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TIME DOMAIN IDENTIFICATION AND COMPARISON OF VERTICAL WHEEL-RAIL
FORCE OF RAIL VEHICLES AND ITS MACHINE LEARNING CORRECTION?

ZhuTao? WauJiaxin Wang Xiaorui  Xiao Shoune ~ Yang Guangwu Yang Bing
(State Key Laboratory of Rail Transit Vehicle System, Southwest Jiaotong University, Chengdu 610031, China)

Abstract In order to reduce the identification error of rail vehicle vertical wheel-rail force in time domain, time-
domain methods based on machine learning correction are carried out for vertical wheel-rail force identification. Firstly,
the vehicle dynamics simulation model is established, and the axle box accelerations and vertical wheel-rail forces are
obtained under the speed of 250 km/h with random track irregularity as the excitation. Secondly, the dynamic load
identification models corresponding to Green function method and state space method are established. The initial value
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error of state space method is analyzed, and the polynomial fitting method is introduced to correct the trend term error.
The performances of the two methods in calculation accuracy and efficiency are compared. Then, aiming at the
identification error existing in the time domain methods, it is proposed to use NARX (nonlinear autoregressive models
with exogenous inputs) model to train and predict the identification error, so as to reduce the influence of factors such as
incomplete response observation and observation noise in the model, and then correct the identification results of the
time-domain methods to improve the identification accuracy. Finally, the correctness of the methods are verified by a 10-
degree-of-freedom rail vehicle vertical dynamics model. The results show that the two methods have high identification
accuracy for vertical wheel-rail forces of rail vehicles, and for each wheelset, each method has its own advantages and
disadvantages; in terms of computational efficiency, state space method is better than Green function method; the two
time-domain methods corrected by NARX model are effective in identifying the vertical wheel-rail forces of rail vehicles,
and the Pearson correlation coefficients between the simulation and identification values are greater than 0.99, belonging
to extremely strong correlation. The machine learning error correction method based on NARX model can effectively
improve the time domain identification accuracy, and can provide reference for the subsequent prediction of wheel-rail

force of rail vehicles, with strong engineering application value.
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Table 1 Comparison of the two time domain methods for identifying vertical wheel-rail forces

Pearson correlation Pearson correlation

Pearson correlation Pearson correlation

Method coefficient ofthe first ~ coefficient of the second  coefficient of the third ~ coefficient of the fourth ~ Time consumption/s
wheelset wheelset wheelset wheelset
Green function method 0.948 0.938 0.946 0.932 19.137
state space method 0.958 0.921 0.956 0.912 0.505
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Fig. 5 Comparison of the two methods for identifying the vertical
wheel-rail force of the first wheelset
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Method NRMSE/%
Green function method 78.641
state space method 73.166

M 8 AT LU B, 28 NARX i Z Pl 45 77 4
IEJE 1 2 Bl Vo0 58 —Fe 0 ) de 24 R0 45 S 34 RE AR
U b g T SR AR AT, TR R 2249 21 1 AR GF )i B, H
Pearson #H5% R £073 71 0.998 F11 0.997, Fof v Al wiAH
A, AT ARAEIE B 45 R0 5, Pearson AHC R 4L
A3 BT T 0.050 F10.039. R UL, ASSC AT R H 3
LA NARX 2215 1E 10 2l 28 far VU 55 4 B4R &
O PUE G [ R0, IE AT 2 P BE

— simulation value

— the final value of Green function method
-~ simulation value

— the final value of state space method

vertical wheel-rail force/N

Bl 8 AR AIEN L
Fig. 8 Comparison of the final identification values

5 ZHg

AR HFE T NARX BRI HLA% 2% 2] T i)
PR R FH IR 80 28 Ay I 3R A T iR AT AR I, AE XS
JHEVH IR L T EORS T LG R L, SE K T
TE A [ S0 R, AR B LU R &R,



256 i

2
&

Eitd 2024 5 56 &

(1) 3 T @I BHL 4 A PLA 2 B IE3)
By IR 71, BT YRR 7 V6 BUTE A 1) SR
JIREAT VO, 38 I LA 2 ) T AE IE S B AT R
e B kN, 0 R TR B RRS

(2) T Green PR EVEFUIR A2 (0] 74 O BE 4=
P ) 2 0 ) AR S IE R[] Pearson AH K R 2L
KT 0.91, {HPR T3k 0 R ADRG FE Y30 A7 3 T3 18] £
THERCR T, RS VEXS 4 s FEAR TN THE I
75 0.5 s idr, HA PRI THEE L, 1 Green B
Bk T i SRS ) Green bR EIUHR RS 50
FOREAT SR, PRy oF SR A, vk SN Rk B T
19s /ity

(3) B 0F P Bh 7 ¥ 1 8 22 7 AR BRI, ST T
NARX #5228 [ BL2s 27 2] 738, e 0] g 77 5 R ) e
ZE TN ZRAN TR, 2 1E R PO 45 2R . BF o4 SRk
A R NARX A5G 1 I sl vk DR i 15 22 1) 1% — A
AT 5 AT AT, AT DU G b 3 B H w5 00
AN ML AR R S R A S IR R 2. &
BIE TG, 2 FhJ7 o0 56 1 50 1) f 2R e 5 5 B
{EL I Pearson AHC R EIE KT 0.99, IRAIKS BEA3 2 T
BERIWFE a1, U BH AR Sy 72 A 3l U0 g g
— P R T R R, B 1 TR A E.

105 S BIE U, 3k mT LA BB 3 2 S )
BN VLS A 85 B S HEAR L MR PUIE -
BRI AT R, 3 PP RSO R T S
21 ERAS IR m PR 2y PR

5

=

£ X M

1T B ST B LN T R AR BT [ AR 3 1. B
V4 9 28I K%, 2019 (Ding Ao. Research on the continuously test-
ing method and device of wheel-rail force on the ground. [Master
Thesis]. Chengdu: 2019 (in
Chinese))

2 Bizic M, Petrovic D. Algorithm for inverse determination of derail-

Southwest Jiaotong University,

ment coefficient by using instrumented wheelsets. International
Journal of Heavy Vehicle Systems, 2022, 29(5): 503-517

3 MR, MR, TN AR, BT AR AL IR R S B ) W
VEWETT. HIBK, 2022, 49(12): 53-60 (Lai Yiwen, Chen Jianzheng, Ma
Tianyi, et al. Research on high-frequency wheel-rail force measure-
ment method based on all-phase filter. Machinery, 2022, 49(12): 53-
60 (in Chinese))

4 Liu Q, Lei X, Rose JG, et al. Vertical wheel-rail force waveform
identification using wavenumber domain method. Mechanical Sys-
tems and Signal Processing, 2021, 159(8): 107784

5 Teng F, Zhu R, Zhou Y, et al. A lightweight model of wheel-rail

force inversion for railway vehicles. Concurrency and Computation
Practice and Experience, 2023, 35: ¢6443

EWIIR, RV, E /DTS, il 5 4 S P R IR
5. R B TR 223, 2019, 32(4): 602-608 (Wang Mingmeng, Zhu
Tao, Wang Xiaorui, et al. An inverse structural filter method for
wheel-rail contact forces identification of railway vehicles. Journal
of Vibration Engineering, 2019, 32(4): 602-608 (in Chinese))

Zeng J, Wei L, Wu P. Safety evaluation for railway vehicles using
an improved indirect measurement method of wheel-rail forces.
Journal of Modern Transportation, 2016, 24(2): 114-123

BRICTT. I3 P BHAS BT YU B A SR AR ST, [ e ).
G K 2%, 2004 (Cai Yuangi. Theory and applying technique
study on identification method for dynamic loads in time domain.
[PhD Thesis]. Wuhan: Wuhan University, 2004 (in Chinese))

Liu J, Sun X, Han X, et al. Dynamic load identification for stochast-
ic structures based on Gegenbauer polynomial approximation and
regularization method. Mechanical Systems and Signal Processing,
2015, 56-57: 35-54

Wang L, Huang Y, Xie Y, et al. A new regularization method for dy-
namic load identification. Science Progress, 2020, 103(3):
0036850420931283

Liu R, Hou Z, Wu P, et al. Dynamic load identification for a power
battery pack based on a combined regularization algorithm. Journal
of Sound and Vibration, 2022, 529: 116928

Ronasi H, Johansson H, Larsson F. A numerical framework for load
identification and regularization with application to rolling disc
problem. Computers and Structures, 2011, 89(1-2): 38-47

WulJ, Zhu T, Wang Y, et al. TSVD regularization-parameter selec-
tion method based on Wilson-6 and its application to vertical wheel-
rail force identification of rail vehicles. Shock and Vibration, 2022,
2022: 2598040

RV A B SO BOR B AE HIRTST. [ 18 50 ). B
5 7 28 8 K %%, 2012 (Zhu Tao. Load identification technology for
high-speed train dynamic force and its application. [PhD Thesis].
Chengdu: Southwest Jiaotong University, 2012 (in Chinese))
SRS, BT Hn LK RS 0 B HER B AR I BT [ 1 L
R 3C 1. Akt T E R R = BF SR, 2015 (Guo Jianfeng. Theory
and application research on wheel rail force load identification based
on data modeling. [PhD Thesis]. Beijing: China Academy of Rail-
way Sciences, 2015 (in Chinese))

Sun Y, Cole C, Spiryagin M. Monitoring vertical WR contact force
based on freight wagon inverse modeling. Advances in Mechanical
Engineering, 2015, 7(5): 1-11

P, X B, £ DRSS, m B A PR i B
M. T FEJ)%, 2018, 35(11): 190-196 (Sun Shanchao, Liu Jinzhao,
Wang Weidong, et al. Holographic identification model of wheel &
rail contact force for high-speed railway. Engineering Mechanics,
2018, 35(11): 190-196 (in Chinese))

N, U R A HER SN AT [ e ] b
o Hp [ K JE B2 B 5T B, 2016 (Sun Shanchao. Theoretical re-
search on wheel/rail contact force identification and its application.
[PhD Thesis]. Beijing: China Academy of Railway Sciences, 2016
(in Chinese))


https://doi.org/10.3969/j.issn.1006-0316.2022.12.009
https://doi.org/10.16385/j.cnki.issn.1004-4523.2019.04.006
https://doi.org/10.6052/j.issn.1000-4750.2017.08.0603

Lo

IR VAR BB A 17 e 0 IR U0 L S LR 7 B IE

257

19

20

2

—_

22

23

24

25

JELSIV 82 TR A s D R PR A B0 SO AT [ i
W ). AR PHRGACIE K%, 2020 (Zhou Yabo. Research on the in-
verse identification method of wheel-rail force based on railway
vehicle’s acceleration. [Master Thesis]. Chengdu: Southwest Jiao-
tong University, 2020 (in Chinese))

Zhu T, Wang X, Fan Y, et al. A time domain method for wheel-rail
force identification of rail vehicles. Vehicle System Dynamics, 2022,
60(3): 790-809

P, B, AR, B SR BN I e Ak R S UV ) B s
A MUK AR (AR R, 2021, 257(2): 299-308 (Luo Jintun,
Teng Fei, Zhou Yabo, et al. A wheel-rail force inversion model for
high-speed railway. Journal of Nanjing University (Natural
Science), 2021, 257(2): 299-308 (in Chinese))

W B, Zocil, ATA AR, R/REUEBE S M A M S AT I
FAT IR, P55 phiti, 2023, 42(11): 262-270, 294 (Zeng Jun-
wei, Ji Yuanjin, Ren Lihui, et al. A serial tire load identification
model based on Kalman filter and neural network. Journal of Vibra-
tion and Shock, 2023, 42(11): 262-270, 294 (in Chinese))

Iwanaga MK, Brennan MJ, Tang B, et al. Some features of the accel-
eration impulse response function. Meccanica, 2021, 56: 169-177
RV, 11, PG, — o A I s A oA UM 7 ik, P R AL
WK 2 244, 2012, 47(6): 968-973 (Zhu Tao, Xiao Shoune, Yang
Guangwu. A new time-domain method for force identification.
Journal of Southwest Jiaotong University, 2012, 47(6): 968-973 (in
Chinese))

BRREE, TR, EHAE. 25T 2 I ARG YHE RSB AT P UNME IE
Sk Jesh S ppili, 2021, 40(11): 211-219 (Zhao Fengyao, Zhang Ji-

26

27

28

29

30

ancheng, Ge Wei, et al. Dynamic load identification correction al-
gorithm based on polynomial fitting initial value. Journal of Vibra-
tion and Shock, 2021, 40(11): 211-219 (in Chinese))

KK, RETL, B RFRAE. B BUE R 715 2 A 23 #r B it
5. HUBRER 2, 2006, 3: 419-423 (Zhang Yonggiang, Song Jianjiang,
Tu Liangyao, et al. Error analysis and improvement method when
numerical
Strength, 2006, 3: 419-423 (in Chinese))

BRI, REIDEAE, AR RBME A 5 AL BRI ML TREER,
2008, 198(9): 50-52, 126 (Li Dongwen, Xiong Xiaoyan, Li Bo. Re-
search on the processing of vibration acceleration signal. Mechanic-
al & Electrical Engineering Technology, 2008, 198(9): 50-52, 126
(in Chinese))

EB, AR, AR A BT Bt w5 AR ) H P A R
HEAE LI J7 3%, W0 ) ARG E Bk, 2018, 42(19): 1-9 (Wang Qi, Li

Feng, Tang Yi, et al. On-line prediction method of transient fre-

integration with software. Journal of Mechanical

quency characteristics for power grid based on physical-statistical
model. Automation of Electric Power Systems, 2018, 42(19): 1-9 (in
Chinese))

M. FETAE RSN A E AU T VAT [ R0 ). K
7. V4 B AZ 3 K %%, 2013 (Yang Qiang. Research on estimation
methods of track irregularities based on axle-box vibration. [PhD
Thesis]. Chengdu: 2013 (in
Chinese))

WY, EM-HUER A ) ), B 4 B ARG Bl R, 2015
(Zhai Wanming. Vehicle-track Coupled Dynamics, 4th edition.

Southwest Jiaotong University,

Beijing: Science Press, 2015 (in Chinese))


https://doi.org/10.3321/j.issn:1001-9669.2006.03.023

	引言
	1 时域动载荷识别方法
	1.1 Green函数法
	1.2 状态空间法

	2 初值误差分析与修正
	3 基于NARX模型的动载荷识别误差修正
	4 轨道车辆垂向轮轨力识别
	5 结论
	参考文献

