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Abstract: One of the aims of vibration signal analysis is the assessment of the condition of technical
objects at each stage of operation based on a cause-and-effect relationship between the technical
condition of the device and the features of the vibration signal available through the measurement
experiment. The essential features of the signal (in the form of certain measures) are available
through appropriate operations on the measurement signal. The problem arises when the measuring
signal is not a fully deterministic one, it shows features common to deterministic and random
signals. Consequently, some simple periodic signal measures such as spectrum frequency components
introduce some level of uncertainty in the before mentioned cause-and-effect relationship. Thus, the
assessment of the technical condition in the selected frequency components of the spectrum of the
measuring signal may not be reliable. These difficulties can be overcome by using the frequency-
frequency analysis of the diagnostic signal. The entire frequency spectrum is converted into an image
in which the frequency components form characteristic patterns unique to the actual condition of
the technical object. The final assessment of the condition is achieved through the identification of a
unique image pattern by comparison with reference image patterns created with a generation model.

Keywords: vibration signal; frequency analysis; electro-mechanical systems

1. Introduction

The analysis of the vibration signal enables the assessment of the design features
and operating conditions (supply, load, manufacturing errors, degree of wear or nega-
tive change in the functional properties of the material) of technical objects, assuming
a cause-and-effect relationship between the dynamic state of a particular node and the
features of the vibration signal available through the measurement experiment. The final
evaluation of the technical condition is possible thanks to the inference system equipped
with an objective classifier of features [1-4]. One of the possible implementations of the
features classifier is a comparison of the measurement signal’s selected features with the
reference signal’s features. Signal features are obtained based on the signal generation
and propagation model, taking into account the existence of a wide range of physical
phenomena mutually influencing each other (e.g., electric and magnetic circuits, force and
temperature fields within a mechanical system with specific material characteristics) [5].
Since several vibration processes coexist, revealing the essential features of the signal re-
quires appropriate operations on the measurement signal. The subject of consideration is
a periodically changing vibration signal (modulated strictly periodic and nearly-periodic
signals) for which the frequency spectrum can be determined. In general, vibration signals
are generated in complex mechanical and electro-mechanical systems’ mechanical rotating
devices as well as rotating and linear electrical machines. The measuring signal, despite the
steady-state operations of the electro-mechanical system, is not a fully deterministic one; it
has features common to deterministic and random signals. The features of a deterministic
signal result from the fact that a specific input causes a reaction in individual circuits and
nodes of the system, which is influenced by the geometry of individual elements of the
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mechanical system and their material parameters. The features of the random signal are
related to the fluctuation of the input and the heterogeneity of the internal structure of the
materials, and the technological tolerance of the geometrical dimensions of the individual
elements of the system, in particular, the imperfect fit of the mating surfaces and their
mutual clearances. Consequently, the frequency components of the measurement signal
are characterized by some degree of uncertainty. Their amplitude and frequency cannot
be precisely predicted and may differ from the frequency components of the reference
signal. The evolution of the technical condition (the appearance of specific damages of
increasing intensity) causes further changes in the measurement signal. New or previously
existing signal frequency components appear or are modified [4]. All this means that the
assessment of the technical condition on the basis of only selected frequency components of
the spectrum of the measuring signal may not be reliable. These difficulties can be avoided
by the frequency-frequency analysis of the diagnostic signal proposed by the author. The
entire frequency spectrum is converted into an image (hereinafter referred to as the F-F
image) in which the frequency components and their higher harmonics form characteristic
patterns. Image patterns reflect the unique distribution of frequency components generated
by particular vibrational processes. Instead of analyzing a chosen frequency component of
the spectrum, entire unique patterns appearing in the F-F image are analyzed. It should
be emphasized that several image patterns can be superimposed since several vibration
processes coexist.

2. Generation of F-F Image

The real part of the discrete frequency spectrum (DFT) of the diagnostic signal after
the removal of the element representing the constant component is treated as the vector
S=1[sxl;k=1,2,3,... ks; ks =1/2(T/ At) is the vector S length; T, measurement duration;
At, vibration signal sampling period. The parameter s, represents the amplitude of the
spectral band with the frequency kAf; Af = 1/T is the spectrum frequency resolution. The
vector S is converted into the array P:

S = [st] = P = [pum] 1)

where:

n=1,2,3,... np,npis line length;

m=1,2,3,... my, myis column length;

in such a way that successive parts of the vector S of length n, form successive rows
of the P table, where ks < n,m,. The quantity fp = n,Af will be called the characteristic
frequency of the table P. In the F-F image created on the basis of the P table, the amplitudes
of individual frequency components are represented by the color or degree of intensity
of a given color, uniquely related to the adopted system of contour lines (similarly to
cartographic maps) [6,7]. The F-F image is organized such that the p; ; element is in the
lower left corner. The frequency of the spectral lines associated with the cells of the P table
is uniquely described by the indices n and m:

foum = (m—=1)n,Af +nAf ()

Thus, successive elements in the row are distant by the frequency Af, while successive
elements of the column are distant by the characteristic frequency fp. The shift of the
successive parts of the vector S, such that their first element occupies appropriate cells of
the first column of table P, can also be considered as a shift of the given part of the vector S
by the frequency fp in the frequency domain. This means that the frequency component fp
and its harmonics and their sidebands distant by the frequency f; or its higher harmonics,
resulting from the modulation process, appear in the appropriate columns described by the
indices fp and fp £ nf, n=1,2,3, ... ; harmonic order) and create vertical patterns in the
F-F image.
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The measurement signal, discrete in time and amplitude domain, significantly affects
the result of the approximation using the Fourier series. Determining the DFT is equivalent
to finding the transform of the product of the signal and the rectangular window with the
same time duration. Consequently, only the frequency components of the signal whose
period is commensurate with the duration of the rectangular window are represented by a
single spectral line; the remaining incommensurable frequency components are represented
by the diffuse spectrum. The diffuse spectrum decreases with the increase in frequency
resolution of the spectrum and thus with the duration of the analyzed signal. As mentioned
in the introduction, in the signal, one should expect frequency components with frequencies
both commensurate and incommensurate with the signal duration (also with frequencies
closely related to each other) and frequency components resulting from the modulation
processes taking place in the tested electro-mechanical system. Thus, when planning a
measurement experiment, the sampling frequency (Nyquist condition) and the frequency
resolution of the spectrum (duration of the measurement signal is directly connected with
the steady-state of the device operation) should be properly selected so as not to lose
important information about the frequency components of the signal, and to minimize the
effects of DFT approximation and, consequently, obtain an F-F image representative of all
processes taking place in the diagnosed system.

A separate problem while creating F-F images based on the spectrum of the experi-
mentally obtained signal is the elimination of the background noise from the useful signal.
For the purpose of selection, only those frequency components carrying useful information
and removing the remaining noise frequency components, a simple amplitude criterion
can be used.

3. Analytical Calculation of Force Frequency Components of the
Electro-Mechanical System

The diagnosed electro-mechanical system is an induction motor. The force acting on
the separated area of the electric machine system is the sum of the electromagnetic volu-
metric and surface forces expressed by the products of magnetic quantities: the magnetic
induction vector B and the magnetic field strength vector H. It is the basis for determining
the forces acting on the boundary surfaces of ferromagnetic areas. When taking the stator
and rotor core surfaces of an electric machine as the ferromagnetic boundary regions, the
magnitude of the magnetic tension force acting in the radial direction per unit area (radial
Maxwell tension) is described by the expression:

prat) = Zlmbﬁw 0 3)

where:

bs(«,t), instantaneous value of flux density in the gap of the electric machine;
Mo, magnetic permeability of air;

«, coordinate describing the point of the gap between the rotor and the stator;
t, time.

Radial forces are responsible mainly for the vibration of the stator core and outer
casing of an electrical machine [8].

The flux density in the electric machine gap, with the simplifying assumption that the
magnetic conductivity of the ferromagnetic areas pig. >> y¢ and accepting that the magnetic
voltage between the stator and the rotor is equal to the resultant magnetomotive force of
the stator and rotor 6(«,t), is inversely proportional to the air gap width distribution é(«,t)
between the stator and rotor:

bs(a,t) = 5&?09(“») = Aa, D)0(a, 1), @)

where A is the air gap magnetic conductivity per unit area.



Appl. Sci. 2022,12, 5160

4 of 14

The geometry of the air gap, which determines the conductivity of the air gap A(«,t),
depends on the shape of the stator and rotor slots and the distance between the outer and
inner surfaces of the rotor and stator [9]. Thus, the induction of b;(«,t) depends on the
geometry of the air gap, the distribution of the stator and rotor windings and the method
of powering the electrical machine.

The electromagnetic torque produced in the electro-mechanical system is identical to
the electromagnetic tangential forces between the stator and rotor. Tangential forces whose
magnitude per unit area is described by the expression:

pr(a, t) = bla, £) A(a, t) ®)

arise as a result of the interaction of the resultant magnetic field b(«,t) of the stator and
the rotor with the current sheet of the rotor A(a,t). Here, too, there is a dependency on
the geometry of the stator and rotor. Dependencies (3)—(5) clearly indicate the modulation
processes occurring. It should be noted that the displacements caused by the radial force
introduce additional changes in the conductivity of the air gap, while the fluctuations of
the electromagnetic (or mechanical) torque affect the instantaneous change of the rotational
speed. The mutual influence of the discussed physical phenomena results in the occurrence
of appropriate amplitude and frequency modulation processes [10].

The vibrations generated by the forces of electromagnetic and mechanical origin trigger
the reaction of the mechanical supports of the rotating element (rotor), such as commonly
used rolling bearings. Stresses between rolling elements and raceways are revealed in the
form of mechanical vibrations with fundamental frequencies (identical to the so-called
operating frequencies of the bearings) determined on the basis of the geometric dimensions
of the bearing and the relative rotational frequency of the inner and outer raceways [11-13].
The relationships between the operating frequencies of the bearings are as follows:

fep = npfc (6)
fip =ny(fs — fe) 7)

where:

fep, frequency of rolling of the rolling elements on the outer raceway;

fip, frequency of rolling of the rolling elements on the inner raceway;

np, number of bearing rolling elements;

fc, bearing cage frequency;

fs, the relative rotational frequency of the inner and outer race equal to the rotational
frequency of the shaft.

Damage to a given bearing element causes the appearance or increase of the amplitude
of vibrations of the appropriate frequency.

Analytically calculated vibration frequency components are used to create a reference
pattern of an FF image. It has to be emphasized that analytical calculations determine the
frequency of potential frequency components.

The individual elements of the electro-mechanical system are characterized by strictly
defined natural frequencies depending on the shape and material parameters. Resonant
vibrations can occur when exciting forces of appropriate frequencies appear. Usually, the
frequencies of the forces of electromagnetic origin (3) and (5) are sufficiently distant from
the natural frequencies to induce significant resonant vibrations. Mechanical shocks are
the most common forces forcing resonant vibrations. In the analyzed electro-mechanical
system, shocks are caused by damage to a given bearing element (local defect or disturbance
of its continuity).

4. Diagnostic Interpretation of F-F Images

Diagnostic analysis of F-F images will be presented on the basis of the vibration
acceleration signal of unloaded 1.5 kW three-phase, one pair of pole (p = 1) induction
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motors, powered by an alternating voltage of 380 V and rated speed of 2780 rpm. Number
of stator teeth z; = 24, number of rotor teeth z, = 17. The rotor of the motor is seated
in 6205 Z bearings containing n;, = 9 rolling elements. The vibration acceleration sensor
is positioned on the outer casing of the motor at an equal distance from both bearing
shields. The duration of the measurement is 10 s, ensuring sufficient frequency resolution
and guaranteeing that the motor operating condition remains unchanged. The sampling
frequency has been adjusted to the highest frequency range of the vibration process and
is 40 kHz. The diagnosed objects are characterized by relatively small deviations from
the correct technical condition in order to demonstrate the usefulness of the presented
diagnostic method in detecting the initial stage of progressing faults.

4.1. Healthy Motor

Figure 1 shows the spectrum of vibrations of the outer casing of a fully operational
engine that can be divided into two ranges: low frequency without structural resonances
and high frequency dominated by structural resonances.

/ frequency [Hz] x 104

Low frequency range

bg(lX, t)

Structural resonance range

Figure 1. Frequency spectrum of vibration acceleration of the outer casing of a healthy motor. The
dominant frequency component of vibrations is marked.

The dominant frequency component is the low frequency range component caused by
the radial forces (according to (3)) with the frequency z,fs, where f; is the rotor rotational
frequency [14]. Amplitudes of structural resonance range frequency components are
relatively low, which indicates a lack of mechanical shocks that may excite resonance
vibrations.

The F-F image (Figure 2) created with the characteristic frequency equal to the double
rotor revolution frequency fp = 2f; reveals subtle details of the vibration process. Such a
selection of the characteristic frequency enables the assessment of the vibration state caused
by the fundamental and odd and even harmonics of the radial forces. Noticeable vertical
patterns (indexed by rotational frequency) represent the vibration induced by the toothed
structure of the rotating rotor. Random vibrations without any regular pattern that appear
in the resonance area are imposed over noticeable vertical patterns.

The reference pattern connected with the toothed structure of the rotating rotor is
created based on the analytical model of radial forces in which Equation (4) (and in conse-
quence, Equation (3)) is presented in the form of a harmonic series:

M/\ M9
Ao + Z A, cos(myz, (e — wst) — q)m/\)] l 2 Oy, cos(mp(a — wit) — Pmy) (8)
mAzl ng:l
where:

Ag, constant air gap conductivity;
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Ay, amplitude of air gap conductivity frequency component 1, ;

my=2n-1;

n=1,23...;

ws = 27fs;

A9, amplitude of resultant flow frequency component my;
myg=6n=+1;

w1 =27f1;

f1, electrical machine supply current frequency.

4504 | resonance
range

2fs
fo

Figure 2. F-F image of the frequency spectrum of the vibration acceleration of the outer casing of a
healthy motor (fp = 2f;).

Limiting the highest range of expected vibration frequencies to the few first multiples
of z;fs, and the discussed frequency components to ones with the highest amplitudes, the
reference F-F image pattern is created by the reduced number of frequency components
with frequencies:

fo, —nfs +2nf 9)

The above relation describes the perfectly symmetrical model from the point of view of
mechanical and electrical parts of the three-phase motor. The corresponding reference pat-
tern with a limited number of frequency components is marked with black dots in Figure 3.
Extended simulations show that the resultant magnetomotive force and air gap dissymme-
try lead to the appearance of additional frequency components, with the sidebands being
multiples of 2(f1 — f;) frequency and odd multiples of f; frequency. An exemplary reference
pattern with a limited number of sidebands is presented in Figure 3. Sidebands associated
with dissymmetry are marked with gray dots. The frequency component position is de-
termined by vertical coordinates (distant by multiples of double slip frequency 2(f1 — f;)
around f; and 2f; frequencies) and horizontal coordinates (distant by multiples of 1 around
natural number Ry (m,z,/2) where Ry, is the rounded up number operation).

It is important to underline that the reference pattern indicates the area of the potential
presence of frequency components of real vibration processes.

The reference pattern presented in Figure 3 corresponds to the vertical pattern marked
by red ovals in Figure 4. This indicates a slightly tested machine dissymmetry. Dissymmetry
level can be judged by the amplitude of experimental frequency components that create
the discussed pattern.
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Figure 3. Reference F-F image pattern associated with toothed rotor structure origin radial force of

electrical machine with air gap and flow dissymmetry.

* =Rd(zr/2)
*% =Ru(zr/2) fp

Figure 4. F-F image of the frequency spectrum of the vibration acceleration of the outer casing of a
healthy motor with marked reference-like pattern associated with rotor grove-tooth frequency. Ry is
the rounded down and Ry is the rounded up number operation.

The enlarged lower-central part of the F-F image from Figure 4 is presented in Figure 5
with marked reference pattern vertical (yellow lines) and central horizontal (dashed lines)
coordinates. The difference between the f; and f; frequencies depends on the load of the
tested motor. With an increase in machine load, the f; frequency decreases, and, therefore,
the distance between the reference pattern vertical lines is directly linked with load level.

60

T IYVYTITST1 T

- s e—g s R ]

_0000&28(3@9@ """" 1 S e T GRS SRS

* %k

* %

1

fs=100af HARBEHBURR B HBRH #=2(f-fs)  *=Rd(z1/2) fs+100af

fs ** =Ru(zr/2)

Figure 5. Enlarged central part of F-F image of the frequency spectrum of a healthy motor’s outer
casing vibration acceleration (fp = 2f;), with marked reference pattern horizontal and vertical coordinates.
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Dissymmetry level can be judged by the amplitude of experimental frequency compo-
nents that create the discussed pattern.

4.2. Motor with Damaged Bearing Cage

Figure 6 shows the vibrations spectrum of the outer casing of a motor with slight
damage to the bearing cage on the drive shaft side. Local damage to the cage means that
two of the nine rolling elements are not kept symmetrical to the others. The dominant
frequency components are the low frequency range components. The one is a multiple of
the frequency f. component. Other significant frequency components are multiples of the
rotational frequency f;, but at frequencies higher than in the case of an undamaged machine.
This points to the simultaneous presence of vibration processes evoked by radial forces and
bearings. Amplitudes of structural resonance range frequency components are now higher,
which indicates the presence of mechanical shocks that excite resonance vibrations.

0.02—-------

0.015 —-------=-

0.01 f—------nferennn ---------------
60c-15f1

0.005

.............................................................

04

/ \ / frequency [Hz] x 104

Low frequency range

Structural resonance range

Figure 6. Frequency spectrum of vibration acceleration of the outer casing of the motor with a
damaged bearing cage. The dominant frequency components of vibrations are marked.

The F-F image with characteristic frequency fp = 2f; (Figure 7) reveals that the vibration
process is much more complicated; several separated processes coexist. In addition to
the weakly marked vertical pattern related to the toothed rotor frequencies (indexed by
rotational frequency), there are much more intense oblique patterns in the area of resonant
vibrations. Oblique patterns are caused by irregular rolling of the rolling elements of the
bearing along the outer race (patterns tilted to the right) and the inner race (patterns tilted

to the left).

resonance
range

fo

Figure 7. F-F image of the frequency spectrum of the vibration acceleration of the motor’s outer

casing with a damaged bearing cage (fp = 2f;). The positions of the new diagonal patterns are marked
with arrows.
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The F-F images with the characteristic frequencies fp = f,, (Figure 8) and frequency
fp = fiy (Figure 9) reveal patterns related to the rolling of the rolling elements along the outer
and inner bearing raceways. Vertical patterns present in the sidebands distant by f. and f;—.
frequencies and their higher harmonics from resonance frequencies describe the response
of the motor core and outer casing to the mechanical shocks. Broadening and irregularity
of vertical patterns point to the partly random process of mechanical shock generation. The
strict pattern verticality confirms the commensurability of the mean value of frequencies f,
and f,y (relation (6)) and the frequencies f;—f. and f,, (relation (7)). The reference pattern
that characterizes the potential position of the discussed image pattern consists of columns
in which the position is denoted by multiple appropriate specific bearing frequencies. In
Figures 8 and 9, the reference pattern is marked by vertical yellow lines. In the case of the
F-F image presented in Figure 8, vertical patterns associated with the rolling of the rolling
element on the external race are masked by diagonal patterns associated with vibration
processes generated by the rolling of the rolling element on the internal race. This points to
a different path of vibration disturbance propagation to the transducer.

resonance
range

Figure 8. F-F image of the frequency spectrum of the vibration acceleration of the motor’s outer

casing with a damaged bearing cage (fp = fep).

resonance
range

@9’ 3 ..E..||o..: iy A4
i El| i ! f:" %‘m

fsc

Af

fsc=fs-fc %
Figure 9. F-F image of the frequency spectrum of the vibration acceleration of the motor’s outer
casing with a damaged bearing cage (fp = fj).

Determination of the characteristic bearing frequencies f, and f;, base on the simple
bearing model that utilizes the geometry of bearing components offers results that may
differ, to some extent, from experimental values.

It is interesting that patterns of comparatively equal intensity are present only in the
resonance range of the signal spectrum. Figure 10 presents resonance range vertical pattern
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intensity defined as the mean value of frequency component amplitudes of the consecutive
column of array P in the resonance range:

1 i
P = -1 10
mean My — my {m—zml [S(Tl + (m )np)] } ( )
where m and m; are array P lines that limit resonance area, calculated on the basis of the
F-F image presented in Figure 9. Intensity similarity is a strong premise of bearing rolling
elements' non-uniformity distribution.

Af

fsc fsc fsc fsc fsc fsc fsc fsc fsc
fsc fsc fsc fsc fsc fsc fsc fsc
fsc fsc fsc fsc fsc fsc fsc
—fec e—fc ke— f
fs % s 2 P foo=fo—fe

fip
Figure 10. Resonance range vertical pattern intensity of F-F image presented in Figure 9.

The maximum vertical pattern’s horizontal density is identical to the reference pattern
position marked in Figure 10 by yellow vertical lines.

4.3. Motor with a Defective Spring That Resets the Bearing Slackness

The spring washer erasing the bearing slack (axial pressure) does not fulfill its task
due to the too-deep seating of the bearings in the bearing shields. As a result, there is a
play between the rolling elements and the inner and outer raceways. Figure 11 shows
the spectrum of vibrations of the motor’s outer casing without pre-compensated bearing
clearances. The dominant frequency components are low frequency range components at
multiples of the supply voltage frequency f1, rotational frequency f; and bearing frequency
fep- In the frequency range 4-6 kHz and 7.5-12 kHz, there are significant resonant vibrations
induced by totally random impacts of the rolling elements on the inner and outer rolling
surface of the bearing.

The F-F image with characteristic frequency fp = 2fs (Figure 12) reveals the occurrence
of the dominating chaotic vibration process in the resonance range. The random nature
of the vibrations is evidenced by the lack of any pattern. In the low frequency range,
apart of the vertical pattern is indexed by frequencies f; and 2f; related to the toothed rotor
frequencies; also, another new frequency component appears.
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Figure 11. Frequency spectrum of vibration acceleration of the outer casing of the motor with a
bearing slackness. The dominant frequency components of vibrations are marked.
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Figure 12. F-F image of the frequency spectrum of the vibration acceleration of the motor’s outer
casing with the bearing slackness (fp = 2f;).

Frequency components with frequencies f.s being a result of the modulation of the
rotational frequency f; and its higher harmonics, and the bearing frequency f., and its
higher harmonics:

feps(nep,ns) = Nep fep £ nsfs (11)
where:

ne=1,2,3,..., order of the harmonic component of vibrations caused by rolling of the
rolling elements along the outer race of the bearing;

ns=1,2,3,...,order of the harmonic component of the rotor’s rotational frequency;
form the elements of the image pattern that is present in the low frequency range. Identified
frequency components and their mutual position on the F-F image reduced to the low
frequency range are presented in Figure 13.
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|
1
|
fep * 4fs-fep
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Figure 13. F-F image of the frequency spectrum of the vibration acceleration of the motor’s outer
casing with the bearing slackness (fp = 2f;) reduced to the low frequency range.

The position of identified frequency components, limited to the ones with the highest
amplitudes, are marked with yellow dots. Successive elements of the column are distant
by the frequency 2f;, while the frequency difference between two frequency components
linked by diagonal lines is equal to f,. The frequency distance between two columns
containing the abovementioned frequency components takes the value of the smallest
difference between f,, frequency and multiples of 2f; frequency (in this case, 4f;~fep).

The reference pattern indicates the possible position of the above-discussed frequency
components consists of columns with positions denoted by sidebands with frequency 4f;—p
and its multiples around frequency f; and its multiples. The reference pattern is marked by
yellow lines. Frequency components occupy only some positions in the reference pattern.
They appear only at positions that are coincident with the reference pattern and slant lines
linking the frequency components distant by f,, frequency. Their distribution is unique to
individual electro-mechanical construction.

5. Discussion

The frequency structures of the presented vibration processes show significant dif-
ferences, despite the fact that two of them are associated with only a relatively low level
of failure of the mechanical system. In the case of an efficient machine, the measurement
signal is correctly mapped by the reference signal obtained on the basis of a simple model
of a vibration signal generated by radial electromagnetic forces; the bearing response is
negligible. The occurrence of the above-discussed malfunctions of the mechanical system
significantly changes the frequency structure of the measuring signal. The F-F image pat-
terns formed by the frequency components of the measurement signal reveal complicated
modulation and signal propagation processes of the vibration disturbance.

The presented F-F pictures have an interesting feature. It is the total or local horizontal
symmetry of the position of vertical patterns. Total symmetry occurs when the product
of modulation is commensurate with the characteristic frequency fp. Vertical patterns
are uniformly distributed, and each forms a symmetry line. This kind of symmetry is
visible in the resonance range of F-F images presented in Figures 8 and 9. Local horizontal
symmetry occurs when only one modulation agent is commensurate with the characteristic
frequency fp. This kind of symmetry is representative of the image patterns generated by
radial force-induced vibrations (Figures 2 and 3) and vibrations caused by the impact of
rolling elements on the bearing race caused by bearing play (Figure 13). Vertical patterns
(or image columns that indicate potential positions of vertical patterns with a limited
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number of frequency components) show local similarity, horizontal symmetry lines can
only be associated with chosen vertical patterns (in the case of image patterns presented in
Figure 13 only).

Let the frequency components that form the F-F image constitute a set of features
creating a qualitative and quantitative description of the condition of the object-physical
phenomena occurring in the diagnosed electro-mechanical system. Under this assumption,
the F-F image is identical to the feature space. It should be noted that the above-described
selection of the characteristic frequency fp in the process of creating F-F images meets the
condition of the optimal separation of features. Experimental F-F image patterns may get
the simplest possible shape—the vertical shape (Figures 8 and 9)—or uniform vertically
distributed image pattern elements (Figure 4).

Identification of a given set of features (equivalent to identification of the common
area of occurrence of a given reference image pattern and experimental pattern) can be
treated as a specific filter to perform image segmentation that is equivalent to distinguish-
ing those elements of the F-F image that carry information about the specific state of a
given electro-mechanical system. An example of the separation of features is shown in
Figures 5, 8, 9 and 13. Introducing measures of the intensity level of the features related to
a given object’s condition (for example, in the form of determination of vertical pattern
intensity described by relation (10)) enables a qualitative and quantitative description of
the condition of the diagnosed object.

6. Conclusions

In this paper, an alternate approach to electro-mechanical system technical condition
assessment is proposed. The full vibration spectrum is converted to an image, and the pres-
ence of characteristic patterns created by frequency components is analyzed. In this paper,
the analyzed vibration process images show significant differences despite the fact that
they are associated with only a relatively low level of dysfunction in the mechanical system.
Thus, F-F image patterns show unique individuality depending on the analyzed electro-
mechanical system operating conditions and show high levels of sensitivity. Assessment of
technical conditions relies on the identification of characteristic patterns by comparison
with reference patterns assuming the adoption of a specific characteristic frequency of an
F-F image (characteristic frequency is directly linked with the fundamental frequency of
the searched disturbance). Reference patterns created on the basis of analytical calculations
determine the area of the potential appearance of experimental patterns that indicate a
particular vibration process. Vibration origin is identified by the presence of experimental
pattern frequency components in the area (or area proximity) indicated by the reference
pattern. Frequency components of properly identified vibration processes occupy defined
columns of the F-F image. The discussed approach to vibration origin identification allows
one to overcome the problem of the simultaneous presence of several separate vibration
disturbances originated in different nodes of electro-mechanical systems by the maximum
possible separation of their characteristic patterns.
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