1(t)]=
Q1(t_’c)

:J Q(t [S'"(t) E(t) F() F0]pr (16)
QA(t—I)

The solution of equation (16) in general is divided into
a set of partial solutions due to the interconnection of the
initial conditions. This does not allow analyzing the in-
terconnection of the characteristics of the output value of
X1(¢) with the change in the parameters of the input force
Fu(t) and the propagation conditions. However, solution to
this problem is possible by numerical methods, for example,
by simulating the process with the use of a PC [14]. When
choosing a programming system you have to take into ac-
count the following requirements:

— the need to implement various types of input effects;

—the possibility to create systems of transformation
of input effects taking into account their internal mutual
influence;

— the ability to set conversion parameters through the
frequency characteristics of the system elements;

— providing flexibility in changing the parameters, both
input effects and transformation characteristics;

— the possibility of further processing of the results.

The systems for simulation of similar electrical circuits
and systems most fully satisfy the set conditions. So, in
electrical systems there is a developed method for creating
various input effects with the help of generators of special
signals (sinusoidal, pulsed, and random). The impulse trans-
fer functions were determined according to the frequency
characteristics given in different forms. We have designed
a large number of measuring devices for the study of time,
frequency and statistical characteristics of output signals.

The existence of analogies between mechanical and elec-
trical systems is based on the formal similarity of differential
equations describing the behavior of these systems. Thus,
when the mechanical force F(¢) is replaced by the electric
voltage U(¢), the coordinate of the point X(¢) is represented
by the charge value g(¢). Then we get a system of formal sub-
stitution of physical variables:

F@)=U@); X(0)=q(t);

a)git)zv(t) E)q(t) _ 1y ZX(t) (t)_al(t)
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where I(¢) is the value of the electric current; L is inductance;
C is electric capacity; R is the resistance of the chain.

This replacement makes it easy to carry out the tran-
sition from the mechanical forces in expression (16) to the
parameters of electrical signals, kinematic schemes in Fig.
2—4 to electrical circuits and vice versa.

There are various software products for simulating elec-
trical circuits of any complexity, for example, widely known
Workbench, Circsolv and MicroCap of various versions.
These software products allow building computer models of
electric circuits (consisting both of passive elements such as
resistors, capacitors, inductors, and active components like
transistors, as well as analog and digital chips). They also
allow analyzing the operation of the circuit in the steady-
state or transient modes with different input effects, as well
as investigating its frequency and time characteristics [15].

But the listed programs require excessive details of the
scheme, so when constructing an electric filter, it is necessary
to indicate the values of the active and reactive resistance.
As a result, the program allows determining the frequency
characteristics of the circuit area or building feedback on the
given input effect. However, the need to determine specific
circuit implementations and parameters of their elements ac-
cording to known frequency characteristics pose additional
difficulties, and the visual graphical interface of Windows,
requiring significant hardware, remains inoperative.

Another approach to simulating electrical circuits is used
in the CompLab software, which allows you to create comput-
er models of electrical systems in general, without detailing
the electrical circuit to individual components. The software
allows the use of different signal sources: sinusoidal, pulsed
or noise, and the creation of complex signaling systems with
the use of various linear (filters and delay line amplifiers) and
nonlinear elements. It should be noted that in the CompLab
software, the elements are specified using transfer functions.
A detailed analysis of the parameters of the output signal is
possible due to the use of various virtual measuring instru-
ments: an oscilloscope, a spectroanalyzer, a correlometer, and
others. [3]. Thus, the CompLab software most fully meets the
requirements necessary to solve the task.

Let us consider in detail the construction of the models
of processes described by equation (16). We take voltage
generators U(Z) as sources of disturbing effects in the case of
replacing the mechanical force F(¢) with the electric voltage
in accordance with equation (17). In this case, the ratio of
voltage levels between individual sources must correspond
to the ratio of the values of the initial force effects.

So the polyharmonic force effects described by equation
(5) are modeled by two generators of rectangular signals,
with repetition periods equal to 20 msec and 50 msec. The pe-
riods correspond to the frequency of the power supply equal
to 50 Hz and the speed of rotation of the machine rotor —
1,200 rpm. Since the generators correspond to the sources of
vibrational effects with maximum power, we accept the am-
plitude of generators of 10 V as the reference level of signals.
To limit the harmonic composition of the generator signal,



we connect low frequency filters with a cutoff frequency of
500 Hz and 200 Hz, corresponding to the tenth harmonic
component according to (5), to the output of the generators.

The low-frequency vibrational forces shown in in equa-
tion (8), which are not determined by time and amplitude,
are represented by means of a generator of white noise and a
bandpass filter with a frequency of 200 Hz.

The image of rapidly changing force effects that arise
during the work of the brush-collector node and described by
the equation (6) is obtained with an impulse generator. We set
the period of repetition of impulses as 0.1 msec and impulse
duration of 10 msec, corresponding to the speed of rotation of
1,200 rpm and the number of collector plates K=500.

In experiments for simulating the rotational speed of a
machine it is necessary to change the periods of repetition of
the corresponding generators’ signals.

The complexity of vibration processes that arise from the
operation of a defective bearing, imposes on its model sev-
eral specific requirements: the repetition period of impulse
signals should change randomly. In the CompLab program-
ming system, the specified conditions are compatible with
the code generator whose impulse duration is determined by
the minimum simulation time. In the proposed model, this
is permissible, and the repetition periods of signals are set
using a sequential 32-bit binary code. A change in amplitude
of the signal is ensured by the signal multiplier that is set at
the outlet and controlled by a normal noise generator.

The block diagram of the model of force effects is shown
in Fig. 5.
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Fig. 5. A scheme of the model of force effects:
PG — pulse generators; NNG — normal noise generator;
CSG — code-sequence generator; LFF — low frequency
filters; BF — bandpass filter; MUL — multiplier

Symbols of the functional blocks in the scheme corre-
spond to the CompLab system designations. Fig. 6 shows a
diagram of the model for the propagation of vibroacoustic
effects in the parts and nodes of the electric machine from
the places of origin to the point of observation.

The process model is measured and recorded with the
help of the blocks for the output of the simulation results.
The oscilloscope (OSC) is used to obtain the time of sig-
nal implementation. The correlometer (CORR) serves to
analyze the probabilistic characteristics of the signal in the
time domain. The power spectrum analyzer (PS) is used for
analysis of signal parameters in the frequency domain. The
signal density analyzer (DE) serves to analyze the laws of
the distribution of signal amplitudes.

Fig. 6 shows that the channel for propagation of
low-frequency oscillations (which corresponds to the ki-
nematic scheme shown in Fig. 2) consists of a summator
(SUM) and a bandpass filter BF 1. The channel of propa-
gation of the signal from the brush-collector node is given

in the model as the bandpass filter BF 2. A signal (U,(¢))
corresponding to the vibration acoustic effect from the
defective rolling bearing propagates through the multi-
plier (MUL) and the filter BF 3. MUL corresponds to the
parametric impact of of low-frequency vibrations on the
characteristics of the channel of propagation of high-fre-
quency vibrations, taking into account the delay of the
signal in the low-frequency channel of propagation —
the regulated delay line (DL). The frequency transmission
coefficients of the bandpass filters used in the model are
given as fourth-order polynomials in accordance with
equation (14), and the coefficient values of a; and b; are
determined from the experimental data.

Ui(t) ~[
SUM

Ua(t)~Fz (=

BF1
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Fig. 6. A scheme of the model for the vibroacoustic effect
propagation: SUM —signal summators; BF — bandpass filter;
DL — delay line; OCS — oscilloscope; CORR — correlometer;

PS — power spectrum analyzer; DE — signal probability
density analyzer

3. 2. Comparing the findings on real vibration fields
and the results of numerical simulation

Let us consider the results of mathematical simulation.
In the first series of experiments, we simulate the vibration
fields of a working electric machine with a proper bearing
support. Fig. 7 shows the time implementation of the model
vibration signal in the absence of shock impulses from the
code-sequence generator (CSG).

A more detailed study of signals was provided by the use
of a spectroanalyzer. The results of the spectral analysis of
the model processes are shown in Fig. 8. A detailed analysis
of the amplitude distribution of signals in the simulation was
ensured by the use of the probability density analyzer.

Fig. 9, 10 give the results of measuring the law of the
probability density of the instantaneous amplitudes for the
simulated processes.
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Fig. 7. Time implementation of signals in the absence of
shock impulses of the code-sequence generator
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Fig. 8. Signal spectrum

In studying the pattern of vibration fields in the model,
we analyzed the auto-correlation function of signals. The
results of its measurement for normal bearings are shown
in Fig. 9.
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Fig. 9. An autocorrelation function of the simulated process

As well as in the case with a real electric machine, the
model vibrational signal repeats the frequency response of
the channel of propagation in the absence of shock impulses
from the code-sequence generator (CSG) in the frequency
domain. In the amplitude domain, the distribution density
is close to the normal distribution law, and the probability
of signals with a large amplitude is close to zero. In the time
domain, the signal lacks periodicity.

In the second series of experiments, the model included a
code-sequence generator, which corresponds to the appear-
ance of damage to the working surfaces of the bearing parts.
The oscillogram of the vibration signals of the model is shown
in Fig. 10, 11 shows the signal spectrum in this experiment.
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Fig. 10. Time realization of processes in the model
with the CSG
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Fig. 11. A spectogram of signals in the model with the CSG

The results of measuring the probabilistic characteristics
of the model are shown in Fig. 12.

V2

10

4

2

TWM%
0 1{0 3| zﬂO ms
2

Fig. 12. The curve of the signal autocorrelation function with
the CSG

The curve of the autocorrelation function demonstrates
a deviation from the random process at the point of 30 ms,
which corresponds to the period of repetition of the CSG.

6. Discussion of the results of simulation of stochastic
vibration fields in sophisticated TCs

Proceeding from the latest trends in the research and
implementation of technical diagnostics of complex tech-
nological systems and the need to forecast the state of their
operation, we have proposed the use of a mathematical model
to identify defects in rolling bearings.

In the simulation of the stochastic vibration fields of
TCs, the task was to develop methods for the selection of
vibration information diagnostic characteristics that would
ensure an effective and reliable detection of rapidly devel-
oping defects. It is revealed that in the amplitude domain
the distribution density is close to the normal distribution
law and the probability of the appearance of high-amplitude
signals is close to zero. This indicates that the vibration
signal of the model in the absence of shock impulses of the
code-sequence generator in the frequency domain repeats
the frequency response of the propagation channel.

The limitation of the study is that it is not always possi-
ble to place a means of technical control on a running bear-
ing without a partial disassembly of the TC, which requires
additional time and funding.

In general, the results of simulation of stochastic fields of
vibrations of electric machines allow to conclude that the oc-
currence of a shock pulse does not cause a significant change
in the spectral characteristics of signals at the measuring



point. The autocorrelation analysis of signals also allows
detecting the occurrence of pulse sequences of signals, but
the sensitivity of the method is much lower. Therefore, in
the future, when diagnosing bearing units, more attention
should be paid to the spectral characteristics and the law of
variation in the probability density of the model signal.

It is necessary to draw attention to the fact that the ob-
tained findings on the real vibration fields and the results of
numerical simulation are given only for the new defect-free
bearing since it was not the purpose of the study to identify
the defects or to diagnose damaged or defective objects.

The obtained results can be used for technical diagnos-
tics aimed at reducing the cost of repair and restoration of
TC nodes by means of early detection of defects originating
in the nodes. The range of application of the research find-
ings is rather wide; they can be used for any TC with rolling
bearings (in particular, railway transport, TPP, hydroelec-
tric power stations, and nuclear power plants). The difficulty
of this study is the lack of a common basis for detecting
defects with the help of stochastic vibration fields for each
type of the bearing unit.

7. Conclusion

1. According to the kinematic scheme of propagation of
power waves, there has been constructed a mathematical
model for the formation and propagation of elastic waves in
TCs from the places of their occurrence to the observation
point. The peculiarity of the mathematical model is that the
transmission channel is a complex system, where each link

is responsible for a certain diagnostic feature (vibration,
magnetic noise, or resonance of the rolling bearing). Such
a model provides a timely and reliable detection of defects
without disassembling of the TC for diagnostic purposes.
The constructed mathematical model is close to the real pro-
cesses of formation and propagation of vibration waves in a
working TC. The most sensitive parameter for detecting the
flow of pulse effects in the model was the law of distribution
density, especially in the zone of large amplitudes.

2. The authers have compared of the research findings
on real vibration fields of electric machines with the results
obtained during numerical simulation. The results of simu-
lation have revealed the following:

—as well as in the case with a real TC, the vibrational
signal of the model repeats the frequency response of the
propagation channel when the code-sequence generator is
turned off;

—in the amplitude domain the distribution density is
close to the normal distribution law and the probability of the
appearance of signals with a large amplitude is close to zero;

—in the time domain a signal can not have periodicity;

— the curve of the autocorrelation function shows a sig-
nificant deviation from the random process at the point of
30 ms, which corresponds to the period of repetition of puls-
es of the code-sequence generator.

3. Based on the analysis of stochastic sources of vibration
acoustic waves in TCs and the conducted studies, it has been
proved that, in their initial stage, the defects of ball-bearing
support do not significantly influence the parameters of the
TC vibroactivity. This confirms the reliability of the pro-
posed model and its adequacy to the real processes.
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