Liuetal.
Chinese Journal of Mechanical Engineering
https://doi.org/10.1186/510033-022-00762-9

Chinese Journal of Mechanical
Engineering

ORIGINAL ARTICLE Open Access
®

Check for
updates

(2022) 35:90

Improved Dynamics Model of Locomotive
Traction Motor with Elasticity of Rotor Shaft
and Supporting Bearings

Yuging Liu, Zaigang Chen ®, Jieyu Ning, Kaiyun Wang and Wanming Zhai

Abstract

The locomotive traction motor is described as a rotor-bearing system coupling the kinetic equations of the traction
shaft and its support bearings with the determination of their elastic deformations in this study. Under the effect of
excitations induced by the dynamic rotor eccentric distance and time-varying mesh stiffness, the elastic structure
deformations of the shaft and support bearings are formulated in the vibration environment of the locomotive. In
addition, the nonlinear contact forces between the components of the rolling bearing, the lubricating oil film, and
radial clearance are comprehensively considered in this study. The results indicate that the elastic deformations of the
shaft and bearings can change the dynamic responses of the traction motor and its support bearings. There are large
differences between the ranges of the rotor motion calculated by the rigid and the flexible traction motor models
when the intensified wheel-rail interaction is considered. With the increase of the rotor eccentricity, the results under-
score the role of the elasticity of traction shaft and support bearings in dynamic researches of the traction motor. The
critical value of the initial eccentric distance for the rub-impact phenomenon decreases from 1.23 mmto 1.15 mm
considering the flexible effect of the shaft and bearings. This dynamics model of the traction motor can provide more

accurate and reasonable simulation results for correlational dynamic researches.
Keywords: Traction motor, Bearing, Gear mesh, Vehicle-track coupled dynamics

1 Introduction

The traction motor is the major power source of the loco-
motive, its dynamic characteristics directly affect the
stability and safety of the vehicle. The internal dynamic
forces induced by rotor eccentricity, which is caused by
the bearing radial clearance and elastic structure defor-
mations of the shaft and support bearings, can signifi-
cantly influence the service status of the traction motor,
especially for the motor with the static or dynamic eccen-
tricity of the rotor [1, 2]. Besides, the dynamic loads
induced by the vibration environment can increase the
elastic structure deformations of the traction shaft and
support bearings, which may challenge the stability and
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reliability of the traction motor, especially for the rail-
way locomotive with intensified wheel-rail impact and
gear mesh. Therefore, to accurately evaluate the dynamic
characteristics of the traction motor and its support bear-
ings during the operation of the locomotive, it is essential
to propose a dynamic modeling method considering the
elasticity of the traction shaft and bearings.

The rolling bearing is the key component of the trac-
tion motor, which is used to support the rotor and reduce
the friction effect between the rotor and stator. Many
works were presented to investigate the dynamic char-
acteristics of the rolling bearing. Gupta [3] analyzed the
skidding phenomenon of the balling bearing considering
the elastohydrodynamic lubrication effect. Yang et al. [4]
used a substructure mode synthesis method to simulate
the flexibility of the cage and established a rigid-flexible
dynamics model for a cylindrical bearing. Liu et al. [5]
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analyzed the skidding phenomenon of the rolling bear-
ing where the cage was discretized into several segments
so as to introduce the flexibility of the cage. Recently, Liu
et al. [6] presented a lumped-mass dynamics model to
investigate the dynamic and acoustic characteristics of
a defective bearing. In addition, the structural deforma-
tions of the components of the bearing under the radial
load have attracted much attention. Jones [7] proposed
a general theory for calculating elastic compliances of a
rolling bearing under any radial loads. Based on the Dis-
crete Element Method, Machado et al. [8] established a
bearing dynamics model with elastic rings. Liu et al. [9]
established a finite element model of the rolling bearing
considering the elastic deformation of the roller, inner
and outer rings. For improving the calculating efficiency,
Liu et al. [10] further proposed a numerical analytical
method. The results indicated that the elastic deforma-
tion of the components can significantly affect the vibra-
tion of the bearing. The analytical methods given by Refs.
[10, 11] can provide important theoretical guidance for
formulating the uniform centrifugal expansions and com-
pression deformations of rollers and rings induced by the
rotational speed and load distribution of bearing.

The traction motor can be regarded as a typical rotor-
bearing system. Over the years, works on the rotor-bear-
ing system have resulted in a number of improvements.
Ehrich et al. [12, 13] performed investigations on the
effect of the bearing radial clearance on the vibration of
the rotor-bearing system. Villa et al. [14] analyzed the
effects of the radial clearance and internal interactions
between the components of the ball bearing on the sta-
bility and dynamic behavior of a flexible rotor-bearing
system. Shi et al. [15] took the structural arrangement,
rotor mass unbalance and bearing parameters (e.g., the
radial clearance and roller length) into account in a verti-
cal rotor-bearing system dynamics model. Based on Gup-
ta’s bearing model [16], Li et al. [17] proposed a dynamic
model method for a ball bearing-rotor system. And the
finite element method was adopted to calculate the elas-
tic deformation of the rotor. Based on Green’s function,
Tan et al. [18] proposed a rotor-bearing dynamic mode-
ling method with electromechanically coupled boundary
conditions to analyze the performance of the ring-shaped
piezoelectric damper. In addition, in order to analyze
the rub-impact phenomenon of the hydraulic generating
set, Zhang et al. [19] established a corresponding rotor-
bearing dynamics model considering both static and
dynamic eccentricities. In the above, the effects of struc-
tural parameters of the varying support bearings and the
nonlinear characteristics of the rotor-bearing system are
deeply studied. However, the dynamic responses of the
rotor-bearing system under the time-varying external
excitations (e.g., the equipment vibration environment,
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time-varying gear mesh force, and so on) are not compre-
hensively considered.

During the operation of a locomotive, the traction
torque is transmitted from the traction motor to the
wheel-rail interface via the gear engagement. In addi-
tion, the traction motor is hung on the bogie through
the suspension units and supported by the wheelsets via
the axle-hung bearings. Therefore, the dynamic behav-
ior of the traction motor has a close connection with the
wheel-rail impact through gear engagement and struc-
ture vibration transmission. The time-varying mesh force
of the gear pair makes the traction motor bear a periodi-
cal load in the vibration environment of the locomotive.
For investigating the wheel-rail interactive mechanism
and the effect of internal excitations in power transmis-
sions on the dynamic behaviors of the vehicle system,
many researchers have carried out a wide range of work.
Huang et al. [20] analyzed the dynamic responses of the
gear transmission of a high-speed train by using the soft-
ware SIMPACK. Based on the typical vehicle-track cou-
pled dynamics model [21], Chen et al. [22] made the gear
transmission incorporate into the coupled system via
the gear engagement and wheel-rail interaction. Yu et al.
[23] investigated the vibration responses of the frame-
mounted traction motor during the operation. Zhou
et al. [24] extracted the fault feature of the wheel flat from
the current signal of the traction motor via the electro-
mechanical coupling effect. However, in these researches,
the traction motor is regarded as a mass block and the
internal interactions of the motor and its support bear-
ings are ignored. Actually, the working conditions of the
traction motor cannot be fully reflected. Fortunately,
Wang et al. [25] and Liu et al. [26] respectively estab-
lished the spatial vehicle-track coupled dynamics model
for a high-speed train and a locomotive considering the
mechanical structures of the traction motor and track
irregularity, and the thermal and dynamic characteris-
tics of the motor bearings were analyzed, respectively. In
addition, Liu et al. [27] further investigated the vibration
responses of the traction motor with surface waviness
on races of its driving end bearing. Based on the above
descriptions, the dynamic researches about the traction
motor under the internal and external excitations of the
railway vehicle have gained researchers’ attention. How-
ever, it should be noted that, compared with the mature
rotor dynamics, the relative research is still in very pre-
liminary status, and the interactive mechanism between
the traction motor and vehicle-track system is not fully
clear. The recent researches chiefly focused on the
improvement of accuracy of loads acting on the traction
motor in the vibration environment of the locomotive.
The components of the traction motor are regarded as
rigid bodies, while the elastic deformations of the rotor
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and support bearings induced by the radial loads are
ignored. The rotor eccentricity is generated by the bend-
ing of the shaft, assembling error, radial clearance of the
support bearings, and so on. It is worth that the large
gear mesh force, the gravity of the rotor and the internal
dynamic forces of the motor can aggravate the bending of
the shaft and internal elastic deformations of the rolling
bearings. To overcome the gap, this study is reported to
propose an improved dynamics model of traction motor
considering the elastic deformations of the traction shaft
and support bearings.

A rotor-bearing-pinion dynamics model of the locomo-
tive traction motor has been improved by coupling the
kinetic equations of the rotor and its support bearings
with the determination of elastic deformations in this
study. In this model, the complete mechanical structures
of the traction motor and its support bearings are con-
sidered, and the traction motor is regarded as a rotor-
bearing-pinion system with the elasticity of traction shaft
and support bearings. Under the excitations induced by
the track irregularity, time-varying mesh stiffness and
dynamic rotor eccentricity, the elastic deformations of
the traction shaft and support bearings are formulated.
In addition, the nonlinear contact forces generated at the
roller-race and roller-cage interfaces, the corresponding
friction forces, the radial clearance of the motor bearings
are comprehensively taken into account in this study. The
proposed flexible traction motor dynamics model can
provide more accurate and rational simulation results for
the dynamic researches about the traction motor during
the operation.

2 Dynamic Model Formulation

As illustrated in Figure 1, the traction motor consists of
a rotor, a traction shaft and two support rolling bearings.
The rotor and pinion are both fixed on the traction shaft.
The driving and non-driving end bearings are installed
by the rotor symmetrically, with shorter and longer dis-
tances from the pinion, respectively. Therefore, the trac-
tion motor can be regarded as a rotor-bearing-pinion
system considering the elasticity of the traction shaft and

Non-driving
end bearing

Driving end bearing

Figure 1 Schematic diagram of the locomotive traction motor
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support bearings. During the operation of the locomo-
tive, time-varying mesh forces (F,)) and internal dynamic
forces (F,) of the traction motor induced by the dynamic
eccentricity of rotor, namely, the centrifugal force, unbal-
anced magnetic pull (UMP), and rub-impact force, simul-
taneously act on the traction motor system. In addition,
the structure vibrations of the vehicle system excited by
the track irregularity can significantly intensify the gear
mesh and generate large dynamic loads. Considering the
complex mechanical structures of the bearing, the time-
varying support stiffnesses of the motor bearings induced
by the different numbers of rollers in the loaded region
can cause the time-varying resultant forces generated
from the roller-race interface and lead to the periodic
vibration of the traction motor. The flexible deformations
between the roller and the races can transmit the interac-
tive forces between the rotor and motor.

To obtain the accurate dynamic loads and analyze the
dynamic responses of the traction motor, a locomotive-
track spatially coupled dynamics model established by
Liu et al. [26] is adopted in this study. In this model, the
locomotive is composed of the car body, bogie frame,
wheelset, and traction power transmission. All compo-
nents of the locomotive and corresponding connection
elements are regarded as rigid bodies and spring (K)
-damper (C) elements, respectively. The traction motor is
hung on the bogie frame and mounted on the wheelset
through the hung rod and hugging bearings, respectively.
It should be noted that the multiple-rigid-body model of
traction motor established in Ref. [26] is replaced by the
proposed dynamics model of traction motor in this study.
The schematic diagrams of the locomotive and its trac-
tion system are illustrated in Figure 2. The traction power
is transmitted from the traction motor to the wheel-rail
interface via the elastic deformations of the gear pair rep-
resented by a spring-damper element (K, and C,,) along
the line of action. The traction power transmission and
the locomotive are coupled through the gear engagement

Car body |

Gear
Axle box
Gearcase

‘Traction power
transmission

Wheelset
Wheelset
Rail

(a) (b)
Figure 2 Schematic diagrams of: a the locomotive and b its traction
power transmission
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and wheel-rail interaction. In addition, the flexibility of
the rail is described by the Euler beam. The track irregu-
larity is the major external excitation for this locomotive-
track coupled system. More detailed information about
this dynamics model can be found in Refs. [26—30].
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where E and [ are the elastic moduli and inertia moment
of the traction shaft, respectively; F,, F,,, F4 and F 4 are
the dynamic forces of the rotor, mesh force, and sup-
port forces of the driving and non-driving end bearings,
respectively.

The deflection equation of the traction shaft can be
deduced as

—1Fax® + Bix+B,
tFa(x — a)® — LFad 4+ Cix + Gy
Elw =

lﬂdx—m3+*ﬂdx—Ly—@a—lrﬁ
6 6 6

1
—ng(x — L)} +Ex+E

tFhax —a)® — ¢Fx® — LR,x —L)® +Dix+Dy Ly <x < Ly +¢,

0<x<a,
a<x <L,

Li+c<x<Li+ Lo,

2.1 Elastic Deformation of the Transmission Shaft

As illustrated in Figure 1, under the time-varying mesh
force, dynamic forces of the rotor (e.g., the centrifugal
force, UMP, and rub-impact force), and radial resultant
forces of the support bearings, the traction shaft of the
traction motor can be regarded as an elastic composite
beam composed of the simply supported beam and the
cantilever beam. The elastic deformations of the trac-
tion shaft are coupled with the kinetic equations of the
rotor in this study. The schematic diagram of the traction
shaft is illustrated in Figure 3. L, and L, are the lengths of
the simply supported beam and cantilever beam, respec-
tively. 2 and c are the lateral distances of action points
between the dynamic force of the rotor/mesh force and
the driving/non-driving end bearing, respectively.

Based on the mechanics of materials, the relation
between load and deflections of this elastic composite
beam is deduced in this section. The approximately dif-
ferential equation of the flexural curve of the traction
shaft can be expressed as

where B,, B,, C;, Cy, Dy, D,, E; and E, are the calculated
coefficients according to the actual support mode of
bearings in traction motor, which can be calculated as

FL3-F (L1—a)®
6L, ’

{31=C1=D1=E1 3)

By=Cy =Dy =E»,=0

The elastic deformations of the traction shaft at the posi-
tions of rotor and pinion can be calculated by Egs. (2) and
(3) when x is equal to @ and L,+c, respectively.

2.2 Elastic Deformation of Roller Bearing

Compared with the rigid bearing, the global deforma-
tions of the elastic components are composed of the
elastic compression deformations of the roller and races
at the contact area, the uniform centrifugal expansion
caused by the rotating speed, and the structure distortion
due to the load distribution. Taking the global deforma-
tion of the roller (§,) as an example, which is illustrated
in Figure 4, §,, 6., and J4 are the elastic compression

Foax
Fogx —a) — Fix

EIW =19 Foa(x — @) — Fox — Fax — Ly)

0<x=<a,
a<x<1Ly,
Li<x<Li+cg,

(1)

Fogix —a) + Fn(x — Ly —¢) — Fix — Fg(x — L1) L1 +¢c <x <Ly + Lo,

Fnd F, d

Driving end
bearing

Non-driving end
bearing
Figure 3 Schematic diagram of the elastic transmission shaft

deformation, centrifugal expansion and the structure
distortion of the roller. For the traction motor, the roll-
ing bearings are installed between the rotor and motor to
support the rotor and reduce the corresponding friction
effect. The inner and outer rings are fixed on the rotor
and motor respectively. Therefore, the expansions of the
external race of the inner ring, internal race of the outer
ring, and rollers are considered in this study. The interac-
tive forces between the rotor and motor are transmitted
via the rollers which are regarded as spring elements (K,)
in the radial direction.
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Elastic outer ring
Elastic inner ring

Rigid outer ring
Rigid inner ring

0=0c+0er+Gur

Figure 4 Comparison between the rigid and elastic rolling bearings

Based on the Hertz contact theory, the compressive
deformation between the roller and inner/outer race can
be respectively expressed as [31]

Ty

Seo = 221 (1 — Inb,)

8ei = 2Q; IE—:Z (ln % + 0.814) for roller - inner race,
Ee

for roller - outer race,
(4)
where Q and b are the contact forces and semi-widths of
the contact area between the roller and inner/outer races,
respectively; the subscript i and o denote the inner and
outer race, respectively; /. is the equivalent length of the
roller; E, and v are the equivalent elastic modulus and
Poisson’s ratio, respectively; R; and R, are the radii of the
inner race and roller, respectively.
The expansion and distortion of the roller can be
respectively expressed as [32, 33]

A +v)(B—2v) 1-2v

Ser = O2R| (1 —2vy) — R?
TSR (v T [( V)T 3Ty |
1
+ Qe — 2wy,
(5)
Qr Ra(m 2
Sar = — |- —=
LRE | 2 \4 =
+Rr1 4 T + jT;Er er (6)
2\t 4 4G, |

where E and v are the elastic module and Poisson’s ratio
of the material, respectively; p is the density; 6 is the rota-
tional speed; the subscript r represents the roller; Q, con-
tact force between the roller and race; R,; is the radius
of the deformed roller; { is the coefficient for the roller
cross-section profile; G is the tangential elastic modulus.
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For the flexible inner and outer rings, the global defor-
mations of the flexible race at the contact angular posi-
tion y can be respectively expressed as [10]

8gi(¥) = 0.58¢i + 84i(¥) + 0.58ci, (7)
Sgo(w) = 0.58¢0 + 8do(¥) + 0.5¢o (8)
where 6,/0,,, 04i/4, and &/J,, are the expansion, distor-

tion, and compression deformations of the inner/outer
rings, respectively.

The expansion of the external face of the inner ring
and the internal face of the outer ring can be respec-
tively expressed as [34]

2
bW o y 2 p2
o =B [ = v G+ ) (R - ) o
WG+ wRY — (1-12) Ry |Ror
Pow? 2 o2
oo =222 [(1 = v) 3+ v0) (R — B2, )
o (10)

+(1+ 1) 3 + vo RS — (1 - v2) RY| R,

where o is the rotational speed of the race; R, and R, are
the internal and external radii of the ring, respectively.

The distortion of the inner or outer ring at the con-
tact angular position ¢ can be expressed as [35]

dq(¥) = W) (Ko + Ky cosyr + Ky cos2vr),  (11)

where W(y) is the radial and single load; K, K; and K,
are the stiffness coefficient parameters.

Considering the effect of the lubricating oil, the cen-
tral film thickness between the roller and race can be
expressed as [36]

s 53319‘13132430[0.54(,70“)0.7
of = S E003Q013

) (12)

where R, is the roller-race equivalent radius; a and 7, are
the viscosity pressure and kinetic viscosity coefficients
for the lubricating oil, respectively; y is the mean velocity
between the roller and race.

For the lubricated rolling bearing, the equivalent con-
tact stiffness between the inner and outer races via the
roller can be expressed as

1

141, 17
Kar Ker Kt

Ky = (13)

where K, K_,, and K are the body stiffness of the roller,
the contact stiffness between the roller and race, and the

lubricating oil stiffness, respectively.
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Rotor

Orotor

()ml —

Figure 5 Schematic of the rotor eccentricity

More detailed information about the flexible rolling
bearing can be referenced in Refs. [10, 31-36].

2.3 Internal Dynamic Forces of the Traction Motor
During the operation of the traction motor, the
dynamic eccentricity of the rotor is inevitably gener-
ated owing to the elastic deformation of the traction
shaft and the compression deformations between the
roller and races under the dynamic loads acting on the
motor bearings. The schematic of the rotor eccentricity
is illustrated in Figure 5. The dynamic rotor eccentricity
can induce the centrifugal force, UMP, gravity torque,
and even the rub-impact forces.

Considering the rigid displacement of the rotor and
elastic deformation of the traction shaft, the actual
eccentricity of the rotor can be expressed as
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Consequently, the centrifugal force and gravity torque
of the rotor can be respectively expressed as

Fyrot = Mrota)rzotsrot; (15)

Tgr =Mrotg3rot51n1//rot7 (16)

where M, is the mass of the rotor; w,,, is the rotational
speed of the rotor; g is the gravitation constant.

Based on the discussion in Refs. [37, 38], for a two-
pole pair traction motor which is widely employed in
the railway vehicle, the UMP induced by the eccentric
rotor in longitudinal and vertical directions can be
expressed as

Fumpx =f1 €OS Yrot +f?)c cos(2wrott — 3Yrot)
+f33 sin(2wrott — 3Yrot)

17
+ fie €08(20rott — 5Vt (17)
+f4s sin(2wrott — 5Yrot),
Fumpz :fl Sin Yrot +f3c sin(2wrott — 3Yrot)
_fés €0s(2wrott — 3VYrot) (18)

_f4£ sin(2wyott — 5Yrot)
+f4$ cos(2wrott — 5V¥rot)s

where the calculating method for coefficients f;, fs., foo fic
and f;, has been proposed in Ref. [37].

If the rotor eccentric distance is larger than the air
gap J, of the traction motor, the rub-impact phenom-
enon will be formed between the rotor and motor. The
corresponding rub and impact forces can be expressed
as

Srot = \/(er + Wix + érot sin I,Zfrot)2 + (Zrm + Wiz + erot COS Iprot)zr

where X and Z are the relative rigid displacements
between the roller and motor in longitudinal and vertical
directions, respectively; w,, and w,, are the elastic defor-
mations of the shaft at the rotor position in longitudi-
nal and vertical directions, respectively; e, is the initial
eccentricity of the rotor. The actual angular position of
the rotor y,,, is determined by the rotational and planer
displacements of the rotor and motor.

(14)

. _ Kim (8rot — 80) Srot = do,
Fimp = { 0 Srot < do, (19)
Frub= trmFimp, (20)

where K, is the contact stiffness between the rotor and
motor; p,., is the friction coefficient between the rotor
and motor.
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Considering the elastic deformation of the traction
shaft at the pinion position, the dynamic transmission
error of the gear pair can be expressed as
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where y,; is the angular position of jth roller; e is the
radial clearance of bearing. It should be noted that the
elastic deformation of jth roller has been considered in

gpiRp + egiRg + (_l)i(zpi + Wpzi

8mi =

— Zgi) COS 0y
_(_l)i(Xpi + Wpxi - Xgi) sinom — bo — e,
OpiRp + le'Rg + (1) (Zpi + Wpzi — Zgi) COS
+(=1) (Xpi + wpxi — Xgi) sinom — by — ex;,

for forward - side contact,

(i=1,2734), (21)

for backward - side contact,

where 60,/6,, R,/R,, X,/X, and Z,/Z, are the rotational
speeds, base circle radii, longitudinal and vertical dis-
placements of the pinion and gear, respectively; a,,, b, €;
and e,; are the pressure angle, clearance, manufacture and
assembly errors of the gear pair, respectively. The corre-
sponding time-varying mesh stiffness can be calculated
by an improved method proposed by Chen et al. in Refs.
[39, 40].

A spatial dynamics model of the rolling bearing is
established in Ref. [26], however, the elastic deforma-
tions of the components of the bearing are ignored. For
overcoming this gap, an improved dynamics model of
rolling bearing combining the rigid motions and elas-
tic deformations of the roller and rings is developed.
Besides, the contact stiffness K, between the inner and
outer races via the flexible roller considering the distor-
tion of the roller and the effect of the lubricant oil is
adopted to replace the corresponding equivalent con-
tact stiffness K, of an unlubricated bearing in this study.
Considering the calculating efficiency of the simulation,
the roll and yaw motions of the roller are not involved.

Consequently, the contact forces between the jth roller
and inner/outer races can be expressed as

Nij = Xj1<er5110(;/9:
Noj = Nij + My} R, (22)
j= 1;2"" » 1,

where M, is the roller mass; @,; is the circumferential
speed of jth roller; R, is the pitch radius; # is the number
of rollers; the calculating coeficient y; can be expressed
as

) 138i5j >0,
X = {0 Jioj < 0. (23)

The relative radial displacement between the inner and

outer rings at the angular position of jth roller can be
expressed as

8ioj =Xio €08 Yrj + Zio sin Yrj + 0.58i; + i (V)
e
51

+ 0.58¢i5 + 8do (Vrj) + hefij + Mefoj —
(24)

contact stiffness K, according to Eq. (13), therefore, it is
not involved in Eq. (24) for avoiding repetition.

The calculating equations for resultant forces of bear-
ing and dynamic equations of the traction motor and
rolling bearings can be referenced in Egs. (34)—(41) in
Ref. [26]. More detailed information about the locomo-
tive-track coupled dynamics model and numerical inte-
gration method can be found in Refs. [26, 28—30].

3 Dynamic Simulation and Result Analysis

To analyze the elastic deformations of the rotor-bearing-
pinion system and its effect on the dynamic responses
of the traction motor and railway vehicle, the simulated
results extracted from locomotive-track coupled dynam-
ics models with rigid (RM) or flexible traction motor
(FM) systems are compared in this study. The main
dynamics and structure parameters of the HX locomo-
tive, which is widely employed in Chinese railway, can be
found in Ref. [26]. The operation speed of the locomotive
is 80 km/h when the train is running along a straight line.
The elastic deformations of the traction shaft at the rotor
and pinion positions, the range of the rotor motion, and
the dynamic eccentric distance are extracted. In addition,
the dynamic forces acting on the traction motor, such as
the centrifugal force of the rotor, UMP, mesh force, and
roller-race contact forces of driving and non-driving end
bearings, are displayed to reveal the effect of the elastic-
ity of the rotor-bearing-pinion system on the dynamic
characteristics of the traction motor. Besides, the vertical

150 " RM
0.06 5 ——— . FM
E d 210 [ v 150
£
8 240 120
2 003 B \
]
o
> |
£ 0.00-270 | 190
= l
5]
(5
153 53,
D o
.2 0.03+ [ ]
g 300 60
:"_3
0.06- 330 L — 30
0
Figure 6 Range of rotor motion




Liu et al. Chinese Journal of Mechanical Engineering (2022) 35:90 Page 8 of 18
£
0025 E 005
= Rotor position o RM
E - - - - Pinion position 2 ; FM
) S 004f
= 0.019 7
"'__" | =
= %]
£ £
2 0.013 E
. g
2 o 2
s 0.007 £ 001
3 =
=
0.001 - - : 2 0.00 1 ! !
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (s) Time (s)
(a) (b)
1.60 Z 1.60
— —RM | = ——RM
Z Y e M
=
S 125t o 1250
=] e
s M bt pivpent” iy S 2
A B - LY W Wl U N
= 090 F £ 090
gﬂ g Mhhaan waen A t = . TR i
b ; AN AR ki : i AR 'rc‘: Y
Sossp £ f
© E
=]
0.20 ‘ ‘ i ~ 020 ' ' ‘
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (s) Time (s)
() (d
85
——RM
-~ FM
Z 10
i
-
o
2
L
=
=
w3
9]
=
25 1 1 1 1 1 1 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Time (s)
(e)
Figure 7 Effect of elasticity of shaft and support bearings on the internal dynamic forces of traction motor: a elastic deformations of the shaft, b
dynamic eccentric distance of rotor, ¢ centrifugal force of rotor, d UMP, and e mesh force

vibrations of the traction motor and connecting com-
ponents, namely, the rotor, motor, wheelset and bogie
frame, are extracted in this section.

3.1 Effect of Elasticity of Traction Shaft and Support
Bearings

During the operation, the range of the rotor motion is

obtained and illustrated in Figure 6. A measured track

random irregularity [26] is used in this section. Under
the effect of the wheel-rail impact induced by the track
irregularity, the internal dynamic forces of traction
motor, and time-varying mesh force, the longitudinal
and vertical eccentric distances of rotor extracted from
FM are shorter than that of RM. As illustrated in Fig-
ure 7, it can be seen that the elastic deformation of the
shaft can not be ignored because of the comparable
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Figure 9 Vertical vibration responses of the vehicle system: a rotor, b motor, ¢ wheelset, and d bogie

amplitudes compared with the relative displacement
between the rotor and motor. The mean value of
dynamic rotor eccentricity decreases about 1/3 with
the elasticity of shaft and support bearings. Therefore,
the mean value of the corresponding centrifugal force
and UMP extracted from FM is about 2/3 of those from
RM. Owing to the smaller dynamic loads of the rotor,

the elastic deformations of components of bearing, and
the change of the state of rotor motion, the roller-race
contact force extracted from the driving end bearing
is slightly smaller, while that from the non-driving end
bearing is larger about 7.2%, which is illustrated in Fig-
ure 8. In addition, as illustrated in Figure 9, the elastic
deformation of the shaft at the pinion position is larger
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than that at the rotor position owing to the larger mesh
force and gravity of the rotor. Moreover, it should be
noted that the effect of the flexible traction motor sys-
tem is weak for the dynamic characteristics of the loco-
motive with a healthy traction system. In conclusion,
there is a certain difference between the dynamic char-
acteristics of the traction motor described by RM and
FM, which cannot affect the corresponding dynamic
researches for the normal railway vehicle.

3.2 Effect of Track Irregularity

The track random irregularity is the major external exci-
tation for the railway vehicle, which can significantly
affect the service environment and working condition
of the traction motor through the vibration transmis-
sion and gear engagement. According to the railway line
status, four types of track irregularity (Case 1: no track
irregularity, Case 2: measured track irregularity, Case 3:
sixth-grade American track spectra, and Case 4: fifth-
grade American track spectra) are used in this section,

and they are successively worsening. The influences of
wheel-rail impact induced by the track irregularity on
dynamic characteristics of the traction motor are illus-
trated in Figures 10—12. As shown in Figure 11, the label
DB is the driving end bearing, and NDB is the non-driv-
ing end bearing. It can be seen that with the deteriorating
of line condition, the dynamic load and internal dynamic
forces acting on the traction motor, namely, the mesh
force, centrifugal force, and UMP, increase observably.
The vibration of the rotor becomes more intense under
the intensified wheel-rail interactions. This phenomenon
will be more obvious considering the elastic structure
deformation of the components of the traction motor,
especially in the vertical direction. In addition, the vibra-
tions of the traction motor and wheelset further intensify
the interaction between the pinion and gear at the gear
meshing interface. Therefore, the longitudinal vibration
of the rotor is stronger with the deteriorating of the loco-
motive working condition. Meanwhile, the working con-
ditions of motor bearings become unstable. As illustrated
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in Figure 11, under the violent impact generated from
the wheel-rail interface, the frequent contact phenom-
enon occurs at the loaded region of driving end bearing,
while the non-driving end bearing even cannot maintain
a defined loaded region.

The corresponding statistical indicators of the
dynamic forces, dynamic rotor eccentricity, and vibra-
tion are illustrated in Figure 12. As a joint result of
the internal and external excitations, the root mean
square values (RMSVs) of contact force between roller
and race of motor bearings are gradually increasing.
Moreover, the roller-race contact force of the driving
end bearing extracted from the FM is slightly smaller
than that of RM, while an opposite phenomenon occurs
for the non-driving end bearing. According to Eq. (2),
the elastic deformations of the traction shaft increase
as the intensified wheel-rail interaction and gear mesh-
ing. The RMSVs of rotor eccentricity extracted from the
FM are smaller than those of RM as the discussion in
Section 2.1, while the difference value between them
is decreased gradually, while the motion directions of
rotors are markedly different. There is a significant dif-
ference between the RMSVs of elastic deformations of
the shaft at rotor and pinion, whose reason is similar as
mentioned earlier.

3.3 Effect of Rotor Eccentricity

The rotor eccentricity induced by the manufactur-
ing and assembling errors, binding of the transmis-
sion shaft, radial clearance of support bearings and so
on, can generate large centrifugal forces and UMP, and
further influence the elastic deformation of the shaft,
and deteriorate the working conditions of the trac-
tion motor. The initial eccentric distance of the rotor is
given as 0 mm, 0.2 mm, 0.4 mm, 0.6 mm, 0.8 mm, and
1.0 mm, respectively. As illustrated in Figure 13, with
the increase of the eccentric distance, the coincidence
degree between the trajectories of the rotor extracted
from RM and FM becomes worse owing to the bigger
elastic structure deformations of the transmission shaft
and support bearings under the larger radical forces.
The effect of the rotor eccentricity on the motor bear-
ings is significant. The roller-race contact forces and
the corresponding contact angular position are illus-
trated in Figure 14. The loaded regions of the motor
bearings expand with the increase of the rotor eccen-
tricity, while the non-driving end bearing easily loses
the defined loaded region. The effect of rotor eccentric-
ity on the dynamic performances of motor bearings will
be stronger considering the elastic deformations of the
components of the traction motor.
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Figure 13 Effect of rotor eccentricity on range of rotor motion:a 0 mm, b 0.2 mm, ¢ 0.4 mm, d 0.6 mm, e 0.8 mm, and f 1.0 mm

The effects of the rotor eccentricity on the RMSVs
of the elastic deformation of the shaft, dynamic rotor
eccentricity, dynamic forces of the traction motor,
and vibration accelerations of the rotor are discussed

in Figure 15. It can be seen that the RMSV of elas-
tic deformation of the traction shaft at rotor position
is smaller than that at pinion position with a shorter
eccentric distance. When the initial eccentric distance
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Figure 14 continued

is larger than 0.4 mm, an opposite phenomenon will rotor eccentricity extracted from FM, the RMSVs of
happen. At the same time, there will be a big difference  dynamic forces of the traction motor system, such as
between the dynamic responses of the traction motor the centrifugal force, UMP, mesh force, and roller-race
described as RM or FM models. Owing to the larger  contact forces of driving and non-driving end bearings,
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are larger than those of RM. A similar phenomenon
generates at the vibration responses of the rotor and
motor. In addition, if the initial eccentric distance
is larger than the critical value (1.23 mm for RM and
1.15 mm for FM), the impact rub-impact phenomenon
will deteriorate the working conditions of the traction
motor and its neighboring components. Results under-
score the role of the elasticity of traction shaft and sup-
port bearings in dynamic researches of the locomotive
traction power transmission system with the growth of
the eccentric distance.

4 Conclusions

An improved dynamics model of traction motor in a
locomotive is established in this study by considering the
elasticity of the rotor shaft and the support bearings. This
model couples the kinetic equations of the rotor and its
support bearings with the determination of elastic defor-
mations. The effect of elastic deformations is considered
in the rotor-motor interaction, roller-race connection,
and gear engagement. In addition, the traction motor and
the locomotive-track system are integrated via the hung
rod, hugging bearings and gear transmission, and cou-
pled through the vibration transmission and gear mesh-
ing. Results indicate that, for a locomotive with healthy
traction motors, the elastic deformation of the shaft and
the bearings could change the range of the rotor motion,
and further reduce the dynamic rotor eccentricity, and
further decrease the corresponding centrifugal force
and UMP. Owing to the change of the motion state of
the rotor, the roller-race contact force of the driving end
bearing is slightly smaller compared with that extracted
from RM, while an opposite phenomenon occurs for the
non-driving end bearing. With the deterioration of the
line condition, the wheel-rail interactions are intensified,
and the vibration conditions of the rotor become more
intense, especially in the vertical direction. Under the
effect of the rotor eccentricity, it is essential to consider
the elasticity of the traction shaft and support bearings
because of the investigation of the dynamic characteris-
tics of the faulted motor. Meanwhile, the critical value of
the initial eccentric distance for the rub-impact phenom-
enon decreases from 1.23 mm to 1.15 mm. If the initial
eccentric distance exceeds 0.4 mm, the elastic deforma-
tion of the shaft at the rotor position will be larger than
that at the pinion position. Therefore, the results under-
score the role of the elasticity of the traction shaft and
support bearings in dynamic researches of the traction
motor. Comparisons of the simulation results considering
the effects of wheel-rail interaction and rotor eccentricity
show that this improved flexible dynamics model is more
accurate and rational than the rigid model in evaluating
the dynamic characteristics of the traction motor.
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