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Abstract: Gear transmission is an essential element in the motor cars of high-speed trains, as it
directly effects the reliability and safety of the vehicle. Based on the classical vehicle–track coupled
dynamics theory, and gear and bearing dynamics theory, this investigation develops a novel vehicle–
track coupled dynamics model with an enhanced gear transmission subsystem comprising gear pair
and bearing. In the model, the enhanced gear transmission and vehicle–track system are coupled
through suspension system, gear mesh interface, nonlinear bearing interaction and wheel–rail
relationship, which enables detailed analysis of the gear transmission in the whole coupled system.
Following the validation of the proposed model, the dynamic interactions between the gear pair and
bearing are comprehensively investigated. Besides, the effects of the traction torque and track
irregularities on the gear-bearing system are investigated. Results show that the gear meshing has
significant influences on the bearings. The vehicle–track coupled environment has non-negligible
effects on the dynamic interactions and vibrations of the gear transmission. Moreover, the proposed
model is applicable to the further dynamic analysis of gears and bearings of the motor car under
gear cracking, bearing failures, wheel defects and other destabilising conditions.
Keywords: traction transmission system, spatial coupled dynamics, field test, high-speed train,
vibration environment.

1. Introduction
Owing to their simple structure, high transmission efficiency, accurate transmission ratio and high
working reliability, gear transmission systems are widely used in the automobile, aerospace and
railway industries. To ensure the safe operation of the transmission system, the dynamic
performance of the system should be further investigated to enhance the power density, improve the
endurance and lower the noise and vibration level. To this end, a theoretical model that accurately
reveals the dynamic characteristics of real gear transmission systems is demanded.
A critical component of high-speed trains is the helical gear transmission system, which transmits
power from the motor to the wheelset. Low dynamic performance of a gear transmission system can
degrade the performance and even the running safety of high-speed trains [1, 2]. As the gear-bearing
system undergoes violent wheel–rail interactions at high speed levels, high-speed trains require
improved dynamic performance of the gearbox [ 3 ]. The dynamic performances of the gear
transmission and the high-speed train are interdependent. Gear-bearing systems in the coupled
vehicle–track systems are an attractive option for the safety operation of high-speed train, and their
coupled dynamics in the vehicle–track system have attracted significant interest. They are also
relevant to the design, maintenance and condition monitoring of gear-bearing systems.
High-speed railway is a large and complex system including many core subsystems [4,5]. As one
of the most important subsystems, running safety of railway vehicle is essential. Railway vehicle
dynamics has been extensively investigated by various researchers. Initially, many researchers have
investigated the performance of vehicle dynamics without considering the coupling effects between
the vehicle and the track system [6, 7]. In fact, the dynamic wheel–rail interaction should not be
neglected when studying the vehicle–track system, because it amplifies with increasing operation
speed [8]. Dynamic interactions in vehicle-track systems was investigated by Zhai et al. [9], Diana
et al. [10], and Nielsen and Igeland [11]. Based on the vehicle–track coupled dynamics model, Zhai
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et al. [12, 13] further developed a dynamic model with bridge, and studied the dynamic interactions
in the coupled vehicle–track–bridge system during high-speed train operation. Their study involved
simulations and field tests. However, the above studies ignored the dynamic interaction between the
gear transmission and the vehicle–track system.
Gear transmission systems themselves have been extensively investigated [14-20]. Most of these
studies accounted for the effects of gear failures [14, 17] and abnormal conditions [18,20] on the
dynamic performances of systems, but (like the above researchers) neglected the dynamic
interactions between the transmission system and the vehicle–track system. Yao et al. [21] studied
the stability and vibration characteristics of a driving system under saturated adhesion in a simplified
single-wheelset model. Wang et al. [22] established a torsional vibration model and investigated the
nonlinear phenomena and the bifurcation and chaotic responses of a locomotive gear transmission
system. However, the gear transmission system was simplified as a torsional vibration system
coupled to the wheelset [21,22], which neglect the real dynamic characteristics during its operation.
The vehicle–track system has been rarely considered in dynamic performance evaluations of gear
transmission systems [23-26]. Huang et al. [23] established a vehicle dynamics model with a gear
transmission system in the SIMPACK environment, which considered the dynamic effects of the
gear transmission on the vehicle system. They reported that the wheel–rail interface significantly
affects the dynamic performance of the transmission system [23] and bearing [24], especially when
wheel failures occur [3,27]. Nevertheless, they simplified their gear transmission system as a pure
torsional vibration system in the vehicle–track coupled system [23,25], and neglected the nonlinear
factors of bearing[24,26].
As highlighted above, few researches have addressed the dynamics of gear transmission systems
in high-speed trains. In the existing studies, the gear pair is considerably simplified, and is subjected
to oversimplified effects such as purely rotational vibrations of the gear pair. Moreover, the dynamic
interactions between the gear and bearing system have been seldom considered in the coupled
vehicle–track systems, so several features of real transmission systems have been neglected.
Especially, there are nearly no theoretical research works considering the gear-bearing interaction
in the coupled systems. To cover this gap, the present authors develop an advanced model combining
a vehicle–track coupled dynamics model with the dynamical theories of the helical gear pair and
rolling bearing. Based on the proposed model, the dynamic performances of the gear-bearing
subsystem in the coupled system are systematic investigated during acceleration process. Besides,
influences of the traction torque and track irregularities on such subsystem are also investigated by
analysing the responses of the gear meshing, bearing motions and contact forces. Generally, this
dynamics model could provide an effective method for the more realistic prediction of the dynamic
behaviours of the gear-bearing system in the vehicle-track vibration environment.

2. Vehicle–track coupled dynamics model
This paper extends the spatial vehicle–track coupled dynamics model established in [2, 25], with
a comprehensive study of the gearbox vibrations. The vehicle–track coupled dynamic system
comprises the vehicle, track, and novel gear transmission subsystems (see Fig. 1). The interactions
between the rigid vehicle components are performed as spring and damper elements. The carbody
and bogie frames interact via secondary suspension systems, and the bogie frames are supported by
the wheelset via primary suspension systems. The details of the vehicle subsystem can be found in
the previous work [2, 25], and hence it not repeated illustrated here. The transmission system
comprises the gearbox housing, a helical gear pair and five bearings, which are described in details
below. All of the vehicle components are regarded as rigid bodied, and a total of 90 degrees of
freedom (DOFs) are considered in this model. The DOFs and symbols of the vehicle components
are given in Table 1.
Table 1 DOFs of the vehicle dynamics model.

Vehicle component
Car body
bogie frame (i = 1, 2)
motor (i = 1−4)

Longitudinal
Xc
X bi
X mi

Lateral
Yc
Ybi
Ymi

Vertical
Zc
Z bi
Z mi

Roll
c
bi

Yaw
c
 bi

Pitch
c
 bi

－

－

 mi

gear box (i = 1−4)

X ghi

Yghi

Z ghi

－

－

ghi
2

pinion (i = 1−4)

X pi

Ypi

Z pi

－

－

 pi

wheelset (i = 1−4)

X wi

Ywi

Z wi

 wi

 wi

 wi

v

c

Carbody

M c Jc
Z

Xc
K bz

Cbz

b1

Bogie frame

X b2
C pz

Gear box

K gz

Wheelset

Rail

Bearing

Bearing

Zc

Mb

Zb 2

b 2
Jb

K pz

w

Z w4

Z b1

X b1
Gear wheel

Cgz
Z w3

Jw

Pinion

Z w1

Z w2

Zr

Csz

K sz
Slab

Zs

CA layer

(a)

Csx
K px

K sx

C px

c

 w2
Yw 2

Yc
Bearing1
Bearing2

C py

K gy
Cmy

Mb

K mx
Bearing3
Cgx

I bz

K gx

 b1

Cmx

Yb1

Bearing4
Bogie frame
Cgy

K my

Gear box

 w1

Motor

I cz

Motor

Mc

K py

Csdx

Yw1

Wheelset

Bearing5

Csy

K sy

(b)
Fig. 1 The spatial vehicle–track coupled dynamics model in (a) elevation and (b) planform views.

2.1 Gear transmission subsystem
The gear transmission subsystem consists of the gear-bearing system and the gearbox housing.
As shown in Fig. 2, one end of the gearbox is elastically suspended on the bogie frame via a “Cbracket”, the other end of the gearbox is mounted on the wheelset axle via bearings. The pinion is
connected to the traction motor via a flexible coupling. During acceleration process, the traction
torque generated by the traction motor is delivered to the pinion by the flexible coupling. And then,
it is transmitted to the wheelset via gear meshing to drive the vehicle move forward. Fig. 3 shows
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the gear-bearing system within the gearbox of the high-speed train, which comprises a helical gear
pair and five bearings. The pinion and gear wheel are modelled as a rigid disc with a centred moment
of inertia. The disc has translational and rotational DOFs. The wheelset axle is directly mounted
with the gear wheel, and with the gearbox housing via two tapered roller bearings (TRBs: bearing
1 and bearing 2). The inner rings of bearings 1 and 2 are attached to the wheelset axle, and their
outer rings are attached to the gearbox housing. The pinion connects with the gearbox housing via
three bearings: a cylinder roller bearing (CRB) located at the left side of the pinion (bearing 3), and
a CRB (bearing 4) and a four-point-contact bearing (FPCB: bearing 5) located on the right side of
the pinion. The inner and outer rings of bearings 3, 4 and 5 are attached to the shaft of the pinion
and the gearbox housing, respectively.

Connected

Traction motor
C-bracket

Bogie frame
Wheelset

Pinion
Flexible coupling
Wheelset axle
Gear wheel

Gearbox
Gear transmission system

Fig. 2 Gear transmission subsystem of a high-speed train

The vibrations of pinion and gear wheel are coupled through nonlinear meshing forces,
considering the time-varying mesh stiffness and damping. The dynamic meshing forces in the X, Y
and Z axles are obtained by Eqs. (1), (2) and (3), respectively.
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In Eqs. (1)–(3), d gw denotes the lateral distance between the centres of the gear wheel and
wheelset, and the subscripts p, g and w denote the pinion, gear wheel and wheelset respectively (see
Table 1). Km and Cm are the mesh stiffness and damping coefficient, respectively,  t and  n
denote the gear transverse and normal pressure angle, respectively, and  is the helical angle of
the gear. The nonlinear mass stiffness is determined by the finite element method, and the stiffness
curve fitted by a Fourier series as described in previous works [25] is adopted in the proposed
dynamics model.
As mentioned above, the gear transmission systems of high-speed trains adopt three types of
bearings, namely, TRB, CRB and FPCB (see Fig. 4). The bearing components of the gear
transmission system undergo complicated interactions during operation, such as the gear mesh,
traction torque and track irregularities. To reveal the dynamic characteristics of these bearings and
their dynamic interactions with the vehicle components, the proposed vehicle–track coupled
dynamics model considers the nonlinear dynamic interactions between the roller and raceways
under the following assumptions:
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(1) The inner and outer raceways of the bearings are rigid bodies.
(2) The elements of the bearings are also rigid and compatible with Hertzian theory.
(3) The motions between the rolling elements and raceways are pure rolling without slipping.
Based on those assumptions, the dynamic forces between the inner and outer ring raceways of
the gear transmission system bearing are derived below.
The azimuthal location  j of each rolling element is calculated as [28]:



2
d
d
(4)
 j  1  inner 1  cos    t  outer 1  cos    t +0
N
2  D
2  D


where N is the number of rolling elements, inner and outer are the angular velocities of the inner
and outer ring raceways of the bearings, respectively, d and D are the average inner and outer ring
diameters in the transverse plane of the bearings, respectively,  is the contact angle, and 0 is
the initial phase. The overlap (  ) between the inner and outer ring raceways at the location of the
jth rolling element can then be obtained for the three types of bearings in the gear transmission
system, as shown below.
j 

For the jth rolling element in the TRB, the overlap  Tj is given by

Tj   T2x  T2z cos Tj  gTh 1  cos Tj   cos T  Ty sin T




(5)

where Tx ,  Ty and Tz are the relative displacements between the inner and outer ring raceway
of the TRB in the X, Y and Z directions of the railway coordinate system, respectively, T is the
TRB contact angle, gTh is the radial clearance, and the plus and minus signs refer to TRBs 1 and
2, respectively. The relative displacements of TRBs 1 and 2 in Eq. (5) are calculated as follows:
T 1, 2 xi  X ghi  X wi  dwj wi

T 1, 2 yi  Yghi  Ywi

T 1, 2 zi  Z ghi  Zwi  dwjwi

 i  1, 2,3, 4;

j  1, 2 

(6)

where T 1,2 x , T 1,2 y and T 1,2 z are the relative displacements between the inner and outer ring
raceways in bearings 1 and 2 in the X, Y and Z directions, respectively, and d wj is the lateral
distance between the centre of the wheelset and the TRBs.
The overlap  Cj of the jth rolling element in the CRB is given by
Cj  C2x  C2z cos Cj  gCh

(7)

where Cx and Cz are the relative displacements between the inner and outer ring raceways of
the CRB in the X and Z directions of the railway coordinate system, respectively and gCh is the
radial clearance. The relative displacements of CRBs 3 and 4 in Eq. (7) are respectively calculated
as follows:

C 3, 4 xi  X ghi  X pi
(8)
 i  1, 2,3, 4 


C 3, 4 zi  Zghi  Z pi  l pg ghi
where C 3, 4 x and C 3,4 z are the relative displacements of the inner- and outer ring raceways of
bearings 3 and 4 in the X and Z directions, respectively, and l pg is the longitudinal displacement
between the centres of the pinion and the gear wheel.
The overlap  Fj of the jth rolling element in the FPCB is given by

Fj   F2x  F2z cos Fj  gFh 1  cos Fj   cos F   Fy sin F




(9)

where Cx ,  Cy and Cz are the relative displacements between the inner and outer ring raceways
of the FPCB in the X, Y and Z directions of the railway coordinate system, respectively, F is the
contact angle of the FPCB, gFh is the radial clearance, the plus and minus sign for the ball contact
direction 1 and 2, respectively (see Fig. 4 (d)). The relative displacements of the fifth FPCB in Eq.
(9) are calculated as follows:
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 F 5 xi  X ghi  X pi

 F 5 yi  Yghi  Ypi

 F 5 zi  Z ghi  Z pi  l pg  ghi

 i  1, 2,3, 4 

(10)

where  F 5 x ,  F 5 y and  F 5 z are the relative displacements of the inner and outer ring raceways of
bearing 5 in the X, Y and Z directions, respectively, and l pg is the longitudinal displacement
between the centres of the pinion and gear wheel.
Assuming Hertzian contact, the contact force is nonlinearly related to the total radial overlap, and
is calculated as follows [28]:
p

ej  0
 Keej
(11)
Qej  
 j  1,..., N 
ej  0

0
Here, K e is the total contact stiffness coefficient between the roller and raceway, and ej is the
total overlap. The nonlinear coefficient p is 1.5 for balls and 1.1 for rollers. The contact stiffness
coefficient of the FPCB at each contact position is calculated as [28]
1

  2 e2 Eeq2  2
(12)
KFC  
 4.5k 3   


represents the equivalent Yong’s modulus,  and k are contact parameters, and

where Eeq

  sums the curvatures at the raceway–ball contact point. The above parameters can be calculated
by the methods in Ref. [28]. The contact stiffness of roller bearings (TRBs and CRBs) differs from
that of ball element bearings and is given as [28]:
KLC  35948 L8/9
(13)
w
where Lw is the effective length of the roller element.
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Hence, the total contact stiffness at the azimuth location of each ball in each contact direction of the
FPCB is expressed as
KFe =

K

KFCi KFCo
1/ p
FCi

1/ p
 KFCo


p

(14)

where KFCi and KFCo are the contact stiffnesses between the ball and the inner and outer
raceways of the FPCB, respectively. The total contact stiffness of the TRB/CRB at the azimuthal
location of each roller is expressed as:
KLe =

K

KLCi KLCo
1/ p
LCi

1/ p
 KLCo


p

(15)

where KLCi and KLCo are the contact stiffnesses between the roller element and the inner and
outer raceways of the TRB/CRB, respectively.
Using the total stiffness calculated by Eqs. (14) and (15), and the total overlaps determined by
Eqs. (5), (7) and (9), the contact force between the inner and outer raceways at the position of each
rolling element is determined by Eq. (11). Furthermore, the resultant force components of the TRB
are given as follows:
NT
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The resultant force components of the CRB are given by
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and those on the FPCB are given by
NF


 Fz 
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(18)

Following a previous analysis, and combining the dynamic forces on the bearings and between
different vehicle components, the motion equation of the vehicle subsystem can be written as a set
of second-order differential equations in the time domain [2,25]:
MV XV  CV XV  K V XV  FWR  Fext
(19)
where XV , XV and XV are the displacement, velocity and accelerations vectors of the
vehicle system, respectively, and MV , CV , K V are the mass, damping and stiffness matrices of
the vehicle system, respectively. FWR is a vector of nonlinear wheel–rail contact forces, and Fext is
a vector of external forces such as the traction forces and vehicle-operation resistance forces. The
parameters, details and derivations of some system equations are omitted, but can be found in
previous works [2,25].

2.2 Track subsystem
The investigation is performed on a typical slab-track subsystem composed of rails, rail pads,
slabs and subgrades, as shown in Fig. 1. The rail is modelled as a Timoshenko beam [29], and the
governing equations of the lateral ( yr ) and vertical ( zr ) rail vibrations are given by
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The torsional vibration (  xr ) and the bending deflection around the y ( yr ) and z (  zr ) axes of

the rail are simulated by Eqs. (21).
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(21)

In Eqs. (20) and (21), the rail parameters are the mass M r per unit length, mass density r , the
lateral and vertical shear coefficients  ry and  rz , respectively, the torsional stiffness Krx , the
shear modulus and cross sectional area Gr and Ar respectively, the polar inertia moment I0r , and
the rail-area second moments of the cross section around the y and z axes ( I yr and I zr
respectively). Nrs and N w are the number of rail supports and wheelsets, respectively, Fsy and
Fsz are the forces exerted by the slab in the y and z directions, respectively, and Fwry and Fwrz are

the forces due to the wheel–rail contact in the y and z directions respectively. M wrx and M s are the
moments of the wheelsets and slabs, respectively.
The track slab is modelled as a plate supported by a viscoelastic foundation. Each slab can be
flexibly vibrated in the vertical direction, and is considered as a rigid body in the lateral direction.
This content was described in details elsewhere [9], so is not repeated here. Combined with the
modal-superposition method, the governing equations of the rails and slabs are expressed by
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ordinary differential equations. Therefore, the final equations of the slab-track submodel are given
in matrix form as
MT XT  CT XT  K T XT  FWR
(22)
where MT , CT and KT are the mass, damping and stiffness matrices of the slab-track system
respectively, XT denotes the generalised coordinates of the slab-track system, and FWR is a
vector of nonlinear contact forces at the wheel–rail interface.

2.3 Wheel–Rail Interaction
The dynamic interactions of vehicle and track subsystems are achieved by the wheel-rail
interaction. In the wheel–rail interface, the dynamic forces are complex comprising the normal
contact forces and tangential creep forces, which is determined by the geometric and motion states
both of the wheels and rails. The normal wheel–rail forces are performed by the nonlinear Hertzian
elastic contact theory [30]. The Shen–Hedrick–Elkins model [31] is adopted to simulate the wheel–
rail creep force, based on the Kalker’s linear creep theory [32].

3. Numerical simulation and discussion
Comparing with the previous model [2,9], the gear-bearing system can be assessed in the dynamic
environment of the coupled vehicle–track system using the novel model. The dynamic responses of
the coupled system are investigated via a fast explicit integration method proposed by Zhai [33].
The flow chart of the simulation process in the Matlab environment is illustrated in Fig. 5. This
section investigates the effects of traction torque (different speed levels) and track irregularities (the
main and special excitation source of railway vehicles) on the gear-bearing system. During the
vehicle acceleration process, a traction torque and resistance force act on the motor rotor and vehicle,
respectively. The train traction and resistance characteristics [34] during the acceleration are shown
in Fig. 6. Besides, the track irregularities given in [25] are employed in the investigations here. The
parameters of the vehicle and gear transmission subsystem employed in [2, 23] are adopted in the
investigation.
Start
Load the parameters of vehicle and track
Read track irregularities
Setting the running parameters and simulation time T
Calculate the displacement and velocity of each components

Calculate the
traction torque,
resistance forces

Calculate the spring and damping forces

Calculation of the wheel-rail
contact geometry

Calculate the gear meshing forces
Calculate the nonlinear bearing forces

Calculation of the wheel-rail
forces

Calculation the accelerations of each components

t  t  t

No

t>T ?
Yes
End

Fig. 5 Calculation flow chart of the dynamics model
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Fig. 6 Traction and resistance characteristics curve of the high-speed train.

3.1 Dynamic responses of the gear-bearing system during the vehicle
acceleration process
To validate the novel vehicle–track coupled dynamics model (model 1), the dynamic responses
obtained by model 1 were compared with those obtained by a previous model (model 2) [2]. The
simulation applies a traction torque to the motor rotor, and neglects the track irregularities. The
maximum amplitudes of the gearbox housing and wheelset in the lateral and vertical directions at
different running speeds are displayed in Fig. 7. The gearbox housing vibrated more rigorously than
the wheelset. Moreover, the vibrations of both the gearbox housing and wheelset were more violent
in the low-speed ranges (< 150 km/h), because the traction torque higher at low speed. The vibration
amplitudes obtained by models 1 and 2 showed similar phenomena at the various running speeds,
and the amplitudes obtained by both models were reasonably consistent. These results validate
model 1, confirming that the novel vehicle–track coupled dynamics model can simulate the dynamic
characteristics of real systems.

(a)

(b)

(c)

(d)

Fig. 7 The maximum amplitude of accelerations of the gearbox housing in the (a) lateral and (b)
vertical direction, and of the wheelset in the (c) lateral and (d) vertical direction.

The greatest advantage of the proposed model is the consideration of the gear-bearing interaction
in the vehicle–track coupled system. In the simulations, the model includes the traction torque and
resistance force acting on the vehicle system during its operation, and ignores the track irregularities.
The dynamic responses of the gear-bearing system were obtained during operation, and the root
mean squares (RMSs) of the vertical dynamic meshing force (DMF) and the dynamic bearing forces
are presented in Fig. 8. The RMS of the vertical DMF decreased as the vehicle running speed
increased from 50 to 350 km/h, as determined by the traction torque acting on the motor rotor (see
Fig. 8 (a)). The RMS of the bearing forces behaved similarly to the RMS of the DMF (Fig. 8 (b)–
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(e)). Meanwhile, the RMS values of the resultant forces on bearing 1 were higher in the axial than
in the radial direction (Fig. 8 (b)), whereas on bearing 2, they were lower in the axial than in the
radial direction (Fig. 8 (c)). The RMS values of both the axial and radial forces were much higher
on bearing 1 than on bearing 2, owing to lateral motions of the gearbox housing. It can be concluded
that during train operation, the forces between the gearbox housing and wheelset were mostly loaded
on bearing 1. The pinion is supported on the gearbox housing via bearings 3, 4 and 5, as shown in
Fig. 3. Bearings 3 and 4 of the gearbox of a high-speed train are CRB types; hence the RMS values
of their radial forces only are plotted in Fig. 8 (d). The RMS values of the axial and radial dynamic
forces of bearing 5 are displayed in Fig. 8 (e). The force phenomena on bearings 3, 4 and 5 were
also similar to that of the DMF, reflecting the similar structural properties of the three bearings. The
DMF on the pinion was balanced by its support bearings. Moreover, the bearing 5 suffers the DMF
in the lateral direction mostly, and the RMSs of the axial forces exceeded those of the radial forces.
It can be concluded that the bearing dynamic forces are determined by the DMF, and mimic the
DMF phenomena during the vehicle acceleration process.

(a)

(b)

(c)

(d)

(e)

Fig. 8 RMS values of the dynamic forces of the gear-bearing system for high-speed train at
different speeds: (a) dynamic meshing force, (b) bearing 1, (c) bearing 2, (d) bearings 3 and 4,
and (e) bearing 5.

The raceway orbits of the bearings were also simulated in this study. Fig. 9 shows the outer ring
raceway orbits of bearings 1 and 2, and the inner-ring raceway orbits of bearings 3 and 5, after
removing the initial transients. The orbit range between the outer raceways of bearings 1 and 2
peaked at 50 km/h, and reduced as the speed increased to 350 km/h. Moreover, increasing the vehicle
running speed brought the orbit centres of bearings 1 and 2 closer to the origin, reflecting the smaller
loading of dynamic forces. Panels (c) and (d) of Fig. 9 show the orbit ranges of bearings 3 and 5
located on the left and right side of the pinion, respectively. The orbit ranges of bearing 4 are omitted,
as they are similar to those on bearing 5. The orbit ranges of bearings 3 and 5 decreased with
increasing running speed up to 200 km/h, and increased between 200 km/h and 350 km/h. Moreover,
the orbit centres of bearings 3 and 5 approached the origin as the dynamic loading forces decreased
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at higher vehicle running speeds. Clearly, the orbit ranges were influenced by both the DMF and
running speed.
The dynamic transmission error (DTE) of the gear–bearing system was calculated while varying
the torque during the vehicle acceleration process. Fig. 10 plots the temporal dynamics of the DTE
at different speeds (50–350 km/h). It shows that the amplitudes of the DTE decreases with increment
of the running speeds. The DTE was contributed by deformations of the gear-supported bearings
and the gear pair. A higher traction torque contributes to a higher DMF, which leads to higher
amplitudes of bearing-gear deformations. Hence, the DTE is determined by the traction torque in
the gear-bearing system of a high-speed train, it decreased with increasing running speed (i.e., with
decreasing torque). It can be concluded that the gear-bearing system shows more violent the
dynamic interactions in low speed ranges.

Fig. 9 Orbit ranges between inner and outer ring raceway of : (a) bearing1, (b) bearing 2, (c)
bearing 3 and (d) bearing 5 at different speeds.

Fig. 10 DTE of the gear transmission system at different speeds.

Fig. 11 presents the temporal dynamics of the bearing forces at a running speed of 300 km/h. The
time history of each bearing force resembles the results in Fig. 8. At the gear-wheel end of the
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gearbox, both the radial and axial forces were higher on bearing 1 than on bearing 2, because the
lateral DMF caused a positive lateral displacement of the gearbox housing. Bearings 3 and 4 located
on the pinion end of the gearbox bore the radial load distributed between the pinion and gearbox
housing, but bearing 5 bore both the radial and axial dynamic loads. As bearing 5 of the gearbox
bears larger loads than bearings 3 and 4 (Fig. 11 (c) and (d)), it requires stricter design and
maintenance of its dynamic characteristics than the other bearings.
The frequencies of the dynamic forces acting on the gear-bearing system can be obtained by fast
Fourier transform. As the bearings on the gear and pinion ends of the gearbox exhibited similar
phenomena in the frequency domain, Fig. 12 plots only the frequency responses of bearings 1, 4
and the DMF. The frequency components of bearing 1 were contributed by the roller passing the
outer raceway frequency (PORF) of bearings 1, 3 and the gear meshing frequency(GMF). The GMF
is about 2450 Hz determined by the vehicle running speed and gear teeth. Bearing 4 responded to
PORF4, PORF5 and GMF (Fig. 12(b)). The frequency results of the DMF consisted of PORF of
bearings 3 and 5, and GMF and its double harmonic (2GMF) (Fig. 12 (c)). Therefore, the gearbearing system is subjected to nonlinear bearing forces and time-varying meshing forces during the
train operation, and is particularly sensitive to gear meshing. The gear-bearing system is intensely
coupled by the nonlinear gear meshing forces and bearing forces during vehicle operation.
During operation, the traction torque generated by traction motor are transmitted to the pinion via
flexible coupling. And then, it is applied on the wheelset to make the vehicle moving forward via
gear meshing. With the employment of helical gear pair for a high-speed train, the dynamic meshing
force comprising the radial and axle forces, which act on the support bearings accordingly. At the
same time, the elastic deformation of the bearing is also feedback to the gear meshing. Hence, the
gear-bearing interaction is directly affected by the gear meshing and vice versa, which can’t be
revealed using the classical vehicle-track coupled dynamics model.

(a)

(b)

(c)

(d)

Fig. 11 The time history of the dynamic forces of : (a)bearing 1, (b) bearing 2, (c) bearings 3
and 4, and (d)bearing 5.
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(a)
PORF1
PORF3
GMF

(b)

PORF4

GMF
2xPORF4

PORF5

(c)
GMF
PORF5

PORF3

2xGMF

Fig. 12 The frequencies of: (a) Bearing 1 and (b) bearing 4 dynamic force, and (c) DMF.

3.2 Effects of track irregularities on the gear-bearing system
In simulations, this subsection investigates the influence of track irregularities on the gear-bearing
system during its operation. Track irregularities are the major excitation source of a railway vehicle
system. The acceleration process was simulated by applying a traction torque to the motor rotor.
Fig. 13 plots the radial bearing dynamic forces and DMF of the gear–rotor system in the time
domain at a running speed of 300 km/h. Clearly, the dynamic forces of the gear-bearing system are
dominated by the track irregularities during vehicle operation. The track irregularities caused violent
fluctuations of the dynamic forces in the gear-bearing system: up to 6.4, 4.0, 6.8, 6.0, 7.6, and 19.4
kN in bearings 1, 2, 3, 4, 5 and the gear meshing, respectively (58%, 268.5%, 73.1%, 68%, 59.1%
and 69.9% higher than on the smooth track, respectively). It indicates that the track irregularities
have significant influences on the gear-bearing system, which should not to be neglected in the
assessment of such systems.
Track irregularities directly enhance the wheel–rail interaction and increase the wheel–rail
dynamic forces. Under high wheel–rail dynamic forces, the wheelset and gearbox housing vibrates
more violently, thus increasing the GMF. The enhanced GMF is borne by the bearings of the gearbox,
as indicated by the significantly increased bearing forces in Fig. 13. The strong vibrations also
increase the complexity of the motions of each bearing. Fig. 14 shows the orbits of the bearing
centres on an irregular track. Note that the irregularities largely incremented the orbit amplitudes.
To further investigate the influence of track irregularities on the transmission system, the authors
determined the maximum amplitudes of the DMF at different speeds, as shown in Fig. 15. The left
and right axes of this figure represent the maximum force amplitude and the force amplitude above
the force of smooth track running, respectively. As shown in the figure, the DMF was influenced by
both the traction torque and track irregularities. Without track irregularities, the maximum DMF
decreased with increasing running speed, reflecting the lower traction torque at higher speed. With
track irregularities, the force increment increased with running speed. Above 200 km/h, the
maximum amplitudes of the vertical and lateral DMF no longer decreased because the system was
dominated by the track irregularities. This indicates that the GMF was mainly influenced by the
traction torque under 200 km/h, but was notably affected by track irregularities above 200 km/h.
The maximum amplitudes of the bearing forces behaved similarly in bearings 1–5, so are not
presented here. It was concluded that track irregularities exert significant effects on the dynamic
interactions in the transmission system of a high-speed train, especially in the high-speed range.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 13 Dynamic forces of the transmission system of: (a) bearing 1, (b) bearing 2, (c) bearing 3,
(d) bearing 4, (e) bearing 5 and (f) gear meshing for high-speed train.
(a)

(b)

Origin(0,0)

(c)

Origin(0,0)

(d)

Origin(0,0)

Origin(0,0)

Fig. 14 Center orbit of the bearings at 300 km/h: (a) bearing 1, (b) bearing 2, (c) bearing 3, (d)
bearing 5.
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(a)

(b)

Fig. 15 Comparison of the maximum amplitude of the gear meshing forces in the (a) vertical
and (b) lateral direction.

Fig. 16 shows the maximum roller/ball raceway contact forces of each bearing as the vehicle
accelerated to different speeds (50 to 350 km/h). Regarding the TRBs of the transmission system,
the maximum contact force with the roller raceway was much higher on bearing 1 than on bearing
2 (c.f. Fig. 16 (a) and (b)), owing to the lateral displacement of the gearbox housing. When the
running speed reached 200 km/h, the maximum contact forces on bearings 1 and 2 were 16.9% and
42.9% higher, respectively, on the irregular track than on the smooth track. Comparing the results
of bearings 3, 4 and 5 at 200 km/h, the maximum contact forces were 13.6%, 11.0% and 12.0 %
higher, respectively, on the irregular track than on the smooth track. When the vehicle speed
increased to 350 km/h, the increments of the maximum contact forces on bearings 1, 2, 3, 4 and 5
reached 71.7%, 248.9%, 66.7%, 70.0% and 72.2%, respectively (relative to the smooth track).
Therefore, track irregularities exert non-negligible effects on the gear-bearing systems of high-speed
trains, especially in the high-speed ranges.
(a)

(c)

(b)

(d)

(e)

Fig. 16 Comparison of the maximum amplitude of the roller/ball raceway force in the gearbearing system of a high-speed train: (a) bearing 1, (b) bearing 2, (c) bearing 3, (d) bearing 4 and
(e) bearing 5.
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During operation, the vibration of wheelset is mainly induced by the wheel-rail interactions due
to the track irregularities. And then, the vibration of wheelset could be apparently transmitted to the
gear transmission due to such system is mounted on the wheelset. Besides, the gear transmission is
also affected by the vibration of bogie frame delivered from the wheelset. Therefore, the gearbearing system is significantly influenced by the vibration of wheelset and bogie frame excited by
the track irregularities, which is not focused in the previous work. The track irregularities should be
taken into account in the dynamic assessment, design, and condition monitoring of the gear-bearing
system.

4. Conclusions
In a new model, this study investigated the coupled vehicle–track dynamics of a high-speed train,
considering the structural characteristics of the gear transmission system. First, the gear-bearing
subsystem of the vehicle–track system was modelled in terms of the vehicle–track coupled dynamics,
using gear and rolling bearing dynamics theory. The proposed model considers nonlinear factors
such as the wheel–rail interaction, the time-varying gear mesh stiffness, gear backlash, bearing gap
and the nonlinear bearing stiffness. Simulations revealed the coupling effects between the vehicle–
track system and the gear-bearing system. The proposed model more realistically simulates the gear
transmission subsystem than previous simplified approaches, enabling analysis and assessment of
the dynamic performance of the gear transmission subsystem in a vehicle–track vibration
environment.
The proposed model was validated by comparing its results with those of a previous model. The
effects of the traction torque (based on real traction characteristics) and track irregularities on the
gear transmission subsystem were investigated in the novel model. The dynamic forces on the gearbearing system decreased with increasing train speed, owing to the lower traction torque during
high-speed operation. However, on an irregular track, the dynamic interaction forces on the gearbearing system no longer decreased at speeds above 200 km/s. This result indicates that the dynamic
performance of the gear-bearing system was mainly influenced by the traction torque under 200
km/h, but was dominated by track irregularities above 200 km/h. Therefore, both the traction torque
and track irregularities should be considered when assessing the dynamic interaction and vibrations
in the gear-bearing system of a high-speed train. Moreover, the TRBs located on the gear end of the
gearbox housing endured unequal dynamic interactions, being more intense on bearing 1 than on
bearing 2. Meanwhile, bearing 5, located on the pinion end of the gearbox housing, experienced
more intense dynamic interactions than bearings 3 and 4, because bearing 5 was loaded by both the
axial and radial forces between the pinion and gearbox housing. Therefore, bearing 5 of the gearbearing subsystem requires higher design and maintenance standards to reach higher dynamic
characteristics than the other bearings.
The novel vehicle–track coupled dynamics model is also available for analysing the dynamic
performances of transmission systems in vehicle–track vibration environments under some
complicated conditions, such as the wheel defects, rail local defects, gear cracking and bearing
failures, which is meaningful to the maintenance and condition monitoring of such systems.
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