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RESEARCH OF LOCOMOTIVE MECHANICS BEHAVIOR

Purpose. The main purpose of the study is to compare and confirm the results of theoretical studies of locomo-
tive motion along the straight and curved track sections in the set range of operating speeds, which is essential for
determining their dynamic qualities. The conducted research complex is one of the prerequisites for improving the
reliability of the rolling stock mechanics, in particular the bogie parameters. Methodology. The research was carried
out by numerical integration of the dynamic loading of a railway vehicle using one of the modern software com-
plexes. In this study we used the mathematical model of locomotive spatial oscillations obtained using Lagrangian
equations of the second kind. Findings. Authors carried out theoretical research and performed the analysis of the
vehicle behavior during the motion along the track section, which in the vertical plane has no geometric defects, and
taking into account the inequalities on the example of the main locomotive. The researches were carried out both
analytically and with the help of the modern software complex. Comparison of the graphs shows that the results
obtained by different methods coincide with sufficient accuracy. Originality. Based on the results of many years of
work, the authors present the General Classification of Locomotive Mechanics, which may be useful to researchers,
who are involved in the assessment of the dynamic qualities of new and upgraded types of rolling stock.
Practical value. A new licensed modern software complex has been applied, which makes it possible to use it in the
design, modeling of units of rolling stock and their elements; during theoretical and experimental studies, compari-
son of their results. The results of theoretical research can be taken into account for the preliminary research during
creating the reliable constructions of a new vehicle, further improvement of the mechanics, modernization of the
existing units of rolling stock during field tests.
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speed, the locomotive purpose, the type of motion,
the need to take into account the growing demand
of consumers and many other factors [3, 5, 7, 9,
10, 21-24]. Due to achievements of modern ma-
chine building and the development of scientific
and technological progress the main components of
the mechanics of the first locomotives received
significant improvement (Fig. 1, b, c) and railway
machinery manufacturers are not ready to rest on
the results obtained [8, 10]. Modern locomotives
have, as a rule, rotary bogies with one or two stag-

Introduction

Designs of the new generation of traction roll-
ing stock allows to provide its high performance:
to reduce power consumption for traction; to re-
duce the impact on the track at a given load from
the wheel set axle on the rails; to improve the
working conditions of locomotive crews and pas-
senger comfort; to reduce the emission of harmful
substances into the atmosphere, etc. [10, 18, 19,
21].

As is known from the history of rail transport,
the mechanics of the first locomotives consisted of
a body, wheel sets with bearing units, traction
drive, draw gear and brakes (Fig. 1, a). Over time,
the design of the mechanics changed several times
— its features depended on changing requirements
to the traction rolling stock, increased design

es of spring suspension (elastic and dissipative el-
ements), body-bogie mounting point, elements of
the transmission of longitudinal forces between the
bogie and the body, quasi-elastic cross-links be-
tween them, turn-over fixtures and units for uni-
form distribution of vertical loads between wheel
sets (Fig. 1, ¢).
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Fig. 1. Evolution of the mechanics in the locomotive:
a — mechanics of the first locomotives:
1 —body; 2 — wheel set; 3 — bearing unit; 4 — traction drive; 5 — draw gear and brakes;
b — improved design of the mechanics:
6 — elastic elements; 7 — axle box; 8 — pivot; 9 — body support; 10 — bogie coupling; 11 — bogie frame;
¢ — construction of the modern locomotives™ mechanics:
12 — secondary suspension; 13 — spring of lateral suspension; 14 — special devices (dampers)

Purpose

The main purpose of the study is to compare
and confirm the results of theoretical studies of
locomotive motion along the straight and curved
track sections in the set range of operating speeds,
which is essential for determining their dynamic
qualities. The conducted research complex is one
of the prerequisites for improving the dynamic
qualities of the rolling stock mechanics, in particu-
lar the bogie parameters.

Methodology

The research was carried out by numerical in-
tegration of the dynamic loading of a railway vehi-
cle using one of the modern software complexes.
We used in this study the mathematical model of
locomotive spatial oscillations obtained using La-
grangian equations of the second kind.

The mechanics of the railway rolling stock,
which is affected by the weight of the equipment,
participates in the transfer of tractive effort from
the locomotive to the train, accepts the dynamic
loads that arise when moving along the straight and
curved sections of the track. Therefore, in order to
ensure its normal and trouble-free operation:

— All components of the mechanics corre-
sponded to the strength requirements at the most
unfavourable combination of operating loads;

— The mechanics was sufficiently strong, met
the safety requirements and railway operating
rules;

— The mechanics was a simple and reliable
construction, especially its bogie.

Therefore, based on the analysis of the traction
rolling stock structures [4, 8, 10, 12, 13, 15, 18, 19,
21], the ideas and achievements of locomotive
construction [1, 2, 5, 7, 8-10, 13, 17-19, 21], the
results of numerous studies [3, 5, 7, 9, 21-24], the
authors of the paper, in terms of systematic origi-
nality, proposed a variant of the General Classifi-
cation of Locomotive Mechanics (Fig. 2).

One of the necessary conditions for improving
the traction rolling stock of railways is to deter-
mine the parameters of its bogie [2, 4, 8-10, 18,
19, 21]. Therefore the important task is to deter-
mine the dynamic qualities of locomotives, taking
into account the selected technical solutions in the
bogie design, for example, the presence and loca-
tion of connections between the body and the bo-
gie, the secondary suspension system, devices for
transmission of longitudinal and transverse forces,
etc.
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Fig. 2. General Classification of Locomotive Mechanics
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This work presents the research conducted for
the main line electric locomotive of the DS series,
which was created in cooperation with Siemens
Concern at the Dnipropetrovsk Electric Locomo-
tive Building Plant (DELBP) with the participation
of a number of scientific and production organiza-
tions, including the Dnipropetrovsk National Uni-
versity of Railway Transport named after Acade-
mician V. Lazaryan (DNURT) [10, 18, 19, 21]. Its
bogie (Fig. 3) is two-axle, ball-joint, with support-
frame suspension of traction electric motors. For
the transmission of longitudinal forces of traction
(braking), a tilt rod is installed between each bogie
and body, which is pivotally connected to the bo-
gie traction unit and with an equilateral balancer,
whose ends are connected with the rods by means
of the pivot-hinged bearings [10, 13, 18, 19].

Fig. 3. Bogie drawing:

1 — bogie frame; 2 — brake cylinder; 3 — wheel set;
4 — balancer of the first stage of spring suspension;
5 — shock absorber; 6 — wheel flange lubricator;
7 — lever braking system

A S

As it is known, the locomotive mechanics is
a complex system with many bodies that have
many degrees of freedom.

This paper describes the first (simplified) stage
of research that considers the simplest computa-
tional dynamic model of the vehicle, i.e. a single-
mass system, whose degree of freedom is equal to
one, with the parameters of the reduced object. We
construct the Lagrange equation of the second kind
for the oscillations of this system. Let the body
(possibly a body of a rolling stock unit) of mass m
with the help of an elastic element and a viscous
drag damper is attached to a wheel set (the mass of
which so far neglected), and moves along the track,
which in the vertical plane has no geometric de-
fects (without regard to track irregularities)
(Fig. 4). The coordinate axis y, along which the
body moves, is oriented down. The elastic element
has rigidity c, the damper viscous drag coefficient
we denote as B. Figure 4 shows the calculation

model, plane and spatial image of this scheme.

Fig. 4. Object of research without regard to track irregularities

Since the system has one degree of freedom,
that is n=1; for a generalized coordinate, we
choose the displacement of the body along the ver-
tical axis ¢, =y ; generalized speed ¢, =y .

The kinetic energy of the body, the potential en-
ergy accumulated in the elastic element, the function
of energy dissipation in the viscous drag damper are
determined by the known formulas [2, 6, 11, 14].

The generalized force, as is known from theo-
retical mechanics, can have two components:

a generalized force that has the potential

Q" _.a and a generalized force that has no
1

potential Q. Thatis Q=Q; +Q;". Since the load
is not affected by a perturbing external force that
has no potential, then the corresponding general-
ized force Q" =0.

Using the Lagrange equations of the second
kind
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we obtain an equation of body motion
md; + B4, +cq, =0, in the canonical form it will
be as follows

G+2bg+k?q=0.
B
2m

k2=
’ m
Its solution has the form [2, 6, 11, 14]

Let us denote b=

q=e"(Acoskt +Bsinkt),

m

=

where k, =+k®>-b*, A B — constants derived
from the initial conditions. Physical content:
k, — frequency of oscillations with regard to fric-

tion, k — frequency of free oscillations (without
friction).

Let us consider the case when the body of mass
m with the help of an elastic element and a viscous
drag damper is attached to a wheel set, the mass of
which is so far neglected, moves along a track,
which in the vertical plane has the irregularity giv-
en by the equationn=n,sinwt. Figure 5 shows

the calculation model, plane and spatial image of
this scheme.

.

Fig. 5. Object of research with regard to track irregularities

Then the differential equation of body motion
obtained by means of the Lagrange equation of the
second kind has the form [2, 6, 11, 14]:

mé, +B(d, —1)+c(q, —m)=0,
or.
md; + B¢, +cq =pn+cn.

This equation can be rewritten in a different
way:

mdj, + B, + cg, =, Sin ot + Bon, cosot

where n, — amplitude value of rail deflection,

o — frequency of sinusoidal perturbation.
In this case, the solution has the form

O,

where D,, D, — constants of integration that satisfy
the initial conditions.

—eMt (Acoskit+Bsink;t)+ D sinot + D, cosat,

Findings

Example 1. Let us consider the real mechanical
system of the electric locomotive DS3 as a single-
mass system, which moves along the track, which
in the vertical plane has no geometric defects
(without taking into account the irregularities)

(Fig. 4).
System parameters:
c=2950 N mosot, p=1go KNS,
m
k2=C_290 o9 \_ /59-768 s
50
_ B _180 g1
2m 100
k,=+/59-3,24=7.47s™".
For the initial conditions

Qo =25-10°=25-10"m, g, =0 we will obtain
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A=25-10%m, B=3.93-10° m. Then the final
result of the problem has the following form

q=e"%"(2.5-c0s2.86t +0.393-sin 2.86t)-10 m.

The graph of this coordinate behavior, obtained by
analytical calculations and using the software
complex, is presented in Figure 6 and Figure 9 re-
spectively.
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Fig. 6. Graph of free oscillations
obtained by analytical calculation

Since designers are interested in the forces that
arise in elastic elements, we find acceleration of
the body

=-3.24-e7%(2.5-c0s7.47t +0.602-sin 7.47t) -

~3.6-7%(-18.68-sin7.47t + 4.50- cOS 7.47t ) +

678 (~139.50- oS 7.47t — 33.60-5in 7.47t) (ij.

S

Example 2. The results of the motion of the
same vehicle (under the same conditions and val-
ues of parameters) along the track, having irregu-
larities in the vertical plane (Fig. 7).
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Fig. 7. Graph of forced oscillations
obtained by analytical calculation

Example 3. Amplitude-frequency response of
the same vehicle shows the ratio of the amplitude
of body oscillation with the mass m and the am-
plitude of track inequalities depending on the fre-
quency of its inequalities (Fig. 8).
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Fig. 8. Graph of amplitude-frequency response
obtained by analytical calculation

The results obtained using the modern software
system [17, 20] are presented in Fig. 9 — 11 respec-
tively.

Time response to initial position
——1 mass system - vertical position of carbody
|— — 1 mass system - vertical position of carbody - no damping
03
x

;A&AAA
WYYV UY

time (5]

=

Fig. 9. Graph of free oscillations obtained
using software complex

Time response to kinematic excitation
—— 1 mass system - vertical position of carbody
|— — 1 mass system - vertical position of carbody - no damping

?VUVVVV

=

Fig. 10. Graph of forced oscillations
obtained using software complex
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Fig. 11. Graph of amplitude-frequency response
obtained using software complex

When comparing these graphs, it is easy to un-
derstand that we have the same results in both cas-
es. Unlike the analytical solving, we can achieve
these results easer with the help of software sys-
tem.

The software complex automatically creates an
equation of motion, finds a solution and displays
results. This advantage can be used in order to cre-
ate complex models with many degrees of freedom
(Fig. 12).

Fig. 12. Spatial nonlinear electric locomotive
model with 124 degrees of freedom

Without the use of modern software, the creation
of such a model will be very complex and time-
consuming. Modern software complexes allow
creating and calculating such a model within a few
days.

Originality and practical value

Based on the results of many years of work, the
authors present the General Classification of Lo-
comotive Mechanics, which may be useful to re-
searchers, who are involved in the assessment of
the dynamic qualities of new and upgraded types
of rolling stock.

A new licensed modern software complex has
been utilized. This program complex is applicable
in the design, modeling of units of rolling stock
and their elements; during theoretical and experi-
mental studies, comparison of their results.

The results of theoretical research can be taken
into account for preliminary study during creating
the reliable constructions of a new vehicle, further
improvement of the vehicle mechanics, and mod-
ernization of the units of rolling stock during field
tests.

Conclusions

When creating and improving the structures of
rolling stock, the actual is generalization of theo-
retical, scientific-methodical and experimental re-
searches, which are directed on improvement of
qualities of a vehicle in general, and locomotive
mechanics in particular.

The article analyses the behavior of a vehicle
during motion along the track section, which in the
vertical plane does not have geometric defects, and
taking into account the irregularities using the ex-
ample of the main locomotive. The research was
carried out both analytically and with the help of
modern software complex.

Comeparison of graphs (Fig. 6 — 8 and Fig. 9 —
11) shows that the results obtained by different
methods coincide with sufficient accuracy.

The use of modern computing tools makes it
easier and faster to get results compared to using
the analytical methods.

The implementation of the results of theoretical
researches can give an opportunity of simultaneous
increase in vehicle velocity, provision of necessary
dynamic parameters of a railway vehicle, reduce its
impact on the track and improve the level of rail-
way traffic safety.
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JOCJIJIKEHHS MOBEJIHKU MEXAHIYHOI YACTUHHA
JIOKOMOTHUBA

Meta. OCHOBHOIO METOI0 POOOTH € TOPIBHSHHS W MIATBEPXKEHHsI pe3yJIbTaTiB TEOPETHYHUX JOCTIPKEHb PYXy
JIOKOMOTHBA MO NPSIMOJIIHIMHMM Ta KPUBONIHIHHAM JUISHKaM KOJii y BCTAaHOBJICHOMY [iana3oHi eKCIUTyaTaliifHuX
LIBUAKOCTEH, 10 € TOJIOBHUM JJIsl BU3HAYECHHS 1X TUHaMIuHUX sikocTed. [IpoBeneHuit KoMIueKe A0CHiKeHb € 0J1-
HI€IO 3 MepelyMOB TIOJIINIICHHS ANHAMIYHIX SKOCTEH MEXaHIYHOT YaCTHHH PYXOMOTO CKJIaJy, 30KpeMa IapaMeTpis
x0/10B01 yacTHU. MeToauka. JlociiUkeHHS IPOBEeIeHI METOJOM YHCENIbHOTO IHTETpyBaHHS AMHAMIYHOI HaBaHTa-
KEHOCT] 3aJi3HUYHOTO TPAHCIIOPTHOTO 3aco0y 3 BHKOPHUCTAHHSAM OJHOTO i3 Cy4acHMX HMPOTPAaMHUX KOMILIEKCIB.
VY po6oTi 3acTOCOBaHO MaTeMaTHYHYy MOZEIb TPOCTOPOBUX KOJIMBAHB JIOKOMOTHBA, OTPUMAHUX 32 JOTIOMOTOIO PiB-
HsaHb Jlarpamxka apyroro poxny. PesyabTaTu. IIpoBeneHo TeopeTHyHi JOCTIKEHHS i BUKOHAHO aHaJi3 TOBEMiHKI
TPAHCTIIOPTHOTO 3acO0Y IiJ] 4ac pyxy MO JUISHIN KOJIii, sKa Y BEpTUKAIbHIH TUIOIMIKMHI HE Ma€ TEOMETPHYHUX JIedeK-
TiB, Ta 3 ypaxyBaHHSM HEpIBHOCTEH Ha MPHKIIA/i MaricTpajIbHOIO JJOKOMOTHBA. J{0CIiKEHHSI MPOBEICHO K aHalli-
THUYHO, TaK i 32 AOIIOMOTOI0 CY4acHOT0 IPOrpaMHOTr0 KoMIuiekcy. [lopiBHSIHHS rpadikiB nokasye, 0 pe3ybTaTH,
OTpHMaHi pi3HUMH METOJIaMH, 30iraroThcs 3 10CTaTHHOIO TOUHICTIO. HaykoBa HoBH3HA. 3a pe3ynbraTaMu Oararto-
piuHOi poOOTH aBTOPHW MPEICTABMIIN 3arajibHy Kiacu(ikalito MeXaHiYHOT YaCTMHH JIOKOMOTHBIB, IO MOXE CTAaTH
B HAroJli HAyKOBIISIM, SIKi JOCIHIIKYIOTh JHHAMIYHI SKOCTI HOBHX 1 MOJICPHI30BaHHX 3aCO0IB PEHKOBOTO PYyXOMOIO
ckiany. [IpakTH4Ha 3HAYMMICTh. 3aCTOCOBAaHO HOBUH JIIIIEH30BaHUN CyYacHUH MPOTPAMHUI KOMITICKC, SIKHH MO-
’KHA BUKOPHCTOBYBATH IiJ Yac MPOEKTYBaHHS, MOACTIOBAHHA OAWHHIB PYXOMOTO CKJIa[y Ta IX €JIEMEHTIB MiJx Jac
MIPOBEJCHHS TEOPETHYHUX W EKCIEPHMEHTAIBHUX JOCIIKECHb, HOPIBHIHHS 1X pe3ynbTaTiB. Pesynpratu TeopeTnd-
HUX JIOCIIIKeHb MOKYTh OYTH BpaxOBaHi JJIsl MPOBEACHHS MOMNEPENHIX JOCHiHKEHb IIiJl 9aC CTBOPEHHS HaIiiHIX
KOHCTPYKIII HOBOTO TPAHCIIOPTHOTO 3aco0y, MOJAIBIIOr0 MOJIMIICHHS] MEXaHiYHOI YacTUHHU, MOJAEpHi3alii oau-
HHIIb PyXOMOT'O CKJIaJy, Mijl 4ac MPOBEICHHsI HATYPHUX BUIIPOOYBaHb.

Knrouosi cnosa: TpaHcnopTHHH 3aci0; pyXOMHH CKJIaj; JIOKOMOTHB; MEXaHi4Ha YacTHHA; Bi30K; HNPOrpaMHUIi
KOMIUIEKC
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WCCJEJTOBAHUE MOBEJEHUS MEXAHUYECKOM YACTH
JIOKOMOTHUBA

Heab. OCHOBHOI 1I€NbI0 PaOOTHI ABISAETCS CPAaBHEHHE U MOATBEPIKICHHUE PE3YJIbTATOB TEOPETUUECKUX HCCIIe-
JIOBaHUM IBUKEHUS JOKOMOTHBA 110 NPSIMOJIUHEIHBIM U KPUBOJIMHENHBIM Y4aCTKaM IIyTU B yCTAHOBJICHHOM Juara-
30HE JKCIIIyaTallUOHHBIX CKOPOCTEH, UTO SABJIACTCS TIIaBHBIM JJIs ONPEAC/ICHUs UX NMHAMUYECKUX kadecTs. I[Ipose-
JICHHBI KOMIIJIEKC UCCIICIOBAHUM SIBIIECTCA OQHUM U3 YCIOBUH YIy4IICHUs JUHAMUYECKUX KaueCTB MEXaHUYECKOM
4acTH MOJBUKHOTO COCTaBa, B YACTHOCTH MapaMeTpoB X040BoH yacTh. Meroauka. VccnenoBaHus IpoBeIeHBI Me-
TOIOM YHUCIEHHOTO MHTETPHUPOBAHUS JNMHAMHYECKOW HArpy>KEHHOCTH JKEJIE€3HOJOPOKHOTO TPAHCIOPTHOTO CPeX-
CTBa C MCIIOJIb30BAHUEM OJHOTO M3 COBPEMEHHBIX MPOrPaMMHBIX KOMIIIEKCOB. B paboTe mpuMeHeHa maTemMaTude-
CKasi MOZIENb NIPOCTPAHCTBEHHBIX KOJIEOaHMI JIOKOMOTHBA, OIyYCHHBIX C IIOMOIIBIO ypaBHEeHNH Jlarpamxka BTOpo-
ro poga. Pesyabrarsl. IIpoBeneHbl TeOpETHUECKUE UCCIEN0BAHNA U BBIIIOIHEH aHAIN3 TIOBEACHUS TPaHCIOPTHOTO
CPENCTBA BO BPEMS IBUKEHUS 110 YYaCTKy IIyTH, KOTOPbI B BEPTUKAJIBLHOM IJIOCKOCTH HE UMEET F€OMETPUUYECKUX
nedeKToB, U C y4eTOM HEpOBHOCTEH Ha MpHMEpe MarucTpajbHOrO JIOKOMOTHBA. VccienoBaHHue NMPOBENEHO Kak
aHAJUTUYECKH, TaK M C TIOMOIIBI0 COBPEMEHHOTO MPOrpaMMHOT0 Komiuiekca. CpaBHeHHE IpadUKOB MMOKA3bIBAET,
YTO PE3yJIbTaThl, IIOJYyYEHHBIEC PA3HBIMUA METOJIaMHU, COBIIAJAIOT C IOCTATOYHON ToYHOCThI0. HayuHnasi HoBu3HA. I1o
pe3ysbTataM MHOTOJIETHEH paboThl aBTOPBI IPEICTABMIIN OOIIYI0 KIacCH(DUKAIMIO MEXaHHYECKOI 4acTH JIOKOMO-
THUBOB, KOTOPasi MOXKET IPUTOJUTHCS YUYEHBIM, UCCIIEAYOUM JUHAMUYECKHUE KaueCTBAa HOBBIX U MOJCPHU3UPOBAH-
HBIX CPEJCTB PENBCOBOrO MOABMKHOIO cocraBa. IlpakTuyeckas 3Ha4YUMOCTb. [IpiMeHeH HOBBIN JTUIIEH3UPOBAH-
HBIII COBPEMEHHBII MPOTrPaMMHBIN KOMIUIEKC, KOTOPBII MOYKHO MCHOJIB30BATh MPH NPOEKTUPOBAHUH, MOAEIHPOBA-
HUM €JUHHI IOJBHKHOTO COCTaBa M UX 3JIEMEHTOB IPH IIPOBEACHUHN TEOPETHUECKUX U IKCIIEPUMEHTAIbHBIX HUCCIIE-
JIOBAaHWH, CPAaBHEHHS MX PE3yJIbTAaTOB. Pe3ynbTaThl TEOPETHUECKUX MCCIECAOBAHUI MOTYT OBITH YUTEHBI JJIsSI TIPOBE-
JIeHHs ITPeIBapUTENbHBIX UCCIE0BAHUI IPU CO3JaHUU HAIEXKHBIX KOHCTPYKIUI HOBOTO TPAHCIOPTHOI'O CPENCTBA,
JAIbHEHIIETO yIyqIIEeHHs MEXaHNYECKON YacTH, MOJEPHU3aH €JUHHL MOJBUKHOTO COCTaBa, BO BpeMs MPOBEE-
HUSI HATYPHBIX UCIIBITAHUMN.

Kniouegvie cnosa: TpaHCIOPTHOE CPENCTBO; MOABMKHONW COCTaB; JIOKOMOTHB; MEXaHHUYECKAasi 4aCTh; TEIEKKA;
IIPOrPaMMHBII KOMILIEKC
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