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Abstract

The papelis focused on theliscussion ofa newdoubleaxle flexible bogie for a

high-speed trainThe main feature of the flexiblbogieis that is consists of two sub

bogies connect with diagal links. Moreover an estic connection between a

carriage andoth wheelsetss introduced.These features, helpng to increasethe

bogie flexibility by pas#ng tracks with alow radius of curvature, are studied in this
papernumerically The results demonstrate a great potential of the bogie and ability

to travel with no significant oscillations at speed of 432km/hlumerical
optimization of the bogie’ s parameters is
comfort.

Keywords: Two- axie wheelsethigh-speed traintrain dynamics vibrations.

1 Introduction

The worldvide trend inlast 1615 years in railway transportation has bgemting
towardsincreasing the axial load and speed of tramith) the latter being a special
issue forthe passengdrains. The ideaf the highspeed passenger transportai®n
suppored by the fact thait is not only environmentally friendly but ald@cause it
cancompee againstthe air travel in distances from 500 to 800 km. Many European
and Asian countries haveegular high-speed train services, usually operating
between large ties. In Europe, including the UKhe normal operating speed is
currently around 200km/h, whereas in China it is 300krviaglev train systers

not consideredl n gener al -spdet termef i bhoad and r e
speed above 200km/h, although usually it means a travel with 20@&0Km/h.
However, in the future this termvill imply an operating speeab to 400km/h. At

this speed a train exerts large forces onto the track, witshback onto the train
and along with other forces (aerodynamic, for instant&§jingtrain oscillate in all
directions. These oscillatisnobserved in wheed$s bogies and carriages may lead
to passengear tide discomfort if not have more severe capsances. Therefore the
sakty remains the major concern dhigh-speed travel



Bogie may be considered as the most important part of a train from the dynamics
point of view, since it carries the loadrovides guidance of wheelset®nnecing
wheelset with a carriage and suppose to attenuate adverse vibratiémslast
hundred years various bogie desitase been proposed and studigd In general
there are two types of worldwide accepted bagexg)leaxle or tweaxd, where the
former has &ingle wheelsetvhereas the latter has a double wheelset. Example of a
singleaxle and tweaxel bogies are shown irFigure 1 left and right
correspondinglySincetwo bogies areaisually required for a carriageg two-axle
bogie has lower value of the load per axle. Howetre,rigid construction of the
traditional two-axle bogie creates certain difficulties when curving, limiting the
minimal curve radius asell as has some other issygg[2].

Figurel. Singleéxél bdgle for Lirex and/\loaxl gié.

This paper discusses a novel texel bogie that has been developedviascow

State University ofRailway TransportationThe paper is structured as following.
Thebogie design is presentedsection 2, whereas in section 3 governing equations
of motion are discussed. Section 4 present results of numerical modelling and
optimization and section 5 has ctusions.

2 Novel Bogie Design

As it has been mentioned al®the standartivo-axel bogie dog not suit for
high curvature turns, which is essentrasomeparts of the world. The major benefit
of the presented bogie is designthatallowsthe wheekes matchthe radius of the
curve, thus decreasing the forcetlod interaction between wheshnd rais [2]. Two
(left) and three (right) stagesuspensionimplemented in the proposed bogae
presented ifFigure 2.Threestage suspensidmsan additional connection between
the wheelst and carriage.
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Figure2. Two- (left) and three (right) stage

The primary connectiondenoted by numbér 1if Figure 2 connects the wheelset
andbogig the secondry connection denoted byiwumber* 2cbnnects the bogie and
carriage, whereas the third connecfiond e not e d [lwgnnectudirdetly the “ 3 7
wheelset and carriag®iagrams presented iRigure 2 demonstrate the concept

should be mentioned that the idea of connecting two bogiesdrtonal linkage

itself is not new J], however other design features make the proposed dextlgr
unique.

Item 1 in Figure 3represerg a pneumaticsuspensiondirectly conneting the
wheelsés and carriage, so that tletaic load isdirectly transmitted This became
possible due to the e design and ithe subjet of investigation herdn Figure3
items 2represents shock séwbers, connecting the wheelset and carriagécmated
at an angle to thehgitudinal axis of the trolley, whereas itemmepresets springs
connedng the bogie and carriageand adng in vertical and transverseirectiors.
Item 4 represersta diagonal linkage whichllows wo wheelsets turn with respect to
each other in yaw when curving, keepihgm togetherThis arrangement provides
an opportunityfor mitigating huning oscillatiors of the carriageand bogies
Mechanical properties of these elements gl discussed in the next section.



Figure3. The highspeed bogie with the pneumatic suspension

3 Complete mathematical model with anew bogie

To study the behaviour of theain with the new bogiender variousonditions a
mathematical model has been created. Figurand Figure5 demonstrate the
rheological elementthat have been used for modey in all directions. Figure 5
and Figure6 show the front and top view of the model correspondingly. The
developednodel consideramotion in 3 translational and 3 rotatiomtectiors.
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Figure5. The sketch of the carriage, bogie and wheelsets (side view)

The governing equations of motion of thedel have been derived based on

D’ Al embert’”s principle. Tshadlowesl evtitingcthtee d g e n e |
equations of motion in the following form for translational and rotational motion
correspondingly:



M?Z= J4,
where I, are forces with respecttoy ” aXarse tMhe moments aroun

and other directions can be treated similarly. Using a linear stiffness and damping
elements one can write forces as:

=S |:
F,=b C
where D is the relative deformation of the corresponding elastic elemenfhmfd

the relative velocity of the corresponding viscous elements. Thus, the set of
equations in 3D space canWwatten as:
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* f _ —the elastic forces between

the bogie and wheelset I n ¢ghrdil, oddiforthe t i on ( €

The above formulas use the following notati

Ieftrail);FbZ'_fV—the elastic forces between the bog

andey'f_—the elastic forces between.the bogi e

Flatleaf suspensionds norsymmetrical stiffness characteristics because the
lower part of it is longer than the upper one resulting in higher force required to
move the bogie upwards than downwards. This characteristics can be described by
the following equatiork =0, 1):

151(01 K) tZ)Q'D bld:
Isfc'm W D L d

I:b w

There are forces acting from the rails onto the wheelset, which can be divided into
two groups: elastic forces due &oside contact of the wheels and rails and creep

forces due tdhe contact between two sudes. F.Y

. Wl— the elastic forcesexerted

onto the wheels from the rails dueaaide interaction, with the gap equalG®07
M jny direction

v §O if y,;- h 0007m
i Tsr Y if Ywi- R 2007m

This characteristic is presented in Fig@ieft.
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Figure6 — Stiffness characteristics of the raid piecewise linear characteristics of
the elastic forces between the carriage and bogie

The lateral and longitudinalreep forces have been derived basedthe Kalker

theory with correction§3],[4]. In the above notatioﬁc'fx — projection of the creep

forces in xF Yaxrn ®j, e cthieorne ac f the creep f

Moreover, the gravity forceNgr and momentMgr have been applied to the

wheelset:
Ngr= 2} g )& Mgr:21 O Qﬁ,
Viscous forces between the bogieand r r i age i n “x” and “z” di

as FCX'_d and szi_fccorrespondingly.The elastic forces between the bogie and

carriage in y” direction have been model |

AéSngi—c it | Q. &1m;
Fr! j:3252y[’§,),cn° 01m|¢,sQ 0.@m;
1[5052yDbi_Cif 02m¢ P/ 0F25m

which is presented in Figuferight.



Diagonal fores in the interacting bogies have been denoted:éz'sfbl,

Fb:g_fb1 szé-fm i nyo, firo and“z” directions correspondingly. In total a set of 37
ordinary differential equations has been derivedwitibe studied in next section.

4 Modelling and numerical results

In the first phase the task of choosing parametetBexdpring suspension, ensuy

the compliancewith the lateral variabilitywas undertakerandinvestigation of the
type of oscilldions was conductedNumerical simulations have beaonducted
using DormandPrince (RKDP)method Due to a large number of calcations

required NeldeMead optimization method has be@&nplemented The main
reason is the fact that this method allowsfgening numerical calculations in
parallel, significantly reducing the amount of computational tinie. select
parameters othe spring suspensiomn optimization methodwas implemented,
wherethe target functionvasthe intensity of crossingsy, (t) above a certain level

used as amdicatorof dynamic qualities@Q) [2],[5]:

R & [u] (1)
A= fil
21 J( )exp:, 2S(y) j

where S(q) - mean square displacement anﬁ%(ui) - is the effective

frequency of the random processtd;s(t), defined as:

S(u)=,/A G ( f)df @
fe(ui):ﬁ 7 £2G, ( f)df @

and Gui ( f) is the spectral density of the DQ randprocess, obtained as a result
of the numerical simulations.

The DQ was based on the total vertical and horizontal acceleration cériege

ZLS n 'ygs at the points of connectiortd the bogies, as well as the sum of the
vertical and horizontal coefficients of the dynamic load at all suspension

pointsQHZ’Sy. Thus, the dynamic quality of the system is defi by(1): the target

function and eight quality coefficients. Since it is a very hard optimization problem
in 9D space, the procedure of separate optimization has been adopted. First, the
suspension optimization of thearriagein the horizontal direabin is performed.



Then, with the obtain set of parameters from the first step, the suspension
optimization in the vertical direction is conducted. Finally, the optimization in the
horizontal direction is performed with the parameters obtained from thedsecon
stage.

Let’ s consider, for exampl e, the resul
stagea nondimensional parametef DQ were usedJ), = H (q )/[q] where H (Ui)

is the mean value of the maximarof random procesg (t) according to Kramer

formula, assuming that the distribution of maximumg{) of Gaussian stationary
random proces$ (Ui ) which is described by the double exponent law:

e - H)? g
f(H):%exp}e -fe(ui)t&(q)expg % t’ (4)
[ :

J2int (u)t fu)

wheret&(u ) the length of the sampig (t) which was taken 38.1 sec.

H(Ui)@s(li‘)%/zm i)ty + ! . (5
¢

To find optimal parameters of the suspension at the first step 56250 cycles of
optimizaton has been conducted. Some numerical results of the optimization are
shown in Figurer. Each circle has three valugly,U, andU,, where its diameter

is related to the dynamic coefient and its colour reflects the value of the cost
function. Point 1 in figur& corresponds to the optimal values the suspensiorin

point 1 values of all parameters are acceptable, i.e. lie within the specified range and
the total intensity of excaions is 1.51. Hamg computedhis numbeyall numerical
simulations have been conducted for finding stable motion ota&neagealong
straight path, turns as well as influence of random vibrations onto the system.
Stability of motion along a straight path has been done numerically by integrating
the set of nonlinear differential equatidé$. It has been observed that the intensity

of oscillations increasewith the increase afarriagespeed, although the oscillations
remain decaying. When the critical spegdis attaired the osciletions become

sugainable and wherv >y, amplitude of oscillations will increase until a limit

cycle is reached. The critical speed of the bogie with respect to the lateral
oscillations in this case was obtaingd=806km/h Sabty regulations state¢hat the

maximum speed earriagecan operate at is defines gs = v, /\/§=466km/h.
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Figure7 demonstrates a set oténmediate values of the cost function and DQ at the
various stages of the optimization procedure in 5D space.

The proposed bogie can move along cdrpaths with a relatively small radius

50m. The study of the bogie motion along a cuhmath fas been based on the
theory of relative motion and nénertial local coordinate systems. The numerical
simulations have shown that the bogie keeps all the wheels on the rails, therefore the
side forces are equal along both the axes and are below 70kd.isThi great
advantage compare to other bogies, which usually have larger load to the outer
wheel of the front wheelset.

To show the advantage of the proposed bogie a set of numerical simulations
with various radius has been performed. These results temre dnalysed and an
empirical formula connecting the velocity and the radius has been derived

V.., =529/R,- For other standard bogies this numbervrir%)(:4,6/pdz, which

indicates that the developed bogie may run along a cuathe with a radius 30%
lower than that for the typical bogie. This has direct influence onto the cost of
building the railways.

To study the influence of thearriagespeed onto the DQ coefficients, a set
of nonlinear differential equations with random tuimensional stationary
processes acting in the horizontal and vertical direction from both 1:23]. The
non-stationarity of the input and nonlinearity, presented in the system, including the
nonlinearity on Figure4 and Figure 5indicate that the output process will be
nonstationary.

To obtain some response characteristics for comparison with other responses,
it is required to average over a large number of samples, and in this case a number
of samples for each speedua was taken N=4096 with a time step t=0.0031sec,
resulting in total time T=38.1 sec. The overall number of points within a sample was



50331648.Figure 8, for example, demonstrates several samples generated for the
horizontal roughness of the left rail2@m/s.

G(ht3) e

S

Figure 8. Generated roughness of a rail at 20(dp left), carriage motion (top
right), ectral density of the carriage at 20m/s (down.left)

Lateralcarriageoscillations yg(t) can beobserved in Figur®. It can beseen that

some samples are very much different in the amplitudes and frequency contents,
which supports the fact that the process is nonstationary.
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<

To study the random proce%(t g 1 ) it is required toobtain a square matrix.
Since the number ofyg(t iwas N, =12288, the number of sampl%(t awas

N=4096, therefore every third value was selected fr%(lt) and Dt =0.009%.
Therefore the matl‘iXyg(t g t ): had 4096x4096, which isquivalent in time to

38.1x38.1sec. This matrix was used to build other characteristics of the random
process, such as a correlation functi;qg/r(tl,tz) and spectral densit(ggy( AL

Rb )= f m(BYED ey y(9 & tay(gdy(d ()

- o - o
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For the case of v=20m/s a twdimensionadistribution
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Based on the obtained distribution the autocorrelation function and spectral density
have feen obtained for the lateral displacement of dagiageand the frequency
range was between 0.1Hz and 10 Hz. The spectral density is presented irf8Higure
can be seen that all the energy at 20m/s is contained within the frequency range of
0.2Hz up ta2.25Hz and 10Hz frequency has never been reached.

The frequency at the maximum corresponds to the frequency of lateral vibrations,
whereas the frequencies of smaller local maximums can be approximately described
as:

f1-1 o 0’8 f1-2 ) 114 . f1-3 o 2’1

., 04'T, 07'7. 07
Based on the fact that the peaks amplitudes at the diagonal are higher than that
everywhere else, one can state that the system responds with ultraharmonic
oscillations 2:1 and 3:1. The spectral response ofctreéageaccelerations has

much more complicated structure.

2-2 2-3

Another set of simulations has been conducted for v=120K#ghre 9 shows the
results for dynamic coefficients connecting the carriage and bogie, whereas3igure
shows their spectral representatidrhe main peak in Figured is observed at
0.75Hz, and there are two minor symmetrical with respect to main diagonal peaks
with coordinates (0.7Hz, 4.8Hz).

Much more complex peaks layout can be observed in F@giwe the coefficients
connecting the bogie and wheelset. The number of small peaks along the edges of
the plot correspondot ul t r ahar moni c oscil | atimesons
higher the main resonance frequency.

wi t h
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Figure 9. Dynarﬁic coefficient connécting the carriage and bogie at 120(tops
left), connecting th carriage and bogie (top right), the bogie ahéelset (low left),
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Figure 10. Left: Dependence of DQ on the carriage speed:kktween the bogie
and bushing, 2- between the carriage and bogie-3etween the carri@gyand
bushing, 4 maximum acceleratiorRight: Ride coefficient vs train speed




Having obtained the spectral densities it is possible to calculate the variance, the
dominant frequencies and the mean values of peaks depending on the carriage
spead. In figurelO left one can observe that all DQ factors are inside the acceptable
range, however one of the peaks is at 20m/s. It can be explained by the fact that the
excitation frequency at this speed coincides with that of the carriage leading to the
resonance. It also can be seen that at speeds above 80m/s DQ factors increases and
at 120m/s approaching their critical values.

The ride smoothness coefficient C was calculated according to the following
formula:

€ [8 ff,
o = aesfsa@n FORIIR gc (19
6 VC faf

Figure 10 right shows dependence of the ride smoothness coefficient on the train
speed and it can be observed that up to 108m/s the quality of a ride is excellent.
Increase in carriage speed results in reducing the ride quality.

5 Conclusions

The papepresentsa novel bogiedesignfor a high-speed train. The bogie compmigse
two subunits connected bgiagonal linkages and hasa threestage suspension
system where an extra&onnectionbetween the caage andwheelset has been
introduced.Another advantage of the dae-wheelset bogie is its suitability for
tracks with highercurvatures, where regular bogies cannot be UEe€e.numerical
simulationsof 37 equations of motigrdescribing the tradbogiewheel dynamics
and its inteaction with a trackhave been used to find the optimal set of parameters
of the bogieThetrain vibrationshave beenexcited bysurface roughneof the rails
that has been modeled as a random proséibsa given spectral densit@ptimal
parametes of the bogiehasnumericallybeenobtainedand enable the bogiesafely
travel with no excessive oscillations at speed ufBzkm/h.
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