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Abstract. In order to reveal the effect of the vehicle-track vertical coupling vibrations on the 
frame-mounted traction motor dynamics, a vehicle-track vertical coupling dynamic model with 
considering the influence of the frame-mounted traction motor is established, and the correctness 
of the model is verified by real vehicle test. In case of the investigated vehicle model, the 
influences of the vehicle-track vertical coupling vibrations and the suspension parameters on the 
frame-mounted traction motor dynamics are discussed. The results show that the traction motor is 
significantly affected by the train system, when the motor is equivalent to the bogie frame mass, 
the phenomenon of underestimation exists to evaluate the vibration of the motor. In addition, 
suspension parameters have a great impact on the traction motor dynamics, rational selection 
suspension parameters can help to attenuate the vibration of the traction motor, and alleviate 
uneven the distribution of the air gap magnetic field of the traction motor. 
Keywords: train, traction motor, mounted on the bogie frame, electromechanical coupling, 
dynamic characteristics. 

1. Introduction 

Finding out the vibration mechanism of each subsystem is the key to ensure the safety and 
smooth operation of trains, and is also the premise of the design of railway vehicles’ main 
components [1, 2]. Many scholars have carried out a lot of research around this. For example, 
Dimitriu [3] compared the vertical vibration of trains under the rigid and elastic carbody from the 
comfort perspective by establishing a vertical dynamic model of railway vehicles with considering 
the elastic deformation of the car body. Lu et al. [4] proposed a solution method of the 
vehicle-track vertical coupling dynamic model based on the symplectic method, and discussed the 
influence of the track damping and vehicle speed on the train vertical dynamic responses. Nagai 
et al. [5] studied the influence of the passenger number and the passenger distribution on the 
railway vehicle’s car body vibration by establishing a passenger-body coupling vibration analysis 
model. However, for trains driven by traction motors, due to the limitation of computer 
performance, most of the early studies on train’s dynamic performance based on multi-body 
dynamics always simplified the traction motor to the spring-up and/or spring-down mass. In fact, 
for railway vehicles with power bogie system, the traction motor and the train system are a 
coupling system [6, 7], therefore, when ignoring the coupling between the traction motor and the 
train system, it will inevitably affect the analysis results of the train system’s vibration response, 
and also cannot analyze the dynamic characteristics of the traction motor during train operation. 

In recent years, with the continuous deepening of research, researchers in various countries 
have carried out many related studies on trains and traction motors [2]. Alfi et al. [8] analyzed the 
influence of the motor connection stiffness on the critical speed of railway vehicles, and used 
dynamic absorbers to explain the impact of the drive system elastic suspension on vehicle lateral 
stability. Yao et al. [9] discussed the mechanism of the impact of elastic suspension on locomotive 
dynamic performance. The results show that when the lateral suspension frequency of the drive 
system is close to the wheel-set rotational frequency, the locomotive has the best lateral dynamic 
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performance. Besides, the small lateral suspension damping helps to improve the lateral stability 
of the locomotive and reduce the force of the wheel and the rail. Luo et al. [10] analyzed the 
influence of the suspension parameters of traction drive device on locomotive lateral dynamic 
performance. The results indicate that the mass of the traction drive device and the lateral stiffness 
of primary suspension have a great influence on the rigid suspension locomotive, but little 
influence on the elastic suspension locomotive. When locomotive’s running speed is above 
160 km/h, the suspension mode of the traction device should adopt elastic suspension type. In 
addition, on the basis of considering the coupling vibration of the train system and the traction 
motor synthetically, Senini et al. [11] used computer to establish a dynamic simulation method for 
the wheel-rail interactions, and studied the impact of the wheel slip/rotation effect and the wheel 
diameter on the load of the motor. Zhai [12, 13] studied the vibration characteristics of the traction 
motor and the dynamic interaction between the locomotive and the track by establishing a 
locomotive-track vertical coupling dynamic model with considering the influence of the 
axle-mounted traction motor, and then, he used the model to calculate and compare the dynamic 
characteristics of the locomotive to the track under the rigid and elastic suspension modes of the 
axle-mounted traction motor, and studied the influence of the vehicle vibration on the dynamics 
of pantograph mounting system [14]. Chen et al. [15, 16] studied the effect of the locomotive 
dynamic characteristics on the root crack of the transmission system under traction drive 
conditions by establishing a heavy-haul electric locomotive-track vertical longitudinal coupling 
dynamic model with considering the dynamic effect of gear transmission. Liu et al. [17] analyzed 
the dynamic force of the wheel and the rail under curve driving conditions by using the 
locomotive-track vertical coupling dynamic model. 

As stated above, although many scholars have done a lot of research on the dynamic 
characteristics of the train system and the traction motor under the coupling of the train and the 
motor, most of them are aimed at axle-mounted traction motor. Therefore, it is impossible to 
accurately describe the actual vibration of the train system and the traction motor under the 
influence of the frame-mounted traction motor. It shows that, the vertical coupling vibration 
mechanism between the frame-mounted traction motor and the train system needs to be further 
studied. In this paper, according to the structural characteristics of a train with frame-mounted 
traction motor, a vehicle-track vertical coupling dynamic model with considering the influence of 
the frame-mounted traction motor is established. Then, by considering both the track irregularity 
excitation and the traction motor vibration characteristics, the vertical vibration responses of the 
train with frame-mounted traction motor are simulated, and the correctness of the dynamic model 
established is verified by the real vehicle test. In case of the investigated vehicle model, the 
influences of the vehicle-track vertical coupling vibrations and the suspension parameters on the 
frame-mounted traction motor dynamics are discussed. The research made in this paper can 
provide an effective model reference for the analysis of the dynamic characteristics of the 
frame-mounted traction motor and the optimization design of the motor suspension parameters. 

2. Vehicle-track vertical coupling dynamic model with considering the frame-mounted 
traction motor 

2.1. Physical model of the vertical coupling system 

According to the actual structure of a train, the influence of the gear meshing in the 
transmission system and the radial clearance in the motor bearing are neglected, the effect of the 
lubricating oil film between the bearing inner/outer rings and the rolling body is not considered, 
and in the vertical direction, the bearing is equivalent to an elastic element, the motor is equivalent 
to a single mass spring-damping vibration system, a vehicle-track vertical coupling vibration 
dynamic model with considering the influence of the frame-mounted traction motor is established, 
as shown in Fig. 1. Here, 𝑀௖, 𝑀௧, 𝑀௪, and 𝑀௠ are the half of the car body mass, the bogie frame 
mass, the wheel-set and motor rotor total mass, and the motor stator and the shell total mass, 
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respectively; 𝐽௖, 𝐽௧, and 𝐽௠ are the half of the car body moment inertia, the frame moment inertia, 
and the motor stator and the shell total moment inertia, respectively; 𝐶௣௭ and 𝐶௦௭ are the vertical 
equivalent damping of one side of the primary suspension and secondary suspension, respectively; 𝐾௣௭  and 𝐾௦௭  are the vertical equivalent stiffness of one side of the primary suspension and 
secondary suspension, respectively; 𝐶௠ଵ and 𝐶௠ଶ are the damping between the frame and driving 
system, respectively; 𝐾௠ଵ  and 𝐾௠ଶ  are the stiffness between the frame and driving system, 
respectively; 𝐾௠௕ is the equivalent stiffness of the bearing; 𝑚௥, 𝑀௦௜, and 𝑀௕௜ are the rail mass per 
unit length, the half of the sleeper mass, and the single side ballast mass, respectively; 𝐼௒ is the 
rail section inertia, 𝐸 is the rail elastic modulus; 𝐾௣௜, 𝐾௕௜, 𝐾௪௜, and 𝐾௙௜ are the rail pad stiffness, 
the ballast support stiffness, the ballast shear stiffness, and the subgrade support stiffness, 
respectively; 𝐶௣௜, 𝐶௕௜, 𝐶௪௜, and 𝐶௙௜ are the rail pad damping, the ballast damping, the ballast shear 
damping, and the subgrade damping, respectively. In addition, 𝑧௖, 𝑧௧ଵ-𝑧௧ଶ, 𝑧௠ଵ-𝑧௠ସ, and 𝑧௪ଵ-𝑧௪ସ 
are the vertical displacements of the car body, the bogie frame, the traction motor, and the 
wheel-set, respectively; 𝛽௖, 𝛽௧ଵ-𝛽௧ଶ, and 𝛽௠ଵ-𝛽௠ସ are the pitch displacements of the car body, the 
bogie frame, and the traction motor, respectively; 𝑧௥, 𝑧௦, and 𝑧௕ are the vertical displacements of 
the rail, the sleeper, and the ballast, respectively. 𝑃ଵ-𝑃ସ are the wheel-rail forces; 𝑧௩ଵ-𝑧௩ସ are the 
track irregularities of each wheel-set, and 𝑧௩ଶ = 𝑧௩ଵሺ𝑡 − 𝜏ଵሻ, 𝑧௩ଷ = 𝑧௩ଵሺ𝑡 − 𝜏ଶሻ, 𝑧௩ସ = 𝑧௩ଵሺ𝑡 −𝜏ଷሻ, where, 𝑡 denotes time, 𝜏 is the time lag, 𝜏ଵ = 2𝐿௧ 𝑣⁄ , 𝜏ଶ = 2𝐿௖ 𝑣⁄ , 𝜏ଷ = 2ሺ𝐿௧ + 𝐿௖ሻ 𝑣⁄ , 𝐿௖ 
and 𝐿௧ are the half distances of the vehicle spacing and the bogie wheelbase, respectively, 𝑣 is the 
train running speed. 

 
Fig. 1. Vehicle-track vertical coupling dynamic model with considering  

the influence of the frame-mounted traction motor 

2.2. Mathematical model of the vertical coupling system 

According to the Newton’s second law and the Elastic vibration theory, the vibration 
differential equations of each subsystem in the model shown in Fig. 1 can be derived as follows: 

– Vertical vibration of the car body: 𝑀௖𝑧ሷ௖ = −𝐾௦௭(𝑧௖ − 𝐿௖𝛽௖ − 𝑧௧ଵ) − 𝐶௦௭(𝑧ሶ௖ − 𝐿௖𝛽ሶ௖ − 𝑧ሶ௧ଵ)       −𝐾௦௭(𝑧௖ + 𝐿௖𝛽௖ − 𝑧௧ଶ) − 𝐶௦௭൫𝑧ሶ௖ + 𝐿௖𝛽ሶ௖ − 𝑧ሶ௧ଶ൯. (1)
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– Pitching vibration of the car body: 𝐽௖𝛽ሷ௖ = [𝐾௦௭(𝑧௖ − 𝐿௖𝛽௖ − 𝑧௧ଵ) + 𝐶௦௭(𝑧ሶ௖ − 𝐿௖𝛽ሶ௖ − 𝑧ሶ௧ଵ)       −𝐾௦௭(𝑧௖ + 𝐿௖𝛽௖ − 𝑧௧ଶ) − 𝐶௦௭(𝑧ሶ௖ + 𝐿௖𝛽ሶ௖ − 𝑧ሶ௧ଶ)]𝐿௖ . (2)

Vertical vibration of the front bogie frame: 𝑀௧𝑧ሷ௧ଵ = −𝐾௣௭(𝑧௧ଵ + 𝐿௧𝛽௧ଵ − 𝑧௪ଶ) − 𝐶௣௭(𝑧ሶ௧ଵ + 𝐿௧𝛽ሶ௧ଵ − 𝑧ሶ௪ଶ)       −𝐾௠ଵ(𝑧௧ଵ − 𝐿௕𝛽௧ଵ − 𝑧௠ଵ + 𝐿ଵ𝛽௠ଵ) − 𝐾௣௭(𝑧௧ଵ − 𝐿௧𝛽௧ଵ − 𝑧௪ଵ)       −𝐶௠ଵ(𝑧ሶ௧ଵ − 𝐿௕𝛽ሶ௧ଵ − 𝑧ሶ௠ଵ + 𝐿ଵ𝛽ሶ௠ଵ) − 𝐶௣௭(𝑧ሶ௧ଵ − 𝐿௧𝛽ሶ௧ଵ − 𝑧ሶ௪ଵ)       −𝐶௦௭(𝑧ሶ௧ଵ − 𝑧ሶ௖ + 𝐿௖𝛽ሶ௖) − 𝐾௠ଶ[𝑧௧ଵ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଵ − 𝑧௠ଵ − 𝐿ଶ𝛽௠ଵ]       −𝐶௠ଶ[𝑧ሶ௧ଵ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଵ − 𝑧ሶ௠ଵ − 𝐿ଶ𝛽ሶ௠ଵ]       −𝐾௠ଶ[𝑧௧ଵ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଵ − 𝑧௠ଶ + 𝐿ଶ𝛽௠ଶ]       −𝐶௠ଶ[𝑧ሶ௧ଵ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଵ − 𝑧ሶ௠ଶ + 𝐿ଶ𝛽ሶ௠ଶ]       −𝐾௠ଵ(𝑧௧ଵ + 𝐿௕𝛽௧ଵ − 𝑧௠ଶ − 𝐿ଵ𝛽௠ଶ) − 𝐾௦௭(𝑧௧ଵ − 𝑧௖ + 𝐿௖𝛽௖)       −𝐶௠ଵ൫𝑧ሶ௧ଵ + 𝐿௕𝛽ሶ௧ଵ − 𝑧ሶ௠ଶ − 𝐿ଵ𝛽ሶ௠ଶ൯. 
(3)

– Pitching vibration of the front bogie frame: 𝐽௧𝛽ሷ௧ଵ = 𝐾௣௭(𝑧௧ଵ − 𝐿௧𝛽௧ଵ − 𝑧௪ଵ)𝐿௧ + 𝐶௣௭(𝑧ሶ௧ଵ − 𝐿௧𝛽ሶ௧ଵ − 𝑧ሶ௪ଵ)𝐿௧       −𝐾௣௭(𝑧௧ଵ + 𝐿௧𝛽௧ଵ − 𝑧௪ଶ)𝐿௧ − 𝐶௣௭(𝑧ሶ௧ଵ + 𝐿௧𝛽ሶ௧ଵ − 𝑧ሶ௪ଶ)𝐿௧       +𝐾௠ଵ(𝑧௧ଵ − 𝐿௕𝛽௧ଵ − 𝑧௠ଵ + 𝐿ଵ𝛽௠ଵ)𝐿௕ + 𝐶௠ଵ(𝑧ሶ௧ଵ − 𝐿௕𝛽ሶ௧ଵ − 𝑧ሶ௠ଵ + 𝐿ଵ𝛽ሶ௠ଵ)𝐿௕       −𝐾௠ଵ(𝑧௧ଵ + 𝐿௕𝛽௧ଵ − 𝑧௠ଶ − 𝐿ଵ𝛽௠ଶ)𝐿௕ − 𝐶௠ଵ(𝑧ሶ௧ଵ + 𝐿௕𝛽ሶ௧ଵ − 𝑧ሶ௠ଶ − 𝐿ଵ𝛽ሶ௠ଶ)𝐿௕       +𝐾௠ଶ[𝑧௧ଵ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଵ − 𝑧௠ଵ − 𝐿ଶ𝛽௠ଵ](𝐿௕ − 𝐿ଵ − 𝐿ଶ)       +𝐶௠ଶ[𝑧ሶ௧ଵ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଵ − 𝑧ሶ௠ଵ − 𝐿ଶ𝛽ሶ௠ଵ](𝐿௕ − 𝐿ଵ − 𝐿ଶ)       −𝐾௠ଶ[𝑧௧ଵ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଵ − 𝑧௠ଶ + 𝐿ଶ𝛽௠ଶ](𝐿௕ − 𝐿ଵ − 𝐿ଶ)       −𝐶௠ଶൣ𝑧ሶ௧ଵ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଵ − 𝑧ሶ௠ଶ + 𝐿ଶ𝛽ሶ௠ଶ൧(𝐿௕ − 𝐿ଵ − 𝐿ଶ). 
(4)

– Vertical vibration of the rear bogie frame: 𝑀௧𝑧ሷ௧ଶ = −𝐾௣௭(𝑧௧ଶ − 𝐿௧𝛽௧ଶ − 𝑧௪ଷ) − 𝐶௣௭(𝑧ሶ௧ଶ − 𝐿௧𝛽ሶ௧ଶ − 𝑧ሶ௪ଷ)       −𝐾௠ଵ(𝑧௧ଶ − 𝐿௕𝛽௧ଶ − 𝑧௠ଷ + 𝐿ଵ𝛽௠ଷ) − 𝐾௣௭(𝑧௧ଶ + 𝐿௧𝛽௧ଶ − 𝑧௪ସ)       −𝐶௠ଵ(𝑧ሶ௧ଶ − 𝐿௕𝛽ሶ௧ଶ − 𝑧ሶ௠ଷ + 𝐿ଵ𝛽ሶ௠ଷ) − 𝐶௣௭(𝑧ሶ௧ଶ + 𝐿௧𝛽ሶ௧ଶ − 𝑧ሶ௪ସ)       −𝐾௠ଶ[𝑧௧ଶ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଶ − 𝑧௠ଷ − 𝐿ଶ𝛽௠ଷ]       −𝐶௠ଶ[𝑧ሶ௧ଶ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଶ − 𝑧ሶ௠ଷ − 𝐿ଶ𝛽ሶ௠ଷ]       −𝐾௠ଶ[𝑧௧ଶ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଶ − 𝑧௠ସ + 𝐿ଶ𝛽௠ସ]       −𝐶௠ଶ[𝑧ሶ௧ଶ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଶ − 𝑧ሶ௠ସ + 𝐿ଶ𝛽ሶ௠ସ]       −𝐾௠ଵ(𝑧௧ଶ + 𝐿௕𝛽௧ଶ − 𝑧௠ସ − 𝐿ଵ𝛽௠ସ) − 𝐾௦௭(𝑧௧ଶ − 𝑧௖ − 𝐿௖𝛽௖)       −𝐶௦௭൫𝑧ሶ௧ଶ − 𝑧ሶ௖ − 𝐿௖𝛽ሶ௖൯ − 𝐶௠ଵ൫𝑧ሶ௧ଶ + 𝐿௕𝛽ሶ௧ଶ − 𝑧ሶ௠ସ − 𝐿ଵ𝛽ሶ௠ସ൯. 
(5)

– Pitching vibration of the rear bogie frame: 𝐽௧𝛽ሷ௧ଶ = 𝐾௣௭(𝑧௧ଶ − 𝐿௧𝛽௧ଶ − 𝑧௪ଷ)𝐿௧ + 𝐶௣௭(𝑧ሶ௧ଶ − 𝐿௧𝛽ሶ௧ଶ − 𝑧ሶ௪ଷ)𝐿௧       −𝐾௣௭(𝑧௧ଶ + 𝐿௧𝛽௧ଶ − 𝑧௪ସ)𝐿௧ − 𝐶௣௭(𝑧ሶ௧ଶ + 𝐿௧𝛽ሶ௧ଶ − 𝑧ሶ௪ସ)𝐿௧       +𝐾௠ଵ(𝑧௧ଶ − 𝐿௕𝛽௧ଶ − 𝑧௠ଷ + 𝐿ଵ𝛽௠ଷ)𝐿௕ + 𝐶௠ଵ(𝑧ሶ௧ଶ − 𝐿௕𝛽ሶ௧ଶ − 𝑧ሶ௠ଷ + 𝐿ଵ𝛽ሶ௠ଷ)𝐿௕       −𝐾௠ଵ(𝑧௧ଶ + 𝐿௕𝛽௧ଶ − 𝑧௠ସ − 𝐿ଵ𝛽௠ସ)𝐿௕ − 𝐶௠ଵ(𝑧ሶ௧ଶ + 𝐿௕𝛽ሶ௧ଶ − 𝑧ሶ௠ସ − 𝐿ଵ𝛽ሶ௠ସ)𝐿௕       +𝐾௠ଶ[𝑧௧ଶ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଶ − 𝑧௠ଷ − 𝐿ଶ𝛽௠ଷ](𝐿௕ − 𝐿ଵ − 𝐿ଶ)       +𝐶௠ଶ[𝑧ሶ௧ଶ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଶ − 𝑧ሶ௠ଷ − 𝐿ଶ𝛽ሶ௠ଷ](𝐿௕ − 𝐿ଵ − 𝐿ଶ)       −𝐾௠ଶ[𝑧௧ଶ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଶ − 𝑧௠ସ + 𝐿ଶ𝛽௠ସ](𝐿௕ − 𝐿ଵ − 𝐿ଶ) 
(6)
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      −𝐶௠ଶൣ𝑧ሶ௧ଶ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଶ − 𝑧ሶ௠ସ + 𝐿ଶ𝛽ሶ௠ସ൧(𝐿௕ − 𝐿ଵ − 𝐿ଶ). 
– Vertical vibration of the first wheel-set: 𝑀௪𝑧ሷ௪ଵ = −𝐾௣௭(𝑧௪ଵ − 𝑧௧ଵ + 𝐿௧𝛽௧ଵ) − 𝐶௣௭(𝑧ሶ௪ଵ − 𝑧ሶ௧ଵ + 𝐿௧𝛽ሶ௧ଵ)       −𝐾௠௕(𝑧௪ଵ − 𝑧௠ଵ) − 𝐾ு(𝑧௪ଵ − 𝑧௩ଵ) − 𝑃ଵ(𝑡) + 𝑃଴. (7)

– Vertical vibration of the second wheel-set: 𝑀௪𝑧ሷ௪ଶ = −𝐾௣௭(𝑧௪ଶ − 𝑧௧ଵ − 𝐿௧𝛽௧ଵ) − 𝐶௣௭(𝑧ሶ௪ଶ − 𝑧ሶ௧ଵ − 𝐿௧𝛽ሶ௧ଵ)       −𝐾௠௕(𝑧௪ଶ − 𝑧௠ଶ) − 𝐾ு(𝑧௪ଶ − 𝑧௩ଶ) − 𝑃ଶ(𝑡) + 𝑃଴. (8)

– Vertical vibration of the third wheel-set: 𝑀௪𝑧ሷ௪ଷ = −𝐾௣௭(𝑧௪ଷ − 𝑧௧ଶ + 𝐿௧𝛽௧ଶ) − 𝐶௣௭(𝑧ሶ௪ଷ − 𝑧ሶ௧ଶ + 𝐿௧𝛽ሶ௧ଶ)       −𝐾௠௕(𝑧௪ଷ − 𝑧௠ଷ) − 𝐾ு(𝑧௪ଷ − 𝑧௩ଷ) − 𝑃ଷ(𝑡) + 𝑃଴. (9)

– Vertical vibration of the forth wheel-set: 𝑀௪𝑧ሷ௪ସ = −𝐾௣௭(𝑧௪ସ − 𝑧௧ଶ − 𝐿௧𝛽௧ଶ) − 𝐶௣௭(𝑧ሶ௪ସ − 𝑧ሶ௧ଶ − 𝐿௧𝛽ሶ௧ଶ)       −𝐾௠௕(𝑧௪ସ − 𝑧௠ସ) − 𝐾ு(𝑧௪ସ − 𝑧௩ସ) − 𝑃ସ(𝑡) + 𝑃଴. (10)

– Vertical vibration of the first traction motor: 𝑀௠𝑧ሷ௠ଵ = −𝐾௠ଵ(𝑧௠ଵ − 𝐿ଵ𝛽௠ଵ − 𝑧௧ଵ + 𝐿௕𝛽௧ଵ)       −𝐾௠ଶ[𝑧௠ଵ + 𝐿ଶ𝛽௠ଵ − 𝑧௧ଵ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଵ] − 𝐾௠௕(𝑧௠ଵ − 𝑧௪ଵ)       −𝐶௠ଶ[𝑧ሶ௠ଵ + 𝐿ଶ𝛽ሶ௠ଵ − 𝑧ሶ௧ଵ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଵ]       −𝐶௠ଵ(𝑧ሶ௠ଵ − 𝐿ଵ𝛽ሶ௠ଵ − 𝑧ሶ௧ଵ + 𝐿௕𝛽ሶ௧ଵ) + 𝑀௠𝑒𝜔ଶcos(𝜔𝑡). (11)

– Pitching vibration of the first traction motor: 𝐽௠𝛽ሷ௠ଵ = 𝐾௠ଵ(𝑧௠ଵ − 𝐿ଵ𝛽௠ଵ − 𝑧௧ଵ + 𝐿௕𝛽௧ଵ)𝐿ଵ + 𝐶௠ଵ(𝑧ሶ௠ଵ − 𝐿ଵ𝛽ሶ௠ଵ − 𝑧ሶ௧ଵ + 𝐿௕𝛽ሶ௧ଵ)𝐿ଵ       −𝐾௠ଶ[𝑧௠ଵ + 𝐿ଶ𝛽௠ଵ − 𝑧௧ଵ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଵ]𝐿ଶ       −𝐶௠ଶൣ𝑧ሶ௠ଵ + 𝐿ଶ𝛽ሶ௠ଵ − 𝑧ሶ௧ଵ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଵ൧𝐿ଶ. (12)

– Vertical vibration of the second traction motor: 𝑀௠𝑧ሷ௠ଶ = −𝐾௠ଵ(𝑧௠ଶ + 𝐿ଵ𝛽௠ଶ − 𝑧௧ଵ − 𝐿௕𝛽௧ଵ)       −𝐾௠ଶ[𝑧௠ଶ − 𝐿ଶ𝛽௠ଶ − 𝑧௧ଵ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଵ − 𝐾௠௕(𝑧௠ଶ − 𝑧௪ଶ)]       −𝐶௠ଶ[𝑧ሶ௠ଶ − 𝐿ଶ𝛽ሶ௠ଶ − 𝑧ሶ௧ଵ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଵ]       −𝐶௠ଵ(𝑧ሶ௠ଶ + 𝐿ଵ𝛽ሶ௠ଶ − 𝑧ሶ௧ଵ − 𝐿௕𝛽ሶ௧ଵ) + 𝑀௠𝑒𝜔ଶcos(𝜔𝑡). (13)

– Pitching vibration of the second traction motor: 𝐽௠𝛽ሷ௠ଶ = −𝐾௠ଵ(𝑧௠ଶ + 𝐿ଵ𝛽௠ଶ − 𝑧௧ଵ − 𝐿௕𝛽௧ଵ)𝐿ଵ       +𝐶௠ଶ[𝑧ሶ௠ଶ − 𝐿ଶ𝛽ሶ௠ଶ − 𝑧ሶ௧ଵ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଵ]𝐿ଶ       +𝐾௠ଶ[𝑧௠ଶ − 𝐿ଶ𝛽௠ଶ − 𝑧௧ଵ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଵ]𝐿ଶ       −𝐶௠ଵ൫𝑧ሶ௠ଶ + 𝐿ଵ𝛽ሶ௠ଶ − 𝑧ሶ௧ଵ − 𝐿௕𝛽ሶ௧ଵ൯𝐿ଵ. (14)

– Vertical vibration of the third traction motor: 
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𝑀௠𝑧ሷ௠ଷ = −𝐾௠ଵ(𝑧௠ଷ − 𝐿ଵ𝛽௠ଷ − 𝑧௧ଶ + 𝐿௕𝛽௧ଶ)       −𝐾௠ଶ[𝑧௠ଷ + 𝐿ଶ𝛽௠ଷ − 𝑧௧ଶ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଶ] − 𝐾௠௕(𝑧௠ଷ − 𝑧௪ଵ)       −𝐶௠ଶ[𝑧ሶ௠ଷ + 𝐿ଶ𝛽ሶ௠ଷ − 𝑧ሶ௧ଶ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଶ]       −𝐶௠ଵ൫𝑧ሶ௠ଷ − 𝐿ଵ𝛽ሶ௠ଷ − 𝑧ሶ௧ଶ + 𝐿௕𝛽ሶ௧ଶ൯ + 𝑀௠𝑒𝜔ଶcos(𝜔𝑡). (15)

– Pitching vibration of the third traction motor: 𝐽௠𝛽ሷ௠ଷ = 𝐾௠ଵ(𝑧௠ଷ − 𝐿ଵ𝛽௠ଷ − 𝑧௧ଶ + 𝐿௕𝛽௧ଶ)𝐿ଵ       −𝐶௠ଶ[𝑧ሶ௠ଷ + 𝐿ଶ𝛽ሶ௠ଷ − 𝑧ሶ௧ଶ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଶ]𝐿ଶ       −𝐾௠ଶ[𝑧௠ଷ + 𝐿ଶ𝛽௠ଷ − 𝑧௧ଶ + (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଶ]𝐿ଶ       +𝐶௠ଵ൫𝑧ሶ௠ଷ − 𝐿ଵ𝛽ሶ௠ଷ − 𝑧ሶ௧ଶ + 𝐿௕𝛽ሶ௧ଶ൯𝐿ଵ. (16)

– Vertical vibration of the forth traction motor: 𝑀௠𝑧ሷ௠ସ = −𝐾௠ଵ(𝑧௠ସ + 𝐿ଵ𝛽௠ସ − 𝑧௧ଶ − 𝐿௕𝛽௧ଶ)       −𝐾௠ଶ[𝑧௠ସ − 𝐿ଶ𝛽௠ସ − 𝑧௧ଶ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଶ] − 𝐾௠௕(𝑧௠ସ − 𝑧௪ସ)       −𝐶௠ଶ[𝑧ሶ௠ସ − 𝐿ଶ𝛽ሶ௠ସ − 𝑧ሶ௧ଶ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଶ]       −𝐶௠ଵ(𝑧ሶ௠ସ + 𝐿ଵ𝛽ሶ௠ସ − 𝑧ሶ௧ଶ − 𝐿௕𝛽ሶ௧ଶ) + 𝑀௠𝑒𝜔ଶcos(𝜔𝑡). (17)

– Pitching vibration of the forth traction motor: 𝐽௠𝛽ሷ௠ସ = −𝐾௠ଵ(𝑧௠ସ + 𝐿ଵ𝛽௠ସ − 𝑧௧ଶ − 𝐿௕𝛽௧ଶ)𝐿ଵ       +𝐾௠ଶ[𝑧௠ସ − 𝐿ଶ𝛽௠ସ − 𝑧௧ଶ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽௧ଶ]𝐿ଶ       −𝐶௠ଵ൫𝑧ሶ௠ସ + 𝐿ଵ𝛽ሶ௠ସ − 𝑧ሶ௧ଶ − 𝐿௕𝛽ሶ௧ଶ൯𝐿ଵ+ 𝐶௠ଶൣ𝑧ሶ௠ସ − 𝐿ଶ𝛽ሶ௠ସ − 𝑧ሶ௧ଶ − (𝐿௕ − 𝐿ଵ − 𝐿ଶ)𝛽ሶ௧ଶ൧𝐿ଶ. (18)

– Vertical vibration of the rail: 

𝑞ሷ௞(𝑡) = −෍ 𝐶௣௜𝑧௞(𝑥௜)ே௜ୀଵ ෍ 𝑧௛(𝑥௜)𝑞ሶ௛(𝑡)ேெ௛ୀଵ − 𝐸𝐼௒𝑚௥ ൬𝑘𝜋𝐿 ൰ସ 𝑞௞(𝑡)       −෍ 𝐾௣௜𝑧௞(𝑥௜)ே௜ୀଵ ෍ 𝑧௛(𝑥௜)𝑞௛(𝑡)ேெ௛ୀଵ + ෍ 𝐶௣௜𝑧௞(𝑥௜)𝑧ሶ௦௜(𝑡)ே௜ୀଵ        +෍ 𝐾௣௜𝑧௞(𝑥௜)𝑧௦௜(𝑡)ே௜ୀଵ + ෍ 𝑃௡(𝑡)𝑧௞(𝑥௪௡),      (𝑘 = 1, … ,𝑁𝑀).ସ௡ୀଵ  (19)

– Vertical vibration of the sleeper: 𝑀௦௜𝑧ሷ௦௜(𝑡) = −(𝐶௣௜ + 𝐶௕௜)𝑧ሶ௦௜(𝑡) − (𝐾௣௜ + 𝐾௕௜)𝑧௦௜(𝑡) + 𝐶௕௜𝑧ሶ௕௜(𝑡) + 𝐾௕௜𝑧௕௜(𝑡)       +𝐶௣௜෍ 𝑧௛(𝑥௜)𝑞ሶ௛(𝑡)ேெ௛ୀଵ + 𝐾௣௜෍ 𝑧௛(𝑥௜)𝑞௛(𝑡),     (𝑖 = 1, … ,𝑁).ேெ௛ୀଵ  (20)

– Vertical vibration of the ballast: 𝑀௕௜𝑧ሷ௕௜(𝑡) = 𝐶௕௜𝑧ሶ௦௜(𝑡) + 𝐾௕௜𝑧௦௜(𝑡) + 𝐶௪௜𝑧ሶ௕(௜ାଵ)(𝑡) − (𝐶௕௜ + 𝐶௙௜ + 2𝐶௪௜)𝑧ሶ௕௜(𝑡)       −𝐾௪௜𝑧௕(௜ାଵ)(𝑡) + 𝐶௪௜𝑧ሶ௕(௜ିଵ)(𝑡) − (𝐾௕௜ + 𝐾௙௜ + 2𝐾௪௜)𝑧௕௜(𝑡) + 𝐾௪௜𝑧௕(௜ିଵ)(𝑡), (𝑖 = 1, … ,𝑁). (21)

Here, 𝐿ଵ is the distance between the driving system mass center and the end beam suspension 
point, 𝐿ଶ is the distance between the driving system mass center and the crossbeam suspension 
point, 𝐿௕ is the half of the frame length, 𝑒 is the rotor eccentricity, 𝜔 is the speed of the rotor. 𝑃଴ 
is the static force of the wheel and the rail, 𝑃௡(𝑡) is the vertical force of the wheel and the rail, 𝑁𝑀 
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is the rail modal order, 𝑁 is the sleeper number; 𝑞௞(𝑡) is the regular vibration mode coordinate of 
the rail, in which 𝑘 is the mode order number; 𝑧௛(𝑥௜) is the transposed matrix of 𝑧௞(𝑥௜); the 
expression of 𝑧௞(𝑥௜) and 𝑃௡(𝑡) can be written as [18]: 

𝑧௞(𝑥) = ඨ 2𝑚௥𝐿 sin 𝑘𝜋𝑥𝐿 , 
𝑃௡(𝑡) = ⎩⎨

⎧൜1𝐺 [𝑧௪௡(𝑡) − 𝑧௥(𝑥௪௡, 𝑡) − 𝑧௩௡(𝑡)]ൠଷ/ଶ ,    𝑧௪௡(𝑡) − 𝑧௥(𝑥௪௡, 𝑡) − 𝑧௩௡(𝑡) ≥ 0,
0,                                                                        𝑧௪௡(𝑡) − 𝑧௥(𝑥௪௡, 𝑡) − 𝑧௩௡(𝑡) < 0, 

where, 𝐺  is the contact constant of the wheel and the rail, for the taper tread wheel  𝐺 = 4.57𝑅-0.149×10-8 (m/N2/3), for the wear type tread wheel 𝐺 = 3.86𝑅-0.115×10-8 (m/N2/3), 𝑅 is the 
wheel radius. 

2.3. Numerical solution of the system dynamic response 

By analyzing the mathematical model of the vertical coupling system, it can be seen that, the 
equation group is a large, complex nonlinear dynamic differential equation group (with 
18+𝑁𝑀+2𝑁 DOFs). It is difficult to solve it by the analytic method. Therefore, we need to use 
numerical integration method to solve it. According to Eqs. (1-21), they can be expressed as the 
following matrix and vector form: 𝐌൛𝐗ሷ ൟ + 𝐂൛𝐗ሶ ൟ + 𝐊ሼ𝐗ሽ = ሼ𝐏ሽ, (22)

where, 𝐌, 𝐂, and 𝐊 are the mass, damping, and stiffness matrices of the vertical coupling system, 
respectively; {𝐗ሷ } , {𝐗ሶ } , and {𝐗} are the generalized acceleration, velocity, and displacement 
vectors, respectively; {𝐏} is the force vector. 

According to Eq. (22), using the Newmark-𝛽 implicit integration algorithm, the time-domain 
responses of the vehicle-track vertical coupling vibration dynamic model with considering the 
influence of the frame-mounted traction motor can be calculated. The iterative process of solving 
the equation is as follows: 

{𝐗}௠ = 𝐊 + 𝐌𝛾Δ𝑡ଶ + 𝛽𝐂𝛾Δ𝑡
൮൜{𝐏}௠ିଵ + 𝐌൤{𝐗}௠ିଵ𝛾Δ𝑡ଶ + {𝐕}௠ିଵ𝛾Δ𝑡 +(1 − 2𝛾) {𝐀}௠ିଵ2𝛾 ൨ +𝐶 ൤𝛽 {𝐗}௠ିଵ𝛾Δ𝑡 + (𝛽 − 𝛾) {𝐕}௠ିଵ𝛾 + (𝛽 − 2𝛾) {𝐀}௠ିଵΔ𝑡2𝛾 ൨ൠ൲

, 
{𝐀}௠ = [{𝐗}௠ − {𝐗}௠ିଵ]𝛾Δ𝑡ଶ − {𝐕}௠ିଵ𝛾Δ𝑡 − (1 − 2𝛾) {𝐀}௠ିଵ2𝛾 , {𝐕}௠ = {𝐕}௠ିଵ + (1 − 𝛽){𝐀}௠ିଵΔ𝑡 + 𝛽{𝐀}௠Δ𝑡, 
where, Δ𝑡 is the time integration step, 𝑚 represents the iterative step; 𝛽 and 𝛾 are the parameters 
to control the accuracy and stability of the integration method. 

3. Test verification of the vertical coupling dynamic model 

In order to verify the correctness of the vertical coupling dynamic model, the field 
measurements have been made by Shandong Zhiheng Vibration Damping Tech Co., Ltd, on a 
high-speed train which has been widely employed in China, and the analysis and test results are 



EFFECT OF VEHICLE-TRACK VERTICAL COUPLING VIBRATIONS ON FRAME-MOUNTED TRACTION MOTOR DYNAMICS.  
YUEWEI YU, LEILEI ZHAO, CHANGCHENG ZHOU 

 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 191 

compared and analyzed. The wheel tread type of the train is wear type. The parameters of the 
traction motor and the train system can be found in Table 1, and the parameters of the ballasted 
track employed in this paper can be referenced to Zhai et al. [19]. The train running speed is 
200 km/h, the corresponding motor rotor speed is 392 r/s, the eccentricity of the rotor is  
1.5×10-4 m, and the sampling frequency is 1 000 Hz. 

Table 1. System parameters values 
Symbol Unit Value Symbol Unit Value 𝑀௖ kg 17 000 𝐾௣௭ N/m 275 000 𝑀௧ kg 1 500 𝐾௦௭ N/m 200 000 𝑀௪ kg 700 𝐾௠௕ N/m 1.0×104 𝑀௠ kg 220 𝐾௠ଵ N/m 1.0×106 𝐽௖ kg·m2 1 138 500 𝐾௠ଶ N/m 1.0×106 𝐽௧ kg·m2 1 355 𝐿௖ m 9.0 𝐽௠ kg·m2 13.7 𝐿௧ m 1.2 𝐶௣௭ N·s/m 30 000 𝐿ଵ m 0.3 𝐶௦௭ N·s/m 40 000 𝐿ଶ m 0.5 𝐶௠ଵ N·s/m 100 𝐿௕ m 1.8 𝐶௠ଶ N·s/m 100 𝑅 m 0.457 5 

Track irregularity is the excitation source of the wheel-rail system and the main cause of the 
vehicle vibration and wheel-rail force. It has an important impact on the dynamic characteristics 
of railway vehicles [20, 21]. Among them, the track vertical irregularity is the main cause of the 
trains’ vertical vibration. In order to make the simulation conditions as consistent as possible with 
the line conditions in the real vehicle test, the German track spectrum is adopted for the track 
irregularity. Since the track irregularity is usually expressed in the form of power spectral density, 
the time-frequency conversion method provided by Zhai et al. [19] is used to transform the track 
irregularity into a time-domain sample as the input of the system, and the vertical vibration 
responses of the train system and the traction motor are analyzed. Here, the spatial frequency 
analytical expression of the power spectral density of the track vertical irregularity is [22]: 

𝑆௩(Ω) = 𝐴௩Ω௖ଶ(Ωଶ + Ω௥ଶ)(Ωଶ + Ω௖ଶ), (23)

where, 𝑆௩(Ω)  is the power spectral density of the track vertical irregularity, Ω  is the spatial 
frequency of the track irregularity, 𝐴௩ is the roughness coefficient of the rail; Ω௖ and Ω௥ are the 
truncated space frequencies. Each known parameter value is shown in Table 2. Here, the low 
interference spectrum is suitable for the vehicle speed of greater than or equal to 250 km/h, the 
high interference spectrum is suitable for the vehicle speed below 250 km/h. 

Table 2. Parameters of the track vertical irregularity 

Track level Parameter 𝐴௩  /(m2·rad/m) Ω௖  /(rad/m) Ω௥  /(rad/m) 
Low interference 4.032×10-7 0.824 6 0.020 6 
High interference 10.8×10-7 0.824 6 0.020 6 

Fig. 2 shows the simulation analysis and test results of the vertical vibration accelerations of 
the traction motor and the car body, respectively. 

From Fig. 2, it can be seen that, the vertical vibration acceleration responses of the traction 
motor and the car body calculated by simulation are in good agreement with the vibration 
responses measured by the actual vehicle test, but the peak values are slightly smaller than the 
measured results. In which, the maximum values of the vertical vibration accelerations of the 
traction motor and the car body simulated are 41.157 m/s2 and 1.429 m/s2, respectively, and the 
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measured maximum values are 43.661 m/s2 and 1.479 m/s2, respectively. Thus, the vertical 
vibration accelerations of the traction motor and the car body calculated by the dynamic model 
established in this paper are in good agreement with the measured data, which shows that the 
vehicle-track vertical coupling vibration dynamic model with considering the influence of the 
frame-mounted traction motor proposed is correct. 

 
 

Fig. 2. Vertical random vibration response of the railway vehicle: a) the vertical vibration acceleration  
of the traction motor, b) the vertical vibration acceleration of the car body 

4. The influence of the vehicle-track vertical coupling vibrations on the frame-mounted 
traction motor dynamics 

In order to find out the influences of the vehicle-track vertical coupling vibrations on the 
frame-mounted traction motor dynamics, by using the dynamic model established in Section 2, 
taking the high-speed train described in Section 3 as an example, the vertical vibration responses 
of the train with or without frame-mounted traction motor under the excitation of track irregularity 
shown in Eq. (23) are analyzed. In which, the simulation time step is 0.002 s, the simulation time 
is 10 s, and the train speed is 250 km/h. In addition, in the process of simulation calculation, except 
the traction motor, other dynamic parameters and line parameters of the train are identical. 

4.1. Influence of train system on the vibration response of the traction motor 

Figs. 3-4 show the power spectral density curves of the vertical and pitching accelerations of 
the traction motor, and the relative clearance between the stator and rotor of the motor with or 
without the train system obtained by simulation. Since the similarity of the vibration laws of the 
four motors, only the analysis results of the first motor are given here. Note that, the influence of 
the random track irregularity disturbance is neglected when the train system is not considered. 

  

Fig. 3. Power spectral density curve of the traction motor vibration acceleration: a) the vertical acceleration 
of the traction motor, b) the pitching acceleration of the traction motor 
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Fig. 3 and Fig. 4 show that, the vertical vibration responses of the traction motor increase 
significantly after considering the train system. When considering the train system, the root mean 
square values of the vertical and pitching vibration accelerations of the traction motor are 
23.095 m/s2 and 23.121 rad/s2, respectively; the root mean square value of the relative clearance 
between the stator and rotor of the motor is 7.650×10-3 m. When the train system is not considered, 
the root mean square values of the vertical and pitching vibration accelerations of the traction 
motor are 17.185 m/s2 and 17.185 rad/s2, respectively; the root mean square value of the relative 
clearance between the stator and rotor of the motor is 1.013×10-4 m. The results show that the 
traction motor is significantly affected by the train system. Therefore, the influence of the train 
system should be taken into account when analyzing the vibration characteristics of the traction 
motor. 

 
Fig. 4. Power spectral density curve of the relative clearance between the stator and rotor 

4.2. Influence of electromechanical coupling on the vibration response of the traction motor 

Fig. 5 and Fig. 6 show the power spectral density curves of the vertical and pitching 
acceleration of the traction motor, and the relative clearance between the stator and rotor of the 
motor with or without the electromechanical coupling obtained by simulation. Since the similarity 
of the vibration laws of the four motors, only the analysis results of the first motor are given here. 
Here, when the electromechanical coupling is not considered, the motor is equivalent to the frame 
mass. 

 
 

Fig. 5. Power spectral density curve of the traction motor vibration acceleration: a) the vertical  
acceleration of the traction motor, b) the pitching acceleration of the traction motor 

From Fig. 5 and Fig. 6, it can be seen that, the vertical vibration responses of the traction motor 
increases with considering the electromechanical coupling. When considering the 
electromechanical coupling, the root mean square values of the vertical and pitching vibration 
accelerations of the traction motor are 23.095 m/s2 and 23.121 rad/s2, respectively; the root mean 
square value of the relative clearance between the stator and rotor of the motor is 7.650×10-3 m. 
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When the electromechanical coupling is not considered, the root mean square values of the vertical 
and pitching vibration accelerations of the traction motor are 22.579 m/s2 and 21.761 rad/s2, 
respectively; the root mean square value of the relative clearance between the stator and rotor of 
the motor is 0 m. The results show that when the motor is equivalent to the bogie frame mass, the 
phenomenon of underestimation exists to evaluate the vibration of the motor. Therefore, the 
coupling effect between the train system and the traction motor should be considered in the 
analysis of the vibration characteristics of the motor. 

 
Fig. 6. Power spectral density curve of the relative clearance between the stator and rotor 

5. The influence of the suspension parameters on the frame-mounted traction motor 
dynamics 

In order to find out the influences of the suspension parameters on the frame-mounted traction 
motor dynamics, taking the high-speed train described in Section 3 as an example, the influences 
of the stiffness parameters 𝐾௠ଵ , 𝐾௠ଶ  and damping parameters 𝐶௠ଵ  and 𝐶௠ଶ  on the vibration 
responses of the traction motor are studied by using the coupling system model. 

  

  

Fig. 7. The influences of the suspension parameters on the vibration responses of the traction motor:  
a) the influence of 𝐾௠ଵ, b) the influence of 𝐾௠ଶ, c) the influence of 𝐶௠ଵ, d) the influence of 𝐶௠ଶ 
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Fig. 7 shows the change of the root mean square values of the vertical and pitching vibration 
accelerations of the traction motor, and the relative clearance between the motor stator and rotor 
with the stiffness parameters 𝐾௠ଵ, 𝐾௠ଶ and damping parameters 𝐶௠ଵ and 𝐶௠ଶ, respectively. In 
order to represent each response in a same figure, 𝑧ሷ௠ଵ, 𝛽ሷ௠ଵ, and 𝑧௠ଵ-𝑧௪ଵ are treated as follows: 𝜎ଵ = 𝜎௭ሷ೘భ/𝜎௭ሷ೘భ್ , 𝜎ଶ = 𝜎ఉሷ೘భ/𝜎ఉሷ೘భ್ , 𝜎ଷ = 𝜎(௭೘భି௭ೢభ)/𝜎(௭೘భ್ି௭ೢభ್) , where, 𝑏  represents the 
vibration responses under the original vehicle parameters. Since the similarity of the vibration 
laws of the four motors, only the analysis results of the first motor are given here. 

As can be seen from Fig. 7, with the increase of 𝐾௠ଵ and 𝐾௠ଶ, 𝜎ଵ and 𝜎ଶ decrease first, then 
increase and finally stabilize, 𝜎ଷ decreases first and then stabilizes; with the increase of 𝐶௠ଵ and 𝐶௠ଶ, 𝜎ଵ and 𝜎ଶ decrease first and then increase, and 𝜎ଷ hardly changes. It can be seen that, under 
the condition of a given mass of the motor, there are optimal 𝐾௠ଵ, 𝐾௠ଶ, 𝐶௠ଵ, and 𝐶௠ଶ values 
which minimize the vertical and pitching vibration accelerations of the motor, and the values of 𝐾௠ଵ and 𝐾௠ଶ in a certain range of stiffness can help to reduce the relative clearance between the 
stator and the rotor of the motor, that is, to improve the uneven distribution of the air gap magnetic 
field of the motor. Among them, the sensitivity degree of 𝜎ଵ and 𝜎ଶ to each suspension parameter 
is in the order of 𝐾௠ଵ, 𝐾௠ଶ, 𝐶௠ଵ, and 𝐶௠ଶ. 

6. Conclusions 

In this paper, a vehicle-track vertical coupling dynamic model with considering the influence 
of the frame-mounted traction motor is established. And then, by considering both the track 
irregularity excitation and the traction motor vibration characteristics, the vertical vibration 
responses of the train with frame-mounted traction motor are simulated, and the correctness of the 
dynamic model established is verified by the real vehicle test. According to the results, the 
following conclusions can be drawn: 

1) Traction motor is significantly affected by the train system, when the motor is equivalent to 
the bogie frame mass, the phenomenon of underestimation exists to evaluate the vibration of the 
motor, therefore, when analyzing the vibration characteristics of the traction motor, the coupling 
effect between the train system and the traction motor should be considered. 

2) Suspension parameters have a great impact on the vibration responses of the traction motor. 
There are optimal 𝐾௠ଵ , 𝐾௠ଶ , 𝐶௠ଵ , and 𝐶௠ଶ  values which minimize the vertical and pitching 
vibration accelerations of the motor. Rational selection of suspension parameters will help to 
attenuate the vibration of the traction motor, and alleviate uneven the distribution of air gap 
magnetic field of the traction motor. The dynamic model can be further used to optimize the 
stiffness and damping parameters of the traction motor suspension system. 
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