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B menepiwniii uac o0na 3 0CHO8HUX NPOOIEM, WO BUHUKAE NI HaAC
mpuesanoi excniayamayii 00HOCeKUIUHUX eTleKmpP06803is, noe’13ana i3
HeoOxiOHicmI0 niompumanns ix cnpasnozo mexuivnozo cmany. Ipu
UbOMY HEPIOKO 6UHAMATLHUM ACNEKMOM € ONEPAmMuHe GUSLEHHS
Has6HUX depexmie i nOwK00X#ceHb 0CHOBHUX HECYUUX KOHCMPYKMUB-
HUX eJleMeHmMi6 KY30616 MAWUH, A MAKOHC HeOONYU,eHHS IX PO36UMKY
8 Oibu Cepio3ni KOHCMPYKMUBHT 610XUNIEHHS.

Memoto npoeedenux docaioicenv € po3podKa cneyianizoeamnozo
MemoOy, wo 0036015€ BUABUMU BUHUKAIOYUL 8 NPOUECT eKCnyamauii
00HOCEKUIUHUX eNleKmP0603ie depekmu ix 0CHOBHUX HeCYUUX KOH-
CMPYKMUSHUX elleMEeHMI8 KY306i6 HA PAHHIX CMAOIAX GUHUKHEHHS
i pozeumxy. lanuii memoo ounamivnoi inmezpanorHol ouinKu 0CHO-
6anull Ha anaNi3i NApuitinezo OUHAMIMHOZ20 CneKmpy KOHCMpYyKuii
enexmpo6o3y. 3a 6eqUUUHOI 610XUNEHD 6i0 CNEKMPY NO BIOHOULEH-
HI0 00 meopemuuH020, OMPUMAHO20 HA OCHOBI MOOENI0BAHHI MEMO-
00M CKIHUEHUX eJleMeHMiB, € MONCAUBUM 6CMAHOBUMU NPUOIUIHUL
xapaxmep i Micye po3mauiy68ants HAsL6HO20 NOWKOOHCEHHS, 0COOIU-
60 cKpumozo muny.

Ompumanuii 6 x00i 00CAi0IHCEHb YACMOMHUNL CREKMP OCHOBGHUX
HeCYyuux KOHCMPYKMUGHUX eJIeMEHMIB KY30616 00HOCEKUIUHUX eJleK -
mpoe6o3ie € 00cumod WiIbHUM i 3HAX00UMBCA 6 0iana3oni uacmom 00
20 Iyy. Hasenicmo nowko0yceHb 3HUNCYE 1020 3HAUEHHS, NPUUOMY
0 Halbibw PO3N0BCIO0NCEHUX 6 NPAKMUYL eKcnayamauii munie
depexmis noodione 3nusicenns cmanosumo 25-30 %.

E¢exmuenicmo npaxmuunozo 3acmocysanns memooa OuxHamiu-
HOT iHmezpanvHoi oyiHKU npointocmposana Ha npuxkiadi MawuHu
AC3-008. Memoo 0036071u6 euseumu ckpume noOwK00MceHHs 00HO-
20 13 eJleMenmié HeCYy41020 KapKacy nepednvoi noeepxui Kaoinu, me
eécmanosiiene npu CmManoapmuii npouedypi mexniunozo 00CaYy208y-
8anHa Mawunu. 3acmocyeéanns memooy OuHamiunoi inmezpanvioi
OUIHKU MeXHIMH020 Cmany 0Ja eJeKmpoeo3ie € 00680 YyHisepcab-
HUM Mma Mmoice dymu pexomendo6ano maxoic i 0N tHUMUX 00UHUYD
3ani3HUMH020 PYxXOMO20 cKaady. B npaxmuui enpoeadicenns nooio-
H020 Ni0x00y 00360UMb ePexmueno nonepedicysamu po3eUMOK
asapitinux cumyauyii

Kmouoeéi croea: oonocexuyiinuii enexmpoeos, mexuiune 00cayzo-
8YBAHHI, MemO0O Ounamiunoi itmezpanvioi OUiHKU, mexXHIMHUL cman
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used on railways. They were produced in bulk in the 20th

century and therefore have a fairly significant life. Most

At present, a whole fleet of one-section electric lo-
comotives of various types and manufacturers is widely

machines of this type are designed for standard-gauge rail-
ways (1,524/1,520 mm). The most structurally successful



machines of world manufacturers are shown in Fig. 1. Their
operation continues at the present time.

In contrast to multi-section machines, one-section ma-
chines are characterized by simpler design, better maintain-
ability, smaller dimensions, but, as a result, lower traction.
However, in modern world conditions this is quite justified,
especially for small volumes of freight transportation or ser-
vicing small passenger flows. In addition, one-section electric
locomotives have a much smaller destructive effect on the
track superstructure, thereby reducing the cost of its perio-
dic maintenance and repair. Therefore, the world’s leading
manufacturers continue to build such machines, taking into
account operating experience (Fig. 2).

c d

Fig. 1. Wholesale one-section electric locomotives
produced in the 20th century: a — VL60 (Russia, 2618 units);
b — ChS2 (Czech Republic, 942 units); ¢ — ChS4 (Czech
Republic, 230 units); d— NSB El14 (Norway, 31 units)

c d

Fig. 2. Modern one-section electric locomotives:
a— Vectron (Germany); b — Taurus Rh242 Hectorrail (Sweden);
¢ — BKG2 (China); d — EP2 (Russia)

The main problem arising from the operation of the
existing fleet of one-section electric locomotives is the need
to maintain their good technical condition. This issue is
especially relevant for machines of earlier production, the
continuous operating period of which is already an average

of 40—70 years. However, manufacturers of modern machines
are also thinking about its solution.

The situation is that the equipment available in railway
service companies is designed mainly for electric locomotives
of previous years of manufacture. Therefore, it is of little use
for new machines, which makes the problem of operational
diagnostics of their technical condition quite relevant.

It should also be added that the continuous moderniza-
tion of one-section electric locomotives of the new series,
which is a necessary practice for finishing machines, leads to
the emergence of new options of potential failures in their
structural parts. Therefore, maintaining proper technical
condition, primarily of bodies, is even more difficult and ur-
gent problem in this case. In addition, it is not uncommon for
parts necessary for repair and restoration work to be supplied
by the manufacturer in limited quantities. This also compli-
cates repair and diagnostic operations.

2. Literature review and problem statement

In [1], the results of studies of the current technical
condition of the electric rolling stock are presented. It is
shown that the main problematic aspect of maintaining good
technical condition of one-section electric locomotives is
the need for timely and accurate detection of defects and
damages occurring in machine elements, primarily machine
bodies. This is the cornerstone for maintaining the operable
condition of the electric locomotive fleet and causes a rather
high wear degree to date. The same work indicates possible
solutions of such a problem, which, one way or another, are
reduced to improving the quality of repair. This is achieved
both by complicating the technological operations employed
and using more advanced equipment.

In [2], it is shown that such a problem is more or less
characteristic not only of electric locomotives, but also, for
example, of traction units. At the same time, the solution
proposed in this work, aimed at high-quality balancing
of machines, turns out to be unacceptable for one-section
electric locomotives due to the fundamental impossibility of
implementation.

Also, methods of mathematical modeling of the process
of repairing locomotives in general and electric locomotives
in particular are being actively developed. So, the work [3]
presents the concept of separation of the operation process
and the repair process of machines by creating a special
system of different types of depots — operational and repair,
respectively. The disadvantage of this approach is the need
for high material costs, first, directly for their creation, and
second, for their further maintenance, which is difficult to
justify economically.

The work [4] provides a model of the repair shop, which
can be equipped with any depot. The focus is on optimiza-
tion of the repair process, for which specialized intelligent
computer systems are proposed [5]. In practice, this most
often comes down to the use of special software packages [6],
the cost of which is quite significant. Also, the availability of
such software products in today’s market is limited, and their
quality leaves much to be desired. And more importantly,
such packages do not allow monitoring the technical condi-
tion of machines. In some cases, locomotives are even pro-
posed to be equipped with specialized diagnostic complexes
that allow real-time monitoring of changes in a wide range of
various traction and mobility characteristics [7].



Since a modern one-section electric locomotive is an
extremely complex dynamic system with many partial de-
grees of mobility, it is recommended to use the finite element
method (FEM) to identify them, as recommended in [8]. To
date, it has a number of improvements compared to the clas-
sic approach, as emphasized in [9].

For its practical implementation, a number of different
design and computing systems have been developed that
allow performing, first of all, an analysis of static operation of
machines on specially developed mathematical models. The
most powerful and versatile among them is the ANSYS com-
plex [10]. However, this complex is not convenient enough
and cumbersome for solving many dynamic problems, includ-
ing modal analysis, as revealed in [11].

The NASTRAN complex is considered easier to use. It
has specialized «rigid» elements as part of the finite element
database, the detailed application of which is presented
in [12]. Using them, it is quite convenient to model the
transmission of inertial loads during dynamic calculations,
but they lead to «rigid noise» in model analysis.

Also, SolidWorks [13] is often used in machine-building
practice, but its finite element base is devoid of rod elements.
This seriously limits the use of this product in modeling, for
example, electric locomotives, the design of which includes
many small reinforcing stiffeners and reinforcing frame ele-
ments. A similar disadvantage is also present in the Cosmos-
Works complex [14]. It also has rather serious limitations on
solving modal analysis problems.

Thus, at present, all the proposed scientific developments
and applied approaches in the field of maintaining good tech-
nical condition of one-section electric locomotives in general
and their bodies in particular are aimed at improving the
repair process. At the same time, the problem of timely and
accurate detection of defects and damages arising in the ele-
ments of such machines remains unaffected and has not yet
been resolved. Therefore, it is advisable to conduct studies
aimed at resolving this situation.

3. The aim and objectives of the study

The aim of the study is to develop a specialized method
that allows identifying defects in the main bearing structural
elements of electric locomotive bodies at the early stages of
their occurrence and development. It is assumed that this
method will be based on an analysis of the dynamic charac-
teristics of the machine, as the most general indicator reflect-
ing design features.

To achieve the aim, the following objectives are formulated:

— to theoretically determine the range of partial dynamic
characteristics of the body of a one-section electric locomotive;

— to evaluate the effect of structural deviations on the
resulting range of partial dynamic characteristics;

— to develop a method for dynamic integral evaluation of
the technical condition of the main structural elements of the
one-section electric locomotive body;

— to perform practical testing of the developed method.

4. Materials and methods for studying partial dynamic
characteristics of one-section electric locomotive

To conduct these studies, the authors choose the SCAD
for Windows software [15], developed in Ukraine. Features

of its use for machine-building tasks were separately analyzed
and described in [16]. On the basis of this complex, all the
necessary dynamic calculations were carried out.

Since the FEM involves modeling of a specific physical
object, a modern DS3 electric locomotive was chosen for
research (Fig. 3). This choice was due to the fact that this
machine is a fairly new development, which greatly simplifies
the analysis of the technical condition of its structural ele-
ments compared to machines manufactured earlier.

Fig. 3. DS3 one-section electric locomotive

It should be noted separately that the tests of these
machines have been carried out for quite a long time by the
Branch Research Laboratory of the Dynamics and Strength
of Rolling Stock of the Dnipro National University of Rail-
way Transport (Ukraine). Their results were presented in
a series of publications. So, static strength tests are reflected
in [17]. The most important were dynamic strength tests,
which allowed, among other things, to experimentally deter-
mine a number of dynamic characteristics of the electric lo-
comotive. Their results are presented in [18], on the basis of
which the design of the DS3 electric locomotive was partially
upgraded, which should increase its operational reliability
and durability.

5. Results of determination and study of partial dynamic
characteristics of one-section electric locomotive body

3. 1. Range of partial dynamic characteristics

The developed mathematical model (finite element model)
of the DS3 one-section electric locomotive is shown in
Fig. 4, a. The model is a plate-rod system. The rods modeled
both a number of bearing elements of the frame and body of
the machine, as well as components of equipment on which
concentrated masses are mounted (Fig. 4, b). Plate elements
are of isoparametric type, and rod elements are of versatile
rod type. In total, the model includes about 50,000 elements,
as well as about 40,000 nodes, which results in approximately
250,000 degrees of freedom.

All numerical calculations were performed in a physically
and geometrically linear formulation. This allowed for classi-
cal approaches to dynamic calculations.

To check the adequacy and validity of the developed
mathematical model of the electric locomotive, as well as to
determine the required degree of discretization of the finite
element mesh, the results were compared with experimental
data. As a basis, the data of static strength tests according
to [17] were taken. Table 1 shows a comparison of these re-
sults according to the layout of sensors (Fig. 5).
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Fig. 4. Finite element model of the DS3 electric

Table 1

Comparison of experimental and theoretical data on static
operation of the DS3 electric locomotive

Stresses according to, MPa
No. | Sensor Error, %
experiment | FEM
Body frame rails

1 1X1 —185 —155+-230 —16++24
2 1X2 —77 —67 -13

3 11X1 -116 -105+-125 -9++8
4 11X2 -85 -76 —11

) 3X1 -157 -110+-120 -30+-24

6 12X1 -108 -100+-120 ~7++11

7 12X2 —69 -74 +7

8 8X1 -123 -130+-135 +6++10
9 YP1 54 =25 —146
10 3Y 0 +9 -

11 4Y -1 +16 -

12 5Y +3 +16 -

13 5iY +18 +16 -11
14 5X -9 —6 -

15 5iX -9 —7 -

16 6Y1 +11 +13 +18
17 61Y -3 —6 -

18 7iX —13 -9 -31
19 7iY +10 +10 -

20 8iX —18 —7 —61
21 8iY +8 19 -

22 9X —48 -35 -27

Buffer beam

23 1Y 290 —225+-240 -22+-17
24 2Y 103 +100++115 —3++12
25 2iY 82 +100++110 +22++34
26 V2X 14 +15 +7

27 X 225 +150 -33
28 Y 99 +100++110 +1++11

Fig. 5. Layout of control sensors on the bearing frame
of the electric locomotive

b

locomotive: a — appearance; b — rod frame

In general, as can be seen from the data given in Table 1,
the comparison of the results revealed a rather good level of
agreement between the numerical and experimental data.
The deviation averaged about 15 %. The only problematic
place was the YP1 point (shown in Table 1 with a darker
color), where the design stress was significantly different
from the experimental one. During the analysis of the re-
sults, it was not possible to determine the reason for this
deviation. It is most likely due to a failure of the sensor itself
or its poor connection to the structural element during test-
ing. Since the stress level was quite low (about 10 MPa) in
a number of body frame rails, the error for these points was
not calculated.

We also note that at one of the first stages of modeling
the DS3 electric locomotive, the finite element model of only
the frame of the machine with a part of its plating was con-
structed. However, when comparing the data from this model
with the experimental data, the discrepancies were quite sig-
nificant and reached 300 % at some points. Therefore, it was
necessary to complete the model of the machine — the body
with side plating, roof and entire system of internal bearing
partitions.

Thus, one of the first intermediate conclusions of the
research was the conclusion that the body of the electric lo-
comotive has a significant impact on the stress-strain state of
the entire machine and it must be considered together with
the bearing frame.

The well-adjusted and tested finite element model of
the electric locomotive was used to determine the dynamic
characteristics of the machine. Table 2 shows the values of
the natural frequency spectrum obtained from the results
of dynamic tests of the electric locomotive according to [18].

As can be seen from the above results, the error for all
major oscillation modes does not exceed 15 %. Also of note
is the rather dense frequency spectrum characteristic of
the DS3 one-section electric locomotive, especially for low
frequencies.

Thus, it can be stated that in terms of determining natural
dynamic characteristics, the developed finite element model

of this machine is also quite reliable and correct.
Therefore, it was used to study the partial modal
spectrum of individual structural elements of the
electric locomotive body. The natural frequen-
cies obtained are presented in Table 3. For the
most important bearing structural elements of
the machine body, the obtained modes of natural
oscillations are shown in Fig. 6. The mode itself
is shown in green, and the initial position of the
structural element in black.

In Fig. 6, for higher oscillation modes
(c—e modes), there are nodal points on a num-
ber of the bearing structural elements of the



body. In them, the oscillation amplitude is zero, so upon
excitation of such modes, the strain gauges at these points
will not allow obtaining data on the corresponding partial
frequencies. This creates prerequisites for formulating re-
commendations on the correct placement of the strain gauge
system in the future not in such oscillation nodes.

Table 2

Comparison of experimental and theoretical natural
frequencies of the DS3 electric locomotive

3. 2. Evaluation of the effect of structural deviations

The obtained frequency spectrum of the DS3 electric
locomotive body is of interest in terms of its further analysis
with regard to the effect of structural changes on it. For this, a
number of the most characteristic and common defects known
from the practice of operating machines of a similar type were
modeled in the developed finite element model. These include
cracks of various lengths of the base metal of the structural ele-
ment, destruction of the weld of various lengths, destruction of
the element of the bearing frame of the body and roof, as well

Natural freauenc as damage to the elements of internal bearing partitions.
o - a frequency In total, more than 100 various defects and failures of
No. Oscillation mode according to, Hz Error, % . . .1 .
- FEM various sizes located in different parts of the bearing structure
: experiment of the DS3 electric locomotive body were analyzed. It was
1 | Swaying 0.62 0.69 +11.3 found that all such defects reduce natural partial frequencies,
2 |Rolling 0.68 0.76 +11.8 leaving oscillation modes almost without qualitative changes.
3 | Heaving 0.72 0.81 +12.5 The greatest effect on the frequency spectrum is provided
4 | Hunting 083 084 12 by the. locatlol} of the defect. The results obtained dur}ng
- modeling for different distances of damage from supporting
3| Bouncing 1.07 122 a1 nodes (connection nodes with other structural nodes) of the
6 | Pitching 1.17 131 +12.0 corresponding structural elements are given in Table 4.
7 | Bending oscillations 10.43 10.02 -39 Table 4
Table 3 Changes in the partial frequency spectrum of the main
able structural elements of the DS3 electric locomotive body
Partial frequency spectrum of the main structural
. . Frequency (Hz) at the
elements of the DS3 electric locomotive body position of structural de-
No. Structural element Frequency, Hz No. Structural element viation at a dis_tance from
the supporting node
1 | Binding frame of the roof top 217 1/4 span|1/3span|1/2 span
2 | Bearing frame of the cab floor 6.98 1 |Binding frame of the roof top 1.85 1.73 1.52
3 | Side rails of the roof bottom 7.32 2 |Bearing frame of the cab floor 6.66 6.55 6.34
4 | Bearing frame of the cab front surface 9.94 3 |Side rails of the roof bottom 701 | 690 | 6.69
5 | Side rails of the body floor 10.21 4 |Bearing frame of the cab front surface | 9.64 9.54 9.34
6 | Bearing frame of the cab rear wall 10.53 5 |Side rails of the body floor 9.91 9.80 9.60
7 | Cross rails of the roof bottom 11.49 6 |Bearing .frame of the cab rear wall 10.23 | 10.13 | 9.93
8 | Cross rails of the body floor 1234 7 |Cross rails of the roof bottom 11.20 | 11.09 | 10.90
9 | Side rails of the bodv sid m 1488 8 | Cross rails of the body floor 12.05 | 11.94 | 11.75
1de rails O € DO side walls .
— o Y — : 9 |[Side rails of the body side walls 14.59 | 14.49 | 14.30
10 Bear%ng rame of the cab side surface 15.36 10 | Bearing frame of the cab side surface | 15.09 | 14.99 | 14.81
11| Bearing frame of the cab roof 1577 11 | Bearing frame of the cab roof 15.50 | 15.41 | 15.23
12 | Cross rails of the body side walls 19.74 12 | Cross rails of the body side walls 1949 | 19.40 | 19.23
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Fig. 6. Partial oscillation modes of the main structural elements of the DS3 electric locomotive:
a — binding frame of the roof top; b — side rails of the body floor; ¢ — cross rails of the body floor;
d — side rails of the body side walls; e — cross rails of the body side walls



The minimum values given in Table 3 actually determine
the range of possible changes in the spectrum of natural par-
tial frequencies. As follows from the above data, the range
of variation is wider for lower frequencies and less wide
for higher frequencies. However, in all cases, this range is
at least an order of magnitude greater than the experimen-
tal accuracy of frequency determination of 0.01 Hz. This
confirms the possibility of detecting structural defects or
deviations, as well as determining their approximate location
by changes in the partial frequency spectrum of the electric
locomotive body.

5. 3. Method of dynamic integral evaluation of techni-
cal condition

Thus, based on the data obtained, it is proposed to ana-
lyze the technical condition of one-section electric locomo-
tives by dynamic integral evaluation. Based on the spectrum
of partial dynamic characteristics of the one-section electric
locomotive body and analysis of this spectrum, the method
of dynamic integral evaluation of technical condition is de-
veloped. The essence of the method lies in the fact that the
presence and location of the defect or damage are determined
by changes in the frequency spectrum of a particular machine
during operation. Practical implementation of this method
for a specific electric locomotive is carried out in several
stages performed sequentially.

Stage 1. The finite element model of the machine is
developed with all the design features according to the de-
sign documentation. Moreover, the more accurately various
nodes are modeled, the higher the reliability and accuracy of
the data obtained. The natural dynamic characteristics of the
machine, namely partial frequency spectrum and correspond-
ing oscillation modes, are determined numerically.

Stage 2. During the initial test of the machine before
putting it into operation, natural dynamic characteristics,
primarily partial frequency spectrum are recorded. To do
this, the strain gauge system is installed on all the main
structural elements of the machine body and data is col-
lected according to a shortened dynamic test program. The
sensors are arranged in strict accordance with the partial
oscillation modes of these structural elements of the electric
locomotive obtained in stage 1 so that they are in the zone of
maximum amplitudes.

Stage 3. Based on the data collected in this way, a special
dynamic passport of a specific electric locomotive is com-
piled, which is stored throughout the subsequent life of the
machine. It contains the partial frequency spectrum of the
machine, oscillation mode corresponding to each partial fre-
quency and information about the location of strain gauges.

Stage 4. Then, dynamic tests are repeated in the course of
operation with a certain frequency, for example 0.5-1 years
or any other, established by the manufacturer of the machine.
The data obtained, primarily on the partial frequency spec-
trum, are entered in the dynamic passport of the machine
and compared with the nominal values and, if necessary, the
results of previous tests. Given the differences, it is quite
easy to estimate the presence of any deviations in the design
of the electric locomotive compared to the initial structu-
ral solution, as well as to identify the damaged structural
element itself.

Note also that this method of dynamic integral evaluation
allows determining not only the presence of any failure in
the bearing elements of the electric locomotive, but also the
location of damage in the structural element itself. Another

important advantage of the proposed method is that faults
arising during the operation of the electric locomotive can
be detected even at the initial stages of their development.
However, this is possible only under the condition of syste-
matic constant monitoring with regular dynamic assessment
of machine characteristics.

This method can also be applied to electric locomotives
already in operation for a certain period of time. In this case,
steps 1-3 are performed at a specific time of machine’s ope-
ration and serve as a kind of reference point for further moni-
toring of its technical condition. Then, step 4 is periodically
performed and, if necessary, structural damages, deviations or
defects identified are eliminated.

5. 4. Practical testing of the method of dynamic inte-
gral evaluation of technical condition

To assess the efficiency of the method of dynamic in-
tegral evaluation of the technical condition of the electric
locomotive, dynamic examination of the DS3-008 machine
was carried out after one and a half years of operation. At the
same time, all implemented structural changes were prelimi-
nary made in the finite element model in accordance with the
machine modernization certificate. The resulting spectrum of
nominal partial frequencies is given in Table 5. This table also
shows the spectrum of real partial frequencies obtained from
the results of dynamic examination using the strain gauge
system (according to the scheme similar to Fig. 5).

Table 5

Partial frequency spectrum of the main structural
elements of the DS3-008 one-section electric

locomotive
Frequency, Hz
No. Structural element

nominal real

1 | Binding frame of the roof top 2.83 2.75
2 | Bearing frame of the cab floor 7.15 7.21
3 | Side rails of the roof bottom 7.32 7.29
4 | Bearing frame of the cab front surface | 9.98 9.62
5 | Side rails of the body floor 10.21 10.11
6 | Bearing frame of the cab rear wall 10.53 10.50
7 | Cross rails of the roof bottom 11.67 11.45
8 | Cross rails of the body floor 13.21 13.18
9 | Side rails of the body side walls 14.88 14.78
10 | Bearing frame of the cab side surface 15.23 15.25
11 | Bearing frame of the cab roof 15.77 15.70
12 | Cross rails of the body side walls 19.89 19.86

As a result of the examination, a significant deviation
in the frequency spectrum was found for the bearing frame
of the cab front surface (shown in dark color in Table 4).
This allowed for a more detailed technical inspection of the
indicated location (the middle third of the structure), which
revealed the presence of damage to one of the bearing rods.
Note that during the preliminary standard maintenance pro-
cedure of the machine, this defect was not identified. Mean-
while, its presence led to a specific vibration of the electric
locomotive control panel, which in practice complicated the
control of this machine.

Thus, the applied method of dynamic integral evaluation
of the technical condition for one-section electric locomotives



confirmed its practical effectiveness. The method allowed not
only identifying and eliminating one of the technical prob-
lems of the DS3-008 machine, but also preventing damage
in other machine parts, which also revealed deviations in the
partial frequency spectrum.

6. Discussion of the results of the study
of dynamic characteristics of the one-section electric
locomotive body

Based on the results of the study of dynamic characteris-
tics of the one-section electric locomotive body, the spectrum
of natural partial frequencies of its main structural elements
is obtained (Table 3). It is found to be sufficiently dense and
in the range of up to 20 Hz. At the same time, the first lower
oscillation modes are node-free (Fig. 6). For higher oscilla-
tion modes, starting with the 8th, wave nodes (node modes)
appear on individual structural elements.

Analysis of the effect of various structural deviations on
the dynamic characteristics of the body potentially occur-
ring in practice showed a tendency toward a quantitative
change in the partial frequency spectrum to the lower direc-
tion (Table 4). The main determining factor is the location of
the structural deviation. At its maximum distance from the
points of coupling with other structural elements, a decrease
in partial frequencies reaches 25-30 %. When the structural
deviation is located closer to the nodes, the decrease in the
partial frequencies is less noticeable, but in all cases it ex-
ceeds the experimental accuracy of frequency determination
equal to 0.01 Hz (Table 2).

This result made it possible to develop a specialized
method of dynamic integral evaluation. It is used to assess
the technical condition of the main structural elements of the
one-section electric locomotive body. It lies in the fact that
by changes in the frequency spectrum of a particular machine
during operation, the presence and location of the structural
deviation are determined. This allows solving the problem of
timely and accurate detection of defects and damages arising
in the elements of such machines (Section 2), instead of their
accidental detection during repair or operation.

Practical implementation of the developed method for
a specific electric locomotive is carried out in 4 stages per-
formed sequentially (Section 5. 3). In this case, it is necessary
both to create a sufficiently accurate finite element model
of the bearing structure of the electric locomotive under
consideration, and to conduct subsequent experimental dy-
namic tests of the machine. Based on their results, a dynamic
passport is compiled, which is the main document for further
assessment of the technical condition of the machine body.

Practical testing of the method of dynamic integral
evaluation of technical condition was performed for the
DS3-008 electric locomotive after a year and a half of ope-
ration (Section 5. 4). As a result, the deviation in the partial
frequency spectrum obtained experimentally from the no-
minal one obtained by finite element modeling revealed the
location of a potential emergency defect. After suspending
the operation of the electric locomotive and conducting
adetailed technical inspection of the specified structural unit
of the machine, the frame of the cab front surface, the pre-
sence of damage to one of the bearing rods was revealed. The
damage was only at the development stage and therefore did
not lead to a node failure, which allowed timely prevention of
a serious emergency.

The main limitation in the applicability of the method of
dynamic integral evaluation of technical condition is the re-
quired high accuracy of creating a finite element model of an
electric locomotive. This may require special design surveys
if relevant documentation is not available. Also, the method
requires sufficient qualifications of both the personnel deve-
loping the computer model of the machine and the personnel
performing dynamic tests.

In the future, this method can be applied not only to the
bearing structures of electric locomotive bodies, but also
to other structural units, such as frames, bogies, or electric
devices. However, this requires special preliminary studies
of the dynamic characteristics of these elements. In addition,
the use of the method of dynamic integral evaluation of the
technical condition of the one-section electric locomotive
body can also be recommended for other units of railway
rolling stock after appropriate theoretical justification.

7. Conclusions

1. The spectrum of natural partial frequencies of the main
structural elements of the one-section electric locomotive
lies in the range up to 20 Hz. Moreover, it is sufficiently
dense, which requires a fairly accurate determination of spe-
cific frequency and corresponding oscillation mode.

2. The presence of damage in the bearing structural
elements of the one-section electric locomotive leads to
a decrease in its frequency spectrum. For the most common
types of defects in the practice of operation, such a decrease
is 25-30 %. Moreover, the location of the defect can be deter-
mined by a quantitative decrease in the value corresponding
to partial frequency.

3. The method for dynamic integral evaluation of the
technical condition of the bearing structural elements of the
one-section electric locomotive body is developed. It lies in
the fact that the presence and location of the defect or dam-
age are determined by changes in the frequency spectrum of
a particular machine during operation.

4. The efficiency of the developed method of dynamic
integral evaluation of the technical condition of the one-sec-
tion electric locomotive body was tested on the example
of the DS3-008 machine. The method allowed not only
identifying and eliminating one of the technical problems of
the DS3-008 machine, but also preventing damage in other
machine parts, which also revealed deviations in the partial
frequency spectrum.

Using the method of dynamic integral evaluation of the
technical condition of the one-section electric locomotive
body can also be recommended for other units of railway roll-
ing stock. The only prerequisite is a preliminary theoretical
study of the main parameters of partial dynamic characteris-
tics of certain machines for the presence of any features.

Acknowledgments

The authors of the paper express their gratitude and
appreciation to the staff of the Dnipro Electric Locomotive
Plant for the kind opportunity of unlimited access to the
structural part of the DS3 electric locomotives. At the same
time, the authors would especially like to note the chief
designer of the DS3 electric locomotive PhD Andrei Yaro-
slavovich Grivnak and the head of the design department



of the research institute of the plant Georgy Alexandrovich ~ PhD M. A. Perelmuter, PhD V. S. Karpilovsky, E. Z. Kriksu-
Rosenthal. nov, O. M. Trofimchuk. At the time, they kindly and gratui-

Also, the authors would like to express special grati-  tously handed over the working version of this complex to
tude to the team of developers of the SCAD for Windows  one of the authors of the paper (D. O. Bannikov) for con-
design and computing complex PhD A.V. Perelmuter, ducting scientific research and practical calculations.

10.

11.

12.

13.

14.

15.

16.

17.

18.

References

Loza, P. A., Grishechkina, T. S. (2015). Estimation of the quality of implementation electric rolling stock maintenance system.
Elektryfikatsiya transportu, 9, 87-93.

Bannikov, D., Radkevich, A. (2019). Analytical method for compiling and applying a ballast map for the traction unit PE2U.
Eastern-European Journal of Enterprise Technologies, 2 (1 (98)), 6—14. doi: https://doi.org/10.15587/1729-4061.2019.160423
Gureva, A., Chernetska-Biletska, N. (2015). Fundamentals of modeling of processes of maintenance of locomotives. Visnyk Skhidno-
ukrainskoho natsionalnoho universytetu imeni Volodymyra Dalia, 1 (218), 262—265.

Bodnar, B. E., Ochkasov, O. B., Bodnar, E. B., Hryshechkina, T. S., Ocheretnyuk, M. V. (2018). Simulation of locomotive repair or-
ganization by the methods of queue systems theory. Science and Transport Progress. Bulletin of Dnipropetrovsk National University
of Railway Transport, 5 (77), 28—40. doi: https://doi.org/10.15802/stp2018/147740

Myamlin, S., Kalivoda, J., Neduzha, L. (2017). Testing of Railway Vehicles Using Roller Rigs. Procedia Engineering, 187, 688—695.
doi: https://doi.org/10.1016 /j.proeng.2017.04.439

Skrebkov, A. V., Vorobiyov, A. A., Lamkyn, A. G., Bodrikov, D. I. (2017). The study of running and maintenance process of electric
locomotives with big data and simulation modeling tools. Byulleten’ rezul’tatov nauchnyh issledovaniy, 4, 190—198.

Bodnar, B., Ochkasov, O. (2017). System Choice of the Technical Maintenance of Locomotives Equipped with on-Board Diagnostic
Systems. Transport Means: Proc. of 21st Intern. Sci. Conf. Pt. I. Juodkrante, 43—47.

Wang, G., Zeng, G., Cui, X, Feng, S. (2019). Dispersion analysis of the gradient weighted finite element method for acoustic
problems in one, two, and three dimensions. International Journal for Numerical Methods in Engineering, 120 (4), 473—497.
doi: https://doi.org/10.1002/nme.6144

Bean, M., Yi, S.-Y. (2019). A monolithic mixed finite element method for a fluid-structure interaction problem. Applied Mathema-
tics and Computation, 363, 124615. doi: https://doi.org/10.1016/j.amc.2019.124615

Chimakurthi, S. K., Reuss, S., Tooley, M., Scampoli, S. (2017). ANSYS Workbench System Coupling: a state-of-the-art computa-
tional framework for analyzing multiphysics problems. Engineering with Computers, 34 (2), 385—411. doi: https://doi.org/10.1007/
s00366-017-0548-4

Sapietové, A., Novéak, P, Saga, M., Sulka, P, Sapieta, M. (2019). Dynamic and Stress Analysis of a Locking Mechanism in the
Ansys Workbench Software Environment. Advances in Science and Technology Research Journal, 13 (1), 23-28. doi: https://
doi.org/10.12913,/22998624,/101601

Chaomei, C., Chengjie, X., Haichuan, T., Guo, M. (2015). A Topology Optimization Method based on Nastran Card Quickly
Modifying Parameter. Journal of Mechanical Transmission, 39 (7), 182—186.

Salahuddin, M. B. M., Atikah, A. F, Rosnah, S., Zuhair, M. N. M. (2019). Conceptual design and finite element analysis of a high
inclusion dough shaping machine using 3D-computer aided design (CAD) (SolidWorks). Materialwissenschaft Und Werkstofftech-
nik, 50 (3), 267—273. doi: https://doi.org/10.1002/mawe.201800205

Liang, W,, Rui-lin, L., Chang-hao, W. (2015). Modal Analysis and Improvement of Vibration Noise of Paper Folding Board Based
on COSMOSWorks. Packaging Engineering, 1, 125—128.

Fialko, S., Karpilovskyi, V. (2018). Time history analysis formulation in SCAD FEA software. Journal of Measurements in
Engineering, 6 (4), 173—-180. doi: https://doi.org/10.21595/jme.2018.20408

Bannikov, D. O. (2018). Usage of construction-oriented software scad for analysis of work of machine-building structures.
Science and Transport Progress. Bulletin of Dnipropetrovsk National University of Railway Transport, 1 (73), 98—111. doi: https://
doi.org/10.15802/5tp2018/123406

Blohin, E. P, Kostritsa, S. A., Chumak, V. V,, Ostroverhov, N. P, Sultan, A. V., Datsenko, V. N., Krivchikov, A. E. (2004). Rezul'taty
prochnostnyh ispytaniy elektrovoza DS3. Visnyk Dnipropetrovskoho natsionalnoho universytetu zaliznychnoho transportu
imeni akademika V. Lazariana, 5, 13—16.

Blohin, E. P, Pshin’ko, A. N., Korotenko, M. L., Granovskiy, R. B., Garkavi, N. Ya., Dzichkovskiy, E. M. (2004). Dinamika
skorostnogo elektrovoza tipa DS3. Visnyk Dnipropetrovskoho natsionalnoho universytetu zaliznychnoho transportu imeni
akademika V. Lazariana, 5, 9—12.



