Transactions on Electrical Engineering, Vol. 4 (2p1¥o. 1 5

Analysis of a Partly Sprung Drive

M. Dub®, J. Kol&?, F. Lopof, V. Dynybyl’ and O Berk&’

D CTU in Prague, Faculty of Mechanical Engineeringp&rtment of Designing and Machine Components, ICzec
Republic, e-mailmartin.dub@fs.cvut.cz
2 CTU in Prague, Faculty of Mechanical Engineeriragity of Mechanical Engineering, Department of Antdive,
Combustion Engine and Railway Engineering, CzegbuBkc, e-mailjosef.kolar@fs.cvut.cz
® CUNI in Prague, Faculty of Physical Education &part, Department of Anatomy and Biomechanics, Bzec
Republic, e-mailflopot@seznam.cz
4 CTU in Prague, Faculty of Mechanical Engineeringp&rtment of Designing and Machine Components, ICzec
Republic, e-mailvojtech.dynybyl@fs.cvut.cz
% CTU in Prague, Faculty of Mechanical Engineeringp&rtment of Designing and Machine Components, ICzec
Republic, e-mailondrej.berka@fs.cvut.cz

Abstract— During the operation of trams in cities  simplest design uses one-stage gearbox (two gesms),

the bogies and drives are dynamically loaded through  Fig. 1.
acceleration, deceleration, passaging curves and
evidently by the roughness of the tram track. These
added dynamic loads can significantly increase the
wearing of tram drive components. The aim of this
analysisisthe investigation of stress state and motions
of the gearbox hinge (support). For this purpose,
strain gauges and optical system Qualisys are used.
Special type of the strain gauges arrangement for
measuring tension and bend together is designed.
Acquired data are processed in the software Matlab
and in the user interface of the Qualisys software.
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|. INTRODUCTION ) R
Fig. 1. Drive with one-stage gearbox [7].

During working of a tram the bogies are dynaitjc . . . L .
loaded through acceleration, deceleration, pasgagin Tt?]e r.eactlc;n ftorc<_a| Itn thlf hlrtljgecqns_|der|r}gtrt]he drive
curves and evidently by the roughness of the tratram gg ths ;QgegﬁgergélChall;teggccsg;lg;g'nt% ([)6] ag %ﬁgws
track [5]. These added dynamic loads can signifigant ¢ 9
increase the wearing of the bogie and drive compisne
or they can cause damage of some parts. Thus all th&=
components have to be designed with respect tgities
conditions. In this case, problems with bearing ntimg
into gearbox occurred after relatively small numiér

driven kilometrgs in almost f"‘” gearboxes. Qne hﬂ U the torque of the induction motad is the moment of
hypotheses, which can explain this problem, isrigal inertia of the gearbox without the big gea#, is the
support of the gearbox. The hinge (support) does no . ’
allow sufficient movements of the gearbox and geteer angular acceler.atlon of the gearb_ox sway arognd the
reaction forces are transferred to the bearingghef wheelset axle (i.e. the second derivative of thatin

. angle of the gearbox around the axle of the wietels
Sg;ﬁggihagig;eanV?/gg'“c::g;gg?é dThe_Ir_E?reati?nmi‘rt;e this the distance from the hinge axis to the axletpiou

&haft axis) and. is the total gear ratio of the gearbox
measurement is to analyse behaviour of the trambgra defined as) ¢ g g

and its hinge during the real driving conditions.

(TR+TL)r+MM —Jlﬁ:MM(ic““l)—»W]
n n

@)

whereTr and T, are the driving forces on the right and
left wheels,r is the nominal radius of the whedl, is

A. Partly Sprung Drives with the Vertical Hinge i _lh @)
. .
In case of partly sprung drives with axle gearht is r
necessary to catch reaction moment of the gearbox. _ _ _ _
this purpose the hinges are used. The reaction forte The notatiorr; defines the radius of the appropriate

hinge differs according to the type of the gearbbte  SPur gear pitch circle.
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The second variant uses the gearbox with inserézd g
(three gears), see Fig. 2. The reaction force énhinge i =hl 6
can be written analogically Corgrn Q)

From (1), (3) and (5) follows, that the axle gearlwath
three and four gears induces significantly lowdugaof
the forceS considering the same value of the driving
torque of an induction motadvly,, the same value of the
total gear ratio. and the same value of the distance

B. Tram and its Drive

Tested tram is partially low-storeyed tram. It e
two-axle drive bogies (Fig. 4.) and it can reacle th
maximum speed of 60km/h. Each bogie has two
wheelsets, which are driven by partly sprung drilleat
consists of an induction motor of power 90 + 110 kidd
two-stage axle gearbox connected with claw coupling
The big gear of the gearbox is pressed on the aixee
wheelset, which is imbedded into bearing units. ilThe
connection with the frame is providing four rublmeetal

Fig. 2. Drive with gearbox with inserted gear [7]. cone springs; those create the primary springinghef
tram bogie.
Sz(rR"'TL)r_MM_lezMM(ic_l)_‘]l[/ 3)
n n ,
where the total gear ratio of the gearhois defined as e °
. I 5 “! : @n_ @
=2 (4) hy s o ;
rl i =y S
BT ' == = AT ST s N
. T =k i = o
The last design variant uses the two stagebggar  le | = : : ==y
(four gears), see Fig. 3. M — ; % _2) ' &

Fig. 4. Design of tram bogie with partly sprungver[2].

Il. HYPOTHESIS

The axle gearbox is furthermore connected édbibgie
frame through the vertical hinge of the gearboxe Th
hinge catches reaction force generated by theiootat
torque of the wheelset, but it has to allow somecHic
movements of the gearbox — swinging round longitaki
lateral and vertical axes. The maximum tensile garc
the hinge for the two stage gearbox consideringsigua
: statics with respect to the good quality of thed nack
Fig. 3. Drive with two stage gearbox [7]. (i.e. without respect to the inertial forces of tiearbox)

The reaction force in the hinge can be writtenCan be calculated as

analogically as

S_ Iv'M (Ic _1) (7)
+T ) -M, -J@ M, (i.-1)-Jg n '
oo (T L)n W= _ M(cn) g ©

’ where My is the maximum torque of the induction
motor.

where the total gear ratio of the gearlois defined as
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Fig. 5. Gearbox hinge design [2].

The hinge of the axle gearbox of the testedtia
designed as a round bar of a 28 mm diameter. It
imbedded into rubber supports as it is shown in Big
These should behave nearly as ideal sphericakjemthe

MomentM, together with additional parasitic effects of
radial and axial forces aggravate the life timehaf roller
bearings on the output shaft.

The increase of the axial and radial forces (thuthe
inner friction in the bearing) is causing the tarcqan the
outer ring, which tends to spin the outer ringhaf toller
bearing.

[ll. INSTRUMENTATION

The hinge should transfer only tension or press
forces. It is desirable to investigate its stresates
Specifically tension or pressure which are expected
bending stress which is undesirable can confirm the
above mentioned hypothesis. For this purpose strain
gauges are used. For the verification and better
description of gearbox suspension behaviour théesys
Qualisys for capturing and evaluating motion i®alsed.

A. Strain Gauges
is _ . . : :

Foil strain gauges are used to investigatsstseate of
the hinge. It is desirable to measure tension ssore

hinge can catch only tensile or pressure forcesy Anand bend simultaneously. Moreover the bend haseto b

bending stress in the hinge is parasitic, becatss i

found out in two perpendicular planes to obtain ptate

caused by lateral forces which produce undesirablenowledge of the bend and the resultant includitsg i

additional radial and axial loading forces for legs of
the output gearbox shaft.

. L Xf‘ PD_I ________ -
y._l_ -
Py

E { J I E

Py — parasitic radial force in the hinge

Py - parasitic axial force in thehinge

Fig. 6. Parasitic force in gearbox hinge.

Disabling swinging of the hinge around thaxis, i.e.
limit sliding of the gear in thex direction, exerts a
longitudinal reaction forceP,. This parasitic force
represents the additional loading of the radiafribga on
the output shaft.

The disabling swinging around theaxis, i.e. limit
sliding of the gear unit in theg direction, exerts a
transverse forc®,. This parasitic force operating on the
distancen creates an additional bending mombht see
Figure 6.
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orientation. The first plane is coincident with ttram
drive direction (longitudinal plane) and the secame is
perpendicular and lies in the lateral plane oftthen. For
measuring tension and pressure Wheatstone halféorid
arrangement has to be used due to the bend contipensa
(i.e. two strain gauges). For the bend measuriag tide
Wheatstone half-bridge arrangement has to be used d
to tension-pressure compensation (i.e. four stgainges

for measuring in two planes). To decrease quarity
strain gauges a new arrangement is designed (fig. 7
Only four strain gauges are connected into four
independent Wheatstone quarter-bridges with time
synchronization. This arrangement is very convenien
because it is possible to measure tension andyveeaad
simultaneously measure bending in two perpendicular
planes. Thanks to this improvement only four strain
gauges has to be used, which spares not only timderu

of used strain gauges but also space and makes the
connection of strain gauges easier. Acquired sigaad
obtained as strain from each strain gauge anddae\be
assembled after measurement according to following
formulas. The tension or pressure stresses can be
calculated from (8). The bending stresses in tvaned
are a consequence of (9), (10) according to [3].

E
o, :X(€1+52+53+54) (8)

O :%(51 _53) 9
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and three markers creating the reference planehen t
monitoring object. In this case six spherical meskare
used. Three are placed on the gearbox and three
remaining are placed on the induction motor. Inheac
object (gearbox and induction motor) local Cartesia

Foil strain gauges are installed in the middfethe coordinate system s thus created (see Fig.8).
cylinder surface of the new unused hinge preciséigr Furthermore another marker is placed on the axlth'emf
90 ° as it is shown in Fig. 7. For this applicatiseif- Wheelset to sample revolutions so the covered niista
compensative strain gauges with nominal resistanc@d current speed can be calculated.
120Q are used. Moreover there is installed a
semiconductor thermal sensor for monitoring charajes
temperature during test drives. As the hinge istled in
the chassis without any cover it is necessary tidept
installed strain gauges against outside actiogs veater,
dust or oil. It has to be protected also during niimg to
the bogie frame. For this purpose short part oftpdube
is used together with flexible putty which creatag
enough chamber for strain gauges between the kinde
plastic tube and also wires can pass through itusTh
adapted hinge is prepared for mounting into bogithe
tested tram.

Oha :%(52 _54) (10)

5G3
Rk sGa S62
-0 +a

| SG1
Drive direction

Fig. 8. Markers of the Qualisys system and Camesi@rdinate
systems of the gearbox and the induction motor [3]

Altogether six cameras are used; they are edvidto
two subsystems — moving subsystem and stationagy on
The first one is mounted on a special holder wtigh
bolted to the car body of the tram so it moves \ifith
tram. The second one is placed in the floor pit.

d

Fig. 7. Measuring arrangement of the strain gaogethe gearbox
hinge [2].

B. Qualisys System

In addition to measurement of the stress stétthe
hinge it is convenient to monitor relative motioofsthe
gearbox connected with the wheelset to the framihef
bogie and to the induction motor. Then it is possio
evaluate relative shifts and rotations of the otghaft of
the induction motor to the input shaft of the gearland
required range of motions of a claw coupling. Hus t ‘
purpose the optical Qualisys system for continual Fig. 9. The distribution of the Qualisys systemcsixneras.
capturing and evaluating motions is used. For trEck
motions of the object it is necessary to use ticemeras
TELEN 2015003
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The stationary system of cameras is there tifyve from data acquired from four independent Wheatstone
accuracy of the moving system which could be infeeel  quarter-bridges. Data captured by the Qualisysesyst
by the tram car body vibration. Both systems arguere processed in an user interface of the Qualisys

calibrated together and time synchronized. software. The main aim of this experiment is toedet
bend presence in the hinge during test drive regime
IV. DATA ACQUISITION, PROCESSING ANDEVALUATION Tensile stress can be used as verification witHytioal

The test drive was divided into three regimes Jlensile stress in the hinge which can be calculated

maximum acceleration, maximum deceleration andccording to Eq. (7).
common drive. Testing of maximum acceleration anc 16
deceleration was carried out inside the depot alibee
floor pit so the accuracy of the moving camera gstesn
could be verified by the stationary subsystemak to be 12}
noticed that maximum deceleration was reached byly 0]
electric-dynamic breaking. Common drive was carriec
out on the loop inside and around the depot irl teteyth

of 721 m (Fig. 10).

14¢

. . . . . . . .
0 2 4 6 8 10 12 14 16 18
tls]

Fig. 12. Tensile stress in the hinge for the acaéten regime [2]

The measured tensile stress (Fig. 12) is iy geod
agreement with the analytically calculated value.
Following graphs prove the presence of the benthén
Fig. 10. Testing loop for common drive measureni&ht hinge. There is also shown behaviour of the tofusne

The hinge with installed strain gauges and ntfaér Pair of the induction motors mounted to the bogie.
sensor was mounted into rear wheelset of the tdésdiaul
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rear bogie (Fig. 11).
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Fig. 13. Torque of the induction motor pair anddiag stress in two
perpendicular planes for the acceleration regirhe [2

Fig. 11. Mounted and connected gearbox hinge [2]

In Fig. 14 there is shown the rotation of treaudpox
round the tram longitudinal axis during the accaien

torque of two induction motors mounted to the bogées ~'€9ime. For a better transparency red line is adred
recorded from the tram control unit. Data acquisgdhe ~'aW Signal. Itis a representation of the meanevaluring
strain gauges contained lot of noise. That's wHygva the time. The average deviation of the angle during
pass linear filter with Hamming’s window was apglte  the acceleration (time between 2 s -9s)is 5 °.
reduce it. Script calculates tension, bend in two

perpendicular planes and resultant with its origorna
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Fig. 14. Relative rotation of the gearbox to theuiction motor round
the longitudinal axi [2].

V. RESULTS ANDCONCLUSION

The acceleration time with maximum driving feror
deceleration with maximum braking force signifidgnt
extends the time of the parasitic forcgsand S, effect.
These effects increase the loading of the axlebgesar
bearing. It can be assumed that the magnitude ®f th
parasitic forcesS, and S, is in normal operation larger
than those which were measured during the drivi it
empty tram.

The used design of the gearbox hinge is not
convenient, because it does not allow required
compensation of the assembling deviations. More

convenient solution could be the hinge with rublnetal
joints and adjustable length. Thus the assembling
deviations could be compensated.
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forces, vice versa it is also stressed by bendiug.the
measured values of the bending stress are quiteTlbis
can be caused by low dynamic effect. The testeu tra
was empty and the quality of the tram track in depot
was quite good. Another reason could be that tlaebgps
hinge was mounted exactly with specified pretension
the rubber bedding is not so rigid and the hindews

bigger movements. This hypothesis is proved by data

measured by the Qualisys system. Presented grap¥ssh
that the movements are higher than admissible sdhre
the claw coupling.

The measured relative movements of the geatbox
the induction motor obtained from the Qualisys eyst
are relatively considerabl&ven in case of a slow drive
across the railroad switches and crossings. Tradivel

movements can significantly shorten the life of the

coupling between the traction motor and input sbathe
axle gearbox.

When driving fully loaded tram on a real trarack,
which has the vertical and transverse unevennesssi
to be expected that the time required to acceletae
vehicle is longer.
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