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Abstract. With the rapid and large-scale development of urban rail transit in China, the
operational safety of urban rail vehicles is highly concerned. The axle-box bearing, as the core
component of vehicle bogies, directly determines the operational safety and quality of vehicles.
To ensure the service performance of axle-box bearings, their fault characteristics should be
monitored and diagnosed in time. A more realistic and in-depth understanding of fault
characteristics is a prerequisite for fault diagnosis. Thus, a double-rows tapered roller bearing
(DTRB)-vehicle-track coupled dynamic model was built via the co-simulation in this paper, which
comprehensively considers a DTRB model with the localised outer ring raceway fault, as well as
the flexibilities of the wheelset, axle-box, and bogie frame. Its correctness and rationality were
verified by the theoretical comparison and the field test. The results indicate that the distribution
of contact load is consistent with the theoretical value, the fault features of the outer ring raceway
can be found in the periodic impulse of the roller-raceway contact load. The slip rates of rolling
elements are less than 4.3 %. Compared with the field test, the fault order harmonics in the order
spectrum of the simulation are closer to the theoretical fault characteristic order under variable
and constant speed conditions, and the maximum error is only 0.37 %. Therefore, the proposed
coupled dynamic is correct and can be employed to investigate the fault characteristics of axle-box
bearings in urban rail vehicles.

Keywords: urban rail vehicle, axle-box bearing, bearing-vehicle-track coupled dynamic model,
co-simulation, fault characteristic analysis.

1. Introduction

In recent years, urban rail transit has experienced rapid development and grown in large-scale
to meet the demand of urbanization in China [1]. The urban rail transit train, as the transport tool,
is one of the core components of the urban rail transit system. The axle-box bearing is the critical
subcomponent of the vehicle bogie in urban rail transit trains. It is installed inside the axle-box
housing, and plays a pivotal role in motion transformation and load transmission during vehicle
operation [2]. Its performance directly determines the operational safety and quality of urban rail
transit trains. However, urban rail transit trains need to start and stop frequently to deliver
passengers in short station intervals. Long-term variable speed operating result in the cyclic
alternating load conditions. These load conditions are prone to hasten and cause fatigue failure of
axle-box bearings, so as to endanger the operational safety of urban rail transit trains. To ensure
the service performance of the axle-box bearing, it is necessary to deeply understand the fault
characteristics and mechanisms, as well as contact load characteristics to provide a reliable
theoretical basis for its fault diagnosis based on vibration signals, and remaining life assessment
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based on contact features [3]-[5]. Therefore, a corresponding coupled dynamic model involving
axle-box bearings and considering the real operating conditions of urban rail vehicles is urgently
needed.

The double-rows tapered roller bearing (DTRB) is widely adopted in the axle-box bearings of
urban rail transit trains due to its excellent radial and axial loading capacity. Therefore, to establish
this coupled dynamic model more realistically, on the one hand, the DTRB dynamic model
considering variable speed conditions and localised surface fault should be employed, rather than
lumped-parameter models, quasistatic models, quasi-dynamic models, and finite element models
[6]. The reason is that the later models either cannot reveal the motion process and internal
dynamic interaction relationships between bearing rolling elements, or need high computational
costs and making it difficult to implement coupling analysis [7]. On the other hand, the coupling
effects among axle-box bearings, the vehicle, and the track must be considered, because the track
irregularity and wheelset faults of the vehicle have a significant influence on the load distribution
of axle-box bearings [8]. Moreover, the high-frequency flexible deformation and vibration of
vehicle components induced by wheel-rail excitation and axle-box bearing faults should be
considered. Based on the above-mentioned prerequisites, several DTRB-vehicle-track coupled
dynamic models of high-speed trains considering track irregularity, wheelset faults, bearing faults,
and the flexibility of wheelsets, axle-boxes, and gearboxes had been successively established [9]-
[13]. The vibration response of the axle-box and the internal contact load characteristics of axle-
box bearings under multisource fault conditions were obtained and analysed by these models.
However, these models are modelled for high-speed trains, they only consider constant speed
operating conditions, and the bogie frame was modelled as a rigid body. In practice, vehicle
components are not strictly rigid bodies, they inevitably undergo elastic deformation and vibration
under external random excitations. This deformation and vibration further influence the internal
contact characteristics of axle-box bearings [14]. Naturally, the coupling effect of flexible
vibration for the bogie frame in the vehicle dynamic model should also be considered.
Furthermore, urban rail vehicles often need to change running speed frequently, so the vibration
response and dynamic contact behaviours of the axle-box bearing under variable speed conditions
need to be paid more attention.

Consequently, this paper aims to develop a comprehensive coupled dynamic model of urban
rail vehicles to study the vibration and contact load characteristics of faulty axle-box bearings
under variable speed conditions. This model integrates an urban rail vehicle-track coupling
dynamics model and the DTRB dynamic model. Thereinto, the wheelset, axle-box, and bogie
frame of vehicle dynamics model are modelled as flexible components. In the DTRB model, the
outer ring raceway fault is set to simulate the axle-box bearing fault. By the established coupled
model, the contact load and vibration response of the axle-box bearings using the DTRB can be
obtained. The theoretical contact load is compared with the simulation results to verify the
correctness of the DTRB model. The motion process, load distribution, and slip rate are analysed
to demonstrate rationality. The field tests under variable and constant speed conditions are carried
out, and the vibration acceleration of the axle-box is compared and analysed to validate the
correctness and feasibility of the proposed coupled model.

This paper is organized as follows: Section 2 elaborates on the theoretical derivation and
implementation of dynamic modelling for the rigid-flexible coupled DTRB-vehicle-track spatial
coupling system considering the outer ring raceway localised fault. Then, the theoretical
comparison and the field tests are conducted to validate the correctness and the rationality of the
proposed model in Section 3. Finally, conclusions are drawn in Section 4.

2. Dynamic modelling of the DTRB-vehicle-track coupling system considering the outer ring
fault

As shown in Fig. 1, the proposed DTRB-vehicle-track spatially coupling dynamic model in
this paper comprises four subsystems [13], [15]: the vehicle, the DTRB, the wheel-rail contact,
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and the track. The interaction of the vehicle and the track is characterised by the wheel-rail in
rolling contact. The DTRB is located in the axle-box housing of the vehicle, and its outer ring and
inner ring are installed in the axle-box and axle end of the wheelset by the interference-fit
connection method, respectively. In the vehicle model, a car body, two bogie frames, four
wheelsets, four gearboxes, and eight axle-boxes are considered. The car body is supported and
connected on two bogie frames through secondary suspensions. The bogie frame and the wheelset
are connected by the primary suspensions. The primary suspensions and the secondary
suspensions are represented using 3D spring-damper elements. In the track model, the interaction
from rails to sleepers and the interaction from sleepers to ballasts are equivalent to the interaction
from rails and ballasts. Each rail is supported and connected with ballasts by the distributed
stiffness and damping, and each ballast is connected with the roadbed (i.e., the ground) via the
same force element. Dynamic modelling of DTRB with the outer ring raceway fault in the
proposed model is described in subsection 2.1. Thereafter, the DTRB-vehicle-track coupling
dynamic model considering the flexibility of vehicle component is given in subsection 2.2. The
degrees of freedom (DOFs) considered in our DTRB-vehicle-track coupling dynamic model are
listed in Table 1. The modelling details are as follows.

My, B Xop 7z
Carbody —-—{—+—-—— ?_» _______________________ .

Secondary

Bogie frame
M,
Ab\el:,::;\ Wi \;{ Primafy
Wheelset (Bearing) (DTRB) Wi suspensions
Axle-box housing i=1234
Wi
P, Zoy Track imegularity  p, % Zgy
Rail | s o
Sleeper Koy bt , ) g.// 3 3 lzl
Ballast /////////////////////
Y VZ, &%
Road bed
a) Side view
|
(Left) T (Right)

vy

I
1
| . T <
i I—)X Car body {7‘—-»
i .

|

| o
S [~ Rail = e
; Y Secondary
! Z suspensions
:Mcb
Yeb! Xa Bogic
(I\_, frame
Ych v )
! Wheelset K, Primary
(Bearing) suspensions
- Rail 5—> O GIEETLE [ W O PR
P . &Y
i Rail
i Sleeper
| Ballast
(Right) ! Road bed , 3 s
b) Top view ¢) End view

Fig. 1. Schematics of the dynamic model of DTRB-vehicle-track spatial coupling system
2.1. Dynamic modelling of DTRB with the outer ring raceway fault

A DTRB using a back-to-back arrangement is adopted for axle-box bearing, as shown in
Fig. 2(a) and (b). It consists of two inner rings, an outer ring, multiple rollers, two cages, and a
spacer. In this paper, we assume that its outer ring and inner ring are fixed in the axle-box housing
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and axle end of the wheelset respectively. During operation, it undertakes the longitudinal load,
the lateral load, and the vertical load generated by the secondary mass (including the bogie frame
and car body), the traction (braking) action, and wheel-rail contact. Its loading process and contact
force analysis are depicted in Fig. 2(¢) and (d).

Table 1. DOFs of the DTRB-vehicle-track coupling dynamic model

Component Longitudinal Lateral Vertical Roll Pitch Yaw
Car body Xep Yen Zeh Acp Bep Yeb
Bogie frame
(ng= 1-2) Xin Yin Zin Atn Btn Yin
Wheelset
Vehicle (i — 1_4) Xwi Ywi Zwi Qi .Bwi Ywi
Gearbox
(i = 1-4) Xebi Yo Zgpi - Bebi -
Axle-box
(i = 1-4) Xab(LR)i Yoowryi | Zabwr)i | Xaber)i | Bavwr)i | Yabwr)i
Roller
(i=14,j= XrwRyijk Yrwryijr | Zramije | Grawryije | Brarije | YrR)ijk
bTRE |12k =1-N)
Cage
(i=14,j= Xewryij Yewryij | Zewmij | Xewmyij | Bewryij | Yewr)ij
1-2)
Rail - YViaiuwr) | Zrai@wr) | Fraivwr) - -
Track Ballast
(Sleeper) B Ys Zs %s B B
Note: The subscript n represents the number of the bogie frame. The subscript i represents the number of
the wheelset. The subscript j represents the number of DTRB rows. The subscript k represents the
number of each roller. N is the count of single-row rollers. The subscripts “L” and “R” represent the left
and right sides of the vehicle along the running direction respectively (seen in Fig. 1(b) and (c))

The force analysis of DTRB and the detailed derivation of motion equations have been
provided in [16], [17]. Based on these developed DTRB models, we need to couple it with the
urban rail vehicle dynamic model. Namely, the dynamic response of the wheelset and axle-box,
as the external excitations, should be considered in the DTRB model. As seen in Fig. 2(c), under
the vertical load from the axle-box, the relative displacement will occur between the outer ring
and the inner ring, the roller is squeezed by the raceway to generate the internal contact load to
balance the external load of the axle-box. The contact loads are related to elastic deformations
induced by relative displacements between rollers and raceways. Therefore, to calculate the
contact load, it is necessary to first analyse the relative displacement. In Fig. 2(c), the relative
radial displacement of the k-th roller at the azimuth angle @, r);j«, between the rollers and outer
ring raceways, as well as between the rollers and inner ring raceways can be determined by Eq. (1)
[18]:

SRk = (Xab(L,R)i - Xr(L,R)ijk)SimPr(L,R)ijk + (Zab(L,R)i - Zr(L,R)ijk)COS@T(L,R)ijk'
8tk = Xraryije = Xwi F duw¥wi)Sin@,q ryijk (M
+(Zrwryiji — Zwi £ duwi)COSPr (1 RYjk — NorwRr)ijic

where 874y jx and 5%,,13)1 jk represent the radial relative displacement between the roller and
outer ring, as well as between the roller and inner ring respectively. Xop(,r)i» Xr(,Rr)ijk> a0d Xy
are the longitudinal displacements of the axle-box, the roller, and the wheelset respectively.
ZabLRryis ZrLryijk> and Zy,; are the vertical displacements of the axle-box, the roller, and the
wheelset respectively. «,,; and y,,; are the roll and yaw angles of the wheelset. d,, is the lateral
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semi-span  of primary suspensions. Ay gyijx 1S the initial  clearance [19],
hor@pyijc = O.Sur(l - cosqor(L,R)ijk). u,. is the bearing radial clearance.
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Fig. 2. Structural composition and schematics of the dynamic model for DTRB

Likewise, the relative axial displacement of the k-th roller, between the rollers and outer rings
and between the rollers and inner rings can be expressed as Eq. (2):

{53512)”1( = (D Yapwry — Yrwryijic) @

acilr(lL,R)ijk = (Y wryije — Ywi — Ua),

where ng‘Lt_R)ijk and 53(1L,R)ijk represent the axial relative displacement between the roller and
outer ring, as well as between the roller and inner ring respectively. Yg, 1 r)is YrRr)ijks and Yy
are the lateral displacements of the axle-box, the roller, and the wheelset respectively. u, is the
bearing axial clearance.

Combining Eq. (1) and Eq. (2), the elastic deformations between the roller and the outer ring
raceways, as well as between the roller and the inner ring raceways can be obtained by Eq. (3):

€)

t — t t :
{6(OL1,lR)ijk = 87(1R)ijKCOS + Bq(1, ryijiSINo,
S(Lryijk = Or(LR)ijiCOSA + 85y ryijiSina;,
where a, and «; represent the contact angles between the roller and the outer ring raceway, as

well as the roller and the inner ring raceway respectively, as seen in Fig. 2(d).

Likewise, the clastic deformation generated by the contact between the roller and the guiding
flange of the inner ring can be expressed as Eq. (4):
Srwryijk = Or(LR)ijicSINAs + 851 RyijiCOSAs, 4
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where a; represents the contact angle between the roller and the guiding flange.

Consequently, the contact load between the roller and raceways, as well as between the roller
and the guiding flange in Fig. 2(d) can be obtained according to the load-deformation relationship
based on the Hertzian line contact theory and the Hertzian point contact theory, they are given in

Eq. (5):

10/9

out(in) out(in)
Qo(l') = KO(i) [6(L,R)ijk ’ 5(L,R)ijk >0, (5a)
(LR)ijk 0 5out(in) <0
’ (LR)ijk =
0 Y2 s >0
Qrwrijk ={ SAT@RGK) e SRk (5b)
0, Sf(L,R)L]k S 0,

where Qfﬁg)i ji Tepresent the contact load between the roller and raceways. Q¢ r)ijx Tepresents
the contact load between the roller and the guiding flange. K, ;) and Ky are the contact equivalent
stiffness coefficient of the roller-raceways and the roller-guiding flange respectively, they can be
calculated by [19], [20].

Furthermore, the corresponding frictional forces and additional moments caused by the above
contact loads are calculated according to [16]. Simultaneously, the motion differential equations
of DTRB in the proposed coupling model can be obtained, they are given in [16]. Then, the forces
and moments acting on the inner ring (i.e., the wheelset) and outer ring (i.e., the axle-box) can be
continuously solved at each time instant.

Outer raceway

Axle-box_ W
[
A T H
" —
Outer rlln.g Egi‘ L |
..... AR T hy
Thekth /| oo
roller _T_ 3 _'_ \
[ORS = 4 . 24
(Axle) T el S S
Wheelset Inner ring | | S
—— S
[ O_wrfre_
W
z ol
a) Fault on the outer ring raceway b) Local expansion of outer ring fault

Fig. 3. Mathematical characterisation diagram of outer ring fault for DTRB

In order to study the outer ring fault characteristics and mechanisms of axle-box bearing, the
localised surface fault needs to be set in the outer ring raceway of above DTRB dynamic model
to simulate the bearing fault. Typically, the localised faults are characterised as additional
deformations in the contact pair of bearing elements [21],[22]. As shown in Fig. 3, when the k-th
roller at the azimuth angle @, r)ijx passes through the fault of length L, width W, and depth H,
the additional clearance caused by the fault can be expressed as [22]:

. KU T
h = {Asm [Z (mod (@ ryiji 2T) — 00)], 8, < |mod (@, ryijir 21)| < 6, + ?O, ©)

0, others,

where A is the maximum value of clearance variation, A = 15, — /1,2 — (W /2)?. 3, is the radius
of the roller, 1, = 0.5D,,. 8, is the initial offset angle between the outer ring raceway fault and the
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first roller, it is set to 0 in this paper. 7, is the angle corresponding to the outer ring raceway fault,
T, = 2arcsin(W/D,). D, is the diameter of the outer ring raceway (seen in Fig. 2(d)). The contact
azimuth angle of the k-th roller can be obtained by Eq. (7):

2
Prapijk = 3 (k—=1) + wt, @)

. . . D . .
where w, is the rotation angular velocity of the cage, w, = %(1 — D—") w,,. W, is the rotation
m

angular velocity of the wheelset. D,, is the pitch diameter, as seen in Fig. 2(d).
Thus, in the faulty DTRB dynamic model, the elastic deformations between the roller and the
outer ring raceways in Eq. (3) is redefined as follows:

S(()Ll,llg)ijk = 80k — ho- (8)

Based on Eq. (8), the contact deformation and contact load between the roller and raceway
will be calculated in the DTRB model with outer ring fault. And the vibration response of the
faulty DTRB model can be solved.

2.2. DTRB-vehicle-track coupling dynamic model considering the flexibility of vehicle
components

Based on the above theoretical foundations and vehicle-track coupled dynamics theory [23], a
comprehensive simulation model of the DTRB-vehicle-track coupling dynamic model is
formulated, as illustrated in Fig. 4. The simulation model integrates an urban rail vehicle-track
coupling dynamic model and the faulty DTRB dynamic model. The interactions between the
vehicle and the DTRB are described through the dynamic contact forces and moments of the
DTRB acting on the axle-box and wheelset. Thereinto, the vehicle-track model considering the
flexibilities of the bogie frame, the axle-box, and the wheelset is modelled in the SIMPACK
platform. The flexibilities of these three components of the front bogie are considered only to
improve computational efficiency. Their dynamic responses are obtained by modal superposition.

Axle-box

Force
elements

X

Rear bogie

Q

Urban rail vehicle

N

Force
elements N/

Revolute
Joint

Vibration response
Contact force and moment

Motor car bogie e, pox

Motor

= SIMAT
=B co-simulation interface

1) ]:I Data Interaction
ot Roller
7 .

o0

Flexy @ Comact@ % ‘5’@
Sleeper 4){ Outer ring @ e
Inner ring
z Y Cage

Rigid-flexible coupled vehicle-track spatially coupling dynamic model The DTRB dynamic model

Fig. 4. Proposed DTRB-vehicle-track coupling dynamic model considering the flexibility
of vehicle components and bearing outer ring fault

They are coupled in the dynamic model by the Guyan substructure modal reduction method
[24]. The FE models of the wheelset and axle-box in the modal analysis are discretised using the
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Solid 185 element, and the bogie frame is mainly discretised using the Shell 181 element.
Vibration modes of approximately 300 Hz, 1000 Hz, and 3000 Hz for the bogie frame, wheelset,
and axle-box are considered. The profiles of the wheel tread and rail are the LM and the CHN 60.
The FASTSIM algorithm is used to solve wheel-rail contact relationships. The typical America
S-class track spectrum is employed to express the characteristics of track random irregularity
excitation. The wheelset and axle-box are connected through the DTRB model, which is modelled
as two dummy bodies, two time-excitation force elements (i.e., No. 93 force element in
SIMPACK), and a revolute joint. Dummy body 2, as an intermediate component, is used to
transmit the contact forces and moments from the SIMAT co-simulation interface to the axle-box
and the wheelset via the No. 93 force element. Dummy body 1 is employed to convert motion
forms through the rotation joint. Correspondingly, the dynamic model of the DTRB is established
and integrated into the MATLAB/Simulink platform. The dynamic responses of the DTRB
elements, and the force and moment acting on the wheelset and axle-box are calculated and solved
according to the preliminaries in Subsection 2.1 and the developed DTRB dynamic model in [16],
respectively. The solution results are subsequently applied to the axle-box and the wheelset of the
vehicle dynamic model via the SIMAT co-simulation interface to investigate the dynamic
responses of the proposed coupling dynamic system. Simultaneously, the vibration responses of
the axle-box and wheelset are fed back to the DTRB model through the co-simulation interface.
This process is iterated at the next time step until the simulation is complete.

3. Verification and discussion of the proposed coupled dynamics model

To verify the correctness of the DTRB model in the proposed model, the contact load of the
normal DTRB model is compared with the theoretical load distribution. The periodicity of contact
load for the faulty DTRB model is analysed to demonstrate the feasibility of studying fault
characteristics. The rationality of the instantaneous contact load movement process and the slip
rate are discussed and analysed. To verify the correctness and effectiveness of the proposed
coupling model, the vertical acceleration of the axle-box bearing with outer ring fault is measured
in the field test and is compared with the simulation result of the proposed model. Because urban
rail vehicles usually operate at variable speeds between two stations, the traditional envelope
analysis method will be no longer applicable due to frequency distortion occurring under variable
speed conditions [18]. Hence, the order tracking method is adopted to describe the fault
characteristics of bearings [25]. The fault characteristic order (FCO) of the outer ring fault for
DTRB is calculated by the formula in [26]. The main parameters of the DTRB model used in this
paper are listed in Table 2.

Table 2. Main parameters of the DTRB used in simulation and field test

Parameter and notation Value
Number of roller rows (j) 2
Number of single-row rollers (N) 20
Roller diameter (Dj,) 23.78 mm
Pitch diameter (D) 179.27 mm
Contact angle (a,/a;/ar) 10°/7.66°/8.83°
Outer raceway diameter (D,) 203.42 mm
Radial and axial clearances (u,/ug) 0.01 mm/0.1 mm
Outer ring fault order (FCO,) 8.694
Wheelset radius 420 mm
The size of the outer ring fault (LxWxH) | 50.4 mmX2 mmx2 mm

3.1. Theoretical verification of the proposed model

The axle-box bearings at wheelset 2 on the right side of the front bogie are selected (as seen in
Fig. 1 and Fig. 4). The analysis of contact loads under normal and faulty conditions, as well as the
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slip characteristics under normal conditions, are depicted in Fig. 5. A localised fault, with the size
of length 50.4 mm, width 2 mm and depth 2 mm, is set on the outer ring raceway of row 2 in
DTRB. The vehicle running speed is set to 60 km/h, and without considering the track irregularity.
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Fig. 5. Theoretical verification and analysis of the correctness and rationality for the proposed model

As shown in Fig. 5(a), the contact load time-history curve of the roller-outer ring raceway for
the normal DTRB appears a periodic fluctuation feature with constant amplitude, and the
amplitudes of the two rows are consistent. Then, we choose the contact load time-history curve of
single contact cycles. On the one hand, the contact load distribution of all rollers at two
time-instant from the loaded zone to the unloaded zone is analysed, as seen in Fig. 5(b). On the
other hand, the contact load at single contact cycles is compared with the theoretical value, as seen
in Fig. 5(c). From Fig. 5(b) and (c), we can see that the contact load curves are basically consistent
with the theoretical values, and the instantaneous contact loads from A time-instant to B
time-instant are reasonable in accordance with [8]. Thereafter, the contact load history and its load
spectrum of faulty DTRB are discussed in Fig. 5(d). There are significant periodic impulses on
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the contact load history. The reciprocal of the period is just equal to the rotation frequency of cage
(f. = 2.745 Hz), which corresponds to the fault characteristics of the outer ring. Therefore, it is
feasible to use the faulty DTRB model established in this paper to study the fault characteristics
of the outer ring of the axle-box bearing. Finally, the slip rate of the roller and cage are analysed
to further demonstrate the rationality of the proposed model. As shown in Fig. 5(e) and (f), the
actual rotation speed of the cage is consistent with its theoretical rotation speed, but the
consistency between the actual rotation speed of the roller and its theoretical rotation speed is
better in the loaded zone than in the unloaded zone. This is because the cage drives the roller
movement in the unloaded zone, while the roller drives the cage movement in the load zone. The
former is more likely to cause the roller slippage. The maximum slip rates of the cage and roller
are 3.1 % and 4.3 % respectively. In summary, the coupled dynamic model proposed in this paper
is reasonable and feasible.

3.2. Field test verification of the proposed model

As shown in Fig. 6, the real urban rail train test is conducted to verify the correctness of the
proposed model. In Fig. 6(a), the vibration response of the axle-box bearing with outer ring fault
is measured through the acceleration sensor fixed in the axle-box housing. The rotational speed of
the wheelset is measured through a rotating-speed sensor installed at the axle-end. In Fig. 6(b),
the data acquisition system is depicted, it includes the vehicle-mounted monitoring computer and
two pre-processors. Based on the rotating-speed input signal from the rotating-speed sensor in
Fig. 6(a), the vehicle-mounted monitoring computer controls the pre-processor to complete the
even-angle resampling of axle-box vibration signals, i.e., the order tracking. The resampled
angular domain vibration signal is transmitted to the vehicle-mounted monitoring computer for
storage via the data bus. As shown in Fig. 6(c), we choose the acceleration process and constant
speed process between two stations to validate the proposed model. In the proposed simulation
model, the size of the outer ring fault and the position of the tested axle-box are the same as those
in section 3.1. The typical America 5-class track spectrum is employed. The simulation results of
the proposed model are compared with on-site test data. Their vibration amplitude in angle domain
and order spectrum under variable and constant speed conditions are given in Fig. 7, and the
contact load characteristics from the simulation model are also shown and discussed.

Acceleration sensos

a) Selection of measurement positions b) Data acquisition
60

T T T T T

=
g 40 -
=, Constant speed
- Variable speed
o 20 -
=%

oL n 1 1 1 1

Station A 0 200 400 ) 600 800 1000 station B
Distance [m]

¢) Speed-distance curve of testing vehicle between two stations
Fig. 6. Field tests and verification of the proposed model with outer ring raceway
fault on the axle-box bearing
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In Fig. 7(a) and (c), the resampled vibration signal in the angle domain exhibits periodic
characteristics with the same intervals. And the periodic interval of the simulation and the field
test is generally consistent. At the variable speed stage, the amplitude variation tendencies of the
simulation and the field test are also consistent, both increasing with the increase of speed.
However, owing to the difference between track irregularities in the field tests and simulations,
linear representation of the rail support, and consideration of the limited number of vibration
modes of the flexible body in subsection 2.2, the axle-box acceleration calculated by the proposed
model is smaller than that of the test measurement in the angle domain. In Fig. 7(b) and (d),
significant FCOs of the outer ring listed in Table 2 and their harmonics can be found. Under
variable and constant speed conditions, the first-order FCOs of simulation and field test are 8.663,
8.662, 8.957, and 8.939 respectively. The corresponding errors with theoretical FCO are 0.36 %,
0.37 %, 3.03 % and 2.82 %. The FCO deviation of the field test is greater than that of the
simulation. The reason is that the rolling elements of the axle-box bearing are slipping more
severely in the field test, and the packet loss of data transmission may also cause deviation in the
FCO. Furthermore, the periodic impulse can be seen in the roller-raceway contact force curve.
The interval period gradually decreases as the speed increases under variable speed operating
conditions. Compared to not setting up the track irregularity in Fig. 5(a) and (d), the amplitudes
of the contact load will fluctuate and are not equal between two rows in actual operation
simulation. It is also sufficient to demonstrate the necessity of considering vehicle-track coupling
factors.
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Fig. 7. Verification and comparison with field test for the proposed model with the faulty DTRB

In summary, the characteristics and mechanism of the outer ring fault of the axle-box bearing
are correct. By modifying various fault sizes and the vehicle operating conditions, the outer ring
fault characteristics of the axle-box bearing in real scenarios can be simulated and obtained. Based
on these fault features, fault diagnosis algorithms can be improved for the condition monitoring
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of axle-box bearings. Furthermore, the remaining life and instantaneous wear features of the faulty
axle-box bearing can be evaluated though the contact loads and rolling-sliding results output by
the DTRB dynamic model [14]. Therefore, the proposed coupled model can be used to analyse
and reveal the fault characteristics of axle-box bearings in urban rail vehicles. It can provide a
feasible theoretical basis for the research of fault diagnosis algorithms and life assessment.

4. Conclusions

In this paper, a coupled dynamics model for studying the outer ring fault characteristics and
mechanisms of axle-box bearings in urban rail vehicles is established by the co-simulation
method. Thereinto, the DTRB is adopted in axle-box bearing, and the outer ring raceway fault is
set. The flexibilities of the wheelset, the axle-box, and the bogie frame are considered in the
vehicle-track coupled dynamic model. The established coupled dynamic model is verified by the
theoretical comparison and the field test respectively. The verification results are summarized as
follows:

1) The distribution of contact load is consistent with the theoretical value, and the motion
process of instantaneous contact load for all rollers in the DTRB is reasonable compared with the
reported research. The periodic characteristics depicted by the contact load and its power spectrum
of the faulty DTRB obey the fault characteristics of the outer ring raceway of the axle-box bearing.
The slip rate of the roller is greater than that of the cage, but both are less than 4.3 %.

2) By the comparison on the vibration response of the axle-box in the simulation and the field
test, the periodic impact characteristics caused by the outer ring raceway fault are basically
consistent in angle domain. The variation tendency of the amplitude with speed is consistent under
variable speed conditions. The fault order harmonics in the order spectrum of the simulation model
are closer to the theoretical FCO, the maximum error is only 0.37 %. The contact load curve
exhibits significant periodic impacts related to the fault characteristics of the outer ring raceway.
The track irregularity can affect the load distribution of axle-box bearings.

To sum up, the coupling between the DTRB model and the vehicle-track coupling model is
extremely necessary. The coupled dynamic model developed in this paper is correct and feasible.
In future works, the generation mechanism of the FCO deviation between the simulation and the
field test still needs to be investigated, and the faulty models of other elements of the axle-box
bearing need to be developed.
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