95 23 B 7 o L5 HE E R Vol. 23 No. 7

2025 4E 7 JOURNAL OF DYNAMICS AND CONTROL Jul. 2025

LB Y5 :1672-6553-2025-23(7)-082-011 DOI1:10.6052/1672-6553-2025-002

EFA—E—ZFZEFERiFAGEREIENEMMEIZE
FAEFFEHEFFR

" ﬁ]%‘?:‘tf R kT4
PG 4 % BB SIS B G 2 R 0% S 610031

WE RLPES S 2 A RBESRY AR AR AR H R R RS R i 2 N R
S, 22 22 LN O A ) R RS B IR SRR A L S BOE ST A A R 25 8 T 25 1T KB U B 21 A Y ofe Al
B I8 L 75 0B AR A e 23 ] 2 A1 A58 0 A B AL o TR A S IR L o AR RAE TR R S T A R T
— R, L3 G LA A Sy 1) DA IS A5 SR 3 AT T ) A ) 3 1 S R AL A O HE — 25 R TR S R

AT g 2 R B RS ML B Y i) B e 2 Ak TR M) D R AR i 3l ) S A G 2 D7 AR R AR«
Eﬁ%?i%ﬁ‘]éﬁﬂéﬁiﬁﬁl‘ﬁl”ﬂ ORI -3 G 25 A 00 F ) A ) B 0 TR A LR A AT T A A O 4R T
o T 45 2 AV A T 8 98 o i 2L 50 T LB v A 3 A O 1 5 S 0 O A T I TR B RS M A e B
Wi“xth’JJrltﬂ%MiBE}EXﬂﬂliﬁ Pl A —E RO

XEIR BMHGES T, AR BERER,  eArETEM. BRESH. WESH
FEDES: U469.5 XEFRERG:A

Research on the Ride Comfort of the Virtual Rail Train Based on

the Human-Seat-Train Coupling Model *

Xu Jing Yang Caijin’ Zhou Shuai Zhang Weihua
(State Key Laboratory of Rail Transit Vehicle System. Southwest Jiaotong University, Chengdu 610031, China)

Abstract The virtual rail train usually increases the passenger carrying capacity by equipping and articu-
lating the carbodies, and thus has the long vehicle body with multiple axles and the heavy axle load.
During the motion, the train has complex overall and local vibration characteristics under the influence of
various factors, which can worsen the ride comfort of the train. In this research, a vertical half-vehicle
model of the n-unit train was established in Newton’s second law with consideration of the human-seat
spatial distribution of the train and the random irregularity excitations of the road, in order to compre-
hensively evaluate the ride comfort of the train. As an example, the ride comfort analysis of a three-unit
train was carried out with the train model established. For its purpose, the vertical and pitch acceleration
responses of the system were firstly analyzed in both time and frequency domains, then the effects of the
factors, including the road surface grades, the operating speed, the number of carriages, the suspension
parameters and the articulation parameters between articulated carbodies, were then examined in terms
of the weighted acceleration root mean square index a,, of the seats. The obtained results show that the
middle carbody has the better ride comfort while the head and tail carbodies have the similar comfort

levels. The ride comfort of the train can be improved by enhancing the road grade, reducing the train
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speed and increasing the number of carbodies. Moreover, it indicates that the ride comfort of the train is
highly sensitive to the suspension parameters, and the large articulation damping between the carbodies

has a certain positive effect on the train ride comfort.

Key words virtual rail train,

tion parameters

L
i1

UTAE SR BRI LB R JR T A B T R 4k A
BET MR 2 A AT m a0 8is
H— BB IE 5 %= X B 4 4 BE ﬁfiﬁcﬁ”ﬁﬁﬁi
N AR R R AT 25 40 FE , SRR TN T K i
E@ﬂzlxmﬁ A R L A 15 o 00 e R A o AR )
SRR AL RERLPUE B A AU T BRELE L 7 X
b S it = 2l 1) L AT BEAE SR T A 3 B AU 4
A AT R RS B A ARG 38 4 AT AR E R B
FER AR AR Ry 2 LS8 T B, 75 5 7 A 47 3
g2 TR S B rp DG T 1Y) B 2 [n) A

T SFAEAT I v 23 32 ) B T 04 B ALAS P BE 0
VEJT O30 5 %6 6 0 B 2R A% 338 3 0 2 4 110 i 1) R
By o FF T 5% W) 26406 14 T8 A8 &F 35 PE . Jiang %5 AT 0 Bt
BRI T4 G A 3 ) E BORL, S
T AT G T G N N B JE X 3fe Ak AT 3

(5 Wi E . Pazooki 26 %5 1 13 [ HE E4ish /1
SRR, SR 3k 3 % S 1 Pareto $ AR 3K B
RIS BRAR T 25 UK 10 DR A0 0 3 1) Jin S 32, A
HE R T AL AT IE . W R AR AR B LR
RGN AE DR L0 A A P B A B R A
R T A 5 SR DR g A R R — R AR
2h 5 R SR KA R TR N JBE A 1E AT s ik
RS R EBIR S G5 T 20 Hz) il K R 38 4% #
KU R, 2 F AT ] R N A — A A A AR
5 BN R IR 2l e M F 5T 22 0 1) e A T 3 M ] A
Guruguntla 2557 $ T — Bl A B 52 35 19 20
FIER B 2 B AR Dy 2 B0 00 5 7 1 dl B A I
B RIARGS & AT T 4858 ) 2 A S 8OO 4y
W o LAFR 5 T % 0 76 A &7 3 1. Sharma 1% SR
FIMSIH RS T 9 A =R ERRR 7 A H
J3E A ) N AARASEIRY  BIF 5 B AL B8 T OBl T 4 e Ak
M. Alfadhli %57 35 T84 #0019 b BE 8 T 19 DU

human-seat model, ride comfort,

suspension parameters, articula-

Z— AR B — ol A e B R 3 g s ol SR s
il FH 22 SR A0L £ 0 A7 00 3 O 0 56 i 4 28R
DX 531 1 3 A 1 3 I A o o 0L 290 9 4

BRI &) R SN X PR NI R
o R o A7 I T R A A R R R A PR 3l 0T A B
Wi, 3T R A E R AT . AN B A Ak A
20 e Ao 5 Rl T R — S I I A, £ 1 =)
FAL B (R 3h B A S8 3 0 v o B 4 A 2 A
LA ERE VB B R T R F Y
JE AR R Bl R M AR AR AR 25 57, e K IR A7 30 11 6 3
WAL PRt 0 2 3 52 38 483 42 50 19 &7 3 1 A
BT LR T IR R R S0 AT R 5 R R B A
M AR L TR 4D U 51 A T Ak AT O R R N
FgRsh A S AT, Yin FUVHSL T 3 S
4R LT 5 4 s lEﬂzﬁmﬂﬁuﬁMMQ“g@&m
W98 1 i 10 AN 7 B X 48 4 TR 7 A A TR Ak B 1
SR, Zhang %7 @S2 T 66 [ B9 RE S BLE 51
FERERL, IF BT NSGA-TT 8 3k X i a2 < 3 % 1y
i [r) W 3 A 1] BELJE el 7 25 BELJE L 5 i 3 1) 91
S5 AR T S O AT AL AL E’TE}T?E%%%%
P R ) B 3 N 1] T I R B A A M AR LG
M5 AT HE FL0E 51) 22 3fe A &7 35 M 1 317 ﬂn&
TGS A B AR S BR A A A B IR LR 2R
K& ot — 2 0o

Bt X SO 5] A 1Y e Ak BT 3 1 ) R, AR SO
TP LA 2 TAE « #3r % 8 AAR— & o 30 1) n
S 20 1 LA 97 2 3 1] B ) 2 AR, A Jsf AR
ﬁaf‘ﬁ*ﬁﬁﬁm%ﬁwﬁﬁ 3 4 20 5 4 3 ) B Bh
PERIRZ MR 3E— 25, 45 4 7 U1 BF A 8 A5 B 58 22 il
PR 3 0 7 05 T A 7 38 M 14 B ) L 3 L A 4 I i 4
G W IE AT g RO RS BRI 7 [ 4
e S0 AR ST RIF SR O 1 4090 30 41 4 TR Ak v
P — S A L 2 Rk B



84 & 4 %5

T /I S

2025 4R 23 &

1 EMNEINE—EREQINFER

AT o S T RE AL IE B A B 3 ) B )
PRI N AR A o A TR0 L T A - JBE A Y O —
AR T T 4 o A T 3 T S Y 81 AT I
3 [ {57 3l ) 2R

1.1 EEE S E iR

1 D i R B i UL T8 B G 25 A R A A
BUREEL A LR S 3 R R BT
BT AR A 2 R e N A B E T8
AN AL AR SCRL b oA 7 AR O SR BN —
JAE— R RO B T R ) Ty 22— R IR 1) 4R
B S HT Y SR AL ) B B T A A L AE
B B RO 4 A B 2 NI

567 8 9

101112

Y, 45 2P 4 3 [1) % 31 R AT 32 3l e R Jm 2 5 1Y)
3 [6] 41 Bl 5 A48 4 22 8] 5 4 5 2 M) i 3 fELJE )
JURERIRE IR L AT 1 () B i s JE A AR T 22 A i
JEE o — U B e IR 3 R ST AL A 1 Ca) B
N TR SR TR SCRRR T E AL B R A
T B IR AEAT G 5. BB . T 235008 %
P ST A BB 50 Ao 20 00 O AR G O B
HIR B R AL FUA, WEEES 1 AL, 43 50 o 4244
T/ s e, R e, 20 0 D A T A A A5 A
FIBEJE s & F . 73501 S A R A8 S 14 25 28 M 32 A BEL
JE sk F ¢ 7390 FR7 e Ao 1) 25 28 W BE RTBELJE 5,
NHRE R AR ke, D R85 T A AR A M. o
NN EAT B E g (1) B TTEOR , Hovb T2 38 %
AT B HE AU 5] 4R i 2 ORI S % 3
k[ 25].

(a) AfAL USRS

(a) Human sitting posture model

R

(b) Train half model

(b) F%E

1 EEE 5 4R

Fig. 1 Virtual rail train schematic

1.2 BEGiEE
BT AR B AR | T EE s AR .

m.z,; =F,;

n=38
A+ F +F,+F,+ > F,

(D
Kpoz, RAREMR WERMNEF,, ., M F, .
O3B TR AR AR AT A Ak 2 B I ) B
J1sFy MUF, 5 FoR Gk B2 F,, #R
TG W AR . AR /l\r“%‘{’EFﬁjJ.
TR WIS TR .

Jc%éci :CZF' i _bF'.i+l +ZFFH -

l.F, +21F (2)

L@ %E/Tiﬁi IR A1 51, FRosER 5 A HEda 3
FARBLO RIS, 0  HAR AR IS S R
—F; + Fr. (3)
Koz LM WM EMMEF. #nE
Rl g TR (e A = o O E I B
H

mozw =—F, +F . (4)
K,z BRER FRMEMMNE;F,, #RE

my 2w —



57

TR A TN — R — A 2 ) R 5 R A M UL 3 ) A SR Ak B 3 PR TT T 85

TR @ J e 52 20 i r AR
12,1 ZEfalgeds Jy BB T A d A1 T g
W T PR A SCR T 28 8 10 g ST A AU A 3 42
AT B e 06 2R 2 L AR R A A i A R A
Z A e v B Pl 2 S SR R B e T A5,
i SER—1 BERBHET N
Fiii=—k(z, +ap; — 241 tbpi) —

(3o Fagy —Fa +bou ) (5)
[ L R 55K -1 R R .
Fivii =k, (2o +age, — 2o +boy) +
oSy FaGu —Fa +bo) (6

Moo= 1WA D T E L EARET T A Z B
B IEHT R HLE F =0, 2R, E 20 = »
B F, , ., =0.

A M, R ] 28 8 1 g e AR B AT LA 318 AR AR
FH A BE R A 0 07

M, =diaglm ,J..m, m,)
2c. +8cy + 2c,

Cci:
—c, —lic, Cs 0
L —c, l,.c, 0 C.
[ 2k + 8k, +2¢, (L — 1)k, +(a— bk, — k. — k]
4
. U1k, 4 Ca—0k, U1k +2D 0k, + @+ bk, — Lk, Lk,
i j=1
— k. — Lk, k.4, 0
i — k. 1.k, 0 ko4 k,

n=8 n=8 n=8 n=8
F,=lk, 2 :Zs()j +cy 2 :Zs()j k 2 :ljzs()j +cg 2 :ijsw koqu k.q.
=1 i=1 i=1 i=1

1.3 Afk—pEigEs

AR E BRARAE 1SO 5892 —2019 H1 ) Ak
Ap AL N 1Ca) BT 7. %A LI MK B R 56
EMCNEAE 4 AR ENFRE W E—SLE RS &R

(Ui—L1)eco+ (a—b)c, —c, —oc,

4
Ui—1De.+a—be, LF+H1De,+2D,0%,2+ @ +be, —Llie. e,
j=1

1.2.2 RMIEATD
6 T X AR AR @ TR B A T R
Froi=—k (24 —qu) 7
K, g, FRARGM T FIES AL B AT BE L 6 TE X 7
i RRMER IR

F...=—k,(zi —q.) (8)
H g TARGIRJFE AL BT AT E.
1.2.3 ZERIEWMZI T

BT B3O B ERAREA 4 M ARE, 4
5 22 0 T 1] 1985 IR A 32 Bl B2 S AR R A T 1] 7
B, 58 SCTEAR @ AR BR B G 2

2y =[%d Po ZTiwi  Zrwi] T 9)
A D ~ () B 7 T ) 32 8l J5 72 7] R 7 A4
Y 2

M.z,+C.z,+K.,z,=F, (10)
A R BRI M BLE R C., o W P
K. MANIBBE F ., 57 il R H .

T

g8, m, (k=1,2,3) Kom HAL M AAK BT &Lk,
e 23 300 0 N 25 ) 1Y 25 R BELJE 55 W JEE AR 80, R
RSHE I 1.

BT AR TR AR ) DN R
GE R PR S A T AT 2R

R1 FLRERSH

Table 1 Human sitting model parameters
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Table 2 The relationship between a,, and people’s
subjective feeling

a,/(m/s") Comfort level

<20. 315 Not uncomfortable(NU)

0.315~0. 630 A little uncomfortable(LU)

0.500~1. 000 Fairly uncomfortable(FU)

0. 800~1. 600 Uncomfortable(U)
1.250~2. 500 Very uncomfortable(VU)
=>2.000 Extremely uncomfortable(EU)
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Table 3 The relationship between a,, and human subjective perception
. . Vertical acceleration/(m/s?) Pitch acceleration/(rad/s”)
Content Time/s
Carbody 1 Carbody 2 Carbody 3 Carbody 1 Carbody 2 Carbody 3
50 0.096 0.074 0.097 0.023 0.020 0.027
RMS 100 0.093 0.074 0.096 0.023 0.020 0.026
200 0.095 0.077 0.097 0.024 0.021 0.028
50 0. 300 0. 259 0.324 0.076 0.063 0. 086
MAX 100 0.317 0. 266 0. 359 0. 090 0.068 0.091
200 0. 356 0. 310 0.377 0.092 0.082 0.103
50 9.1x10 * 5.5%10 ° 9.4x10* 5.3%10 * 4.2x10 " 7.3%10 "
Variance 100 8.7x10 * 5.5%10° 9.1x10 * 5.3x10 * 4.0x10 " 6.9x10 *
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Bk 0.27 m/s*.0.54 m/s* Al 1.09 m/s", W& 8
2.2 BEER

58 3 15 4 41 1) 5 78 A [) 55 9% #% TaT B A7 Bl i
Te Ak &7 I8 AR AR RSO0, AN B 8 BT . AR B T A AR
TR 2 ) SR A T O R B e o B TH SRR B AR AT
TEVEIR, C GE T AT 46Tl v 22 i —
T LA S TR ] — S5 90 B T A5 A T B A AT Ol 1
PN e VDO 797 o (TR LR S 1 N S
a, NTHEHRBXIRER a,. SR _ER 3 A4S 5E9 %
AT S5 14T 22 e TR) DX 30 JBE R @, SR /DNME A3 R
0.13 m/s*,0.27 m/s’ F 0. 54 m/s*, WLIE 8 iz
AT DK, A3 e X R o, S KAE 5

1.2
Carbody 1 Carbody 2 Carbody 3 1]
= . ~ 1.09
Ju
Fu
S s 027 oos" LU
,,,,,,,, =@ =0 - - N o AT P
e +Hir’°/. 02
02 0.]13
L L L L 1 1 INU
0 4 8 12 16 20 24

Seat number
8 7N [ 45 2 6 ThT T 2 0 90 A &7 38 P 15 0 % L
Fig. 8 Comparison of train ride comfort under different

road surface grades

bR I T DX,y O AT AN ) 45 2% i T 0
IR A AR — B AR R T T Y o (HE T — S )
f 2 A8 X 2 P s T Hh 317D 2R A [ A
2 RN RIEAE G, (o) TRE.

2.3 BITHE

P9 AN TR) iz A7 B2 T 4 4 o A 7 3 1k o A
THOLEL. N9 on] LLBT A 4 s 17 42
TR S EOR RGPl AR 22 L OF H 2 4 EOl i — e
FEL i 2 00 AN P 2 B R 1 A1 KL 21 2
VUK oy B2 3 A7 I 5 47 B Sk 3 DX AR 3 B0 W1

1.0
g Carbody 1 Carbody 2 Carbody 3
0.9 70410 kivh ——30 km/h —=—60 km/h
D18 [ BN sinimmsminisnsnissiessocninisbonismsmsersasacsstsiateiosocs smssifsmim sininostatsmiesesinssocminissnss U
- 07 I
ﬁg (03] S N 0.54
i057K7” e 7 St WS —/1'— FU
S o
04 '\o\'\ ped
03 foas~---- !&4:9;&\_‘i ;;n.zg;_*_i/ztf:t_tf/_ _______ LU
02" 013
o l : . . L INu
0 4 8 12 16 20 24
Seat number
[E19  AN[RZAT 3 BE R 42 0 06 A 7 35 P 1 B0 X L
Fig. 9 Comparison of train ride comfort under different

operation speed



Ea e o

TN R ) R S S R Y AU LT 5] 4 R A T T MR S 89

e A £ 3 M A 2. K R Sk B B N L B T 1Y
BB R K 5 B 5 T R N 2 R 0 iR B e O
A 81 I8 B 22 A A 1) A% 4% RS 78 A2 A4 2 B
TE 1A 2% 1 28 T30 o 8 T 36 4 A i R 0 X I
M.

2.4 HAHE

T8I A n B S ) o 1~ 5, 3 B g 2 K
AR AT A 5 T Ak B 3 1 1R S, S5 SR AT 10 BITOR.

Pl 10 2R BHA [) G 2 500 1% 20 4 T A 7 3 1 1 2
IR A X BR A3 AT A AL B A E) 4 AR Y & 3 P A
I HALT B R4 IE 10 dak /T LA H L 42850
RO BE I 77 RAE @, 14 35 K {1 Bl i 2 505 1) 38
JnIEAR B AR, HARFESE 0.54 m/s" 2247, 1M
a, B/MEMM 0. 46 m/s” FFHERE 0.26 m/s", 16 W
AAg b ] X o & ) R 2 S gl LU O AR
6o NU 951, 3fe Ak &7 38 PR A5 3 1 B A& T i 4h,
) BB N I JBE AT o, (B = T AH B . 45 &
IR BT B A S AR A B AR T v BRI
S [ B 2 D) 0 42 B Je W Wi T A AR R Bl 1 e i
T R 3R Al T I 5 T i A AR A2 B A2 AR T ]
0B FRAN ) &2 45 5% W, 9 HL R 2 B0 i i, 4R

F2 BEL e o G52 i A IR, PR Jbb i 750 38 AR 6 3 P 0 e 2
B 8 A A SRR

o S o L e o0 _____l LU
S 0270 ~ &5 Groups teseee S o pa Sy & o

1 4 7 10 13 16 19 2 25 % 3l 34 37 40
Seat number

P10 A [l 2 2L 50 2 0 o A 8 35 Atk 23 A LA [

Fig. 10 Distribution of train ride comfort with different

36 *e 026
,,,,,,, y e 3R LT < S,

number of carriages

3 EIRTSHTUXNRALTFEENZ N

S B e A A O MR AR AR R B B O T B
SR TR 2 B AR A B S OIS A — E e
X A B R M i A R R R AT A
ZRRHJE W BE A L W SX 4 A S50 #

& WF 5T IR Al T 3 P

AR 600 WL T 8 5 5 hAE 4T B, 430
BT ZE 105 4 Kb 5 40 BHLJe R W DA R 2 2R BEL e
W B2 AR FE XT3 2 2 51) 7 3fe Ak &7 33 M 14 52 ), g
ZRFHJE BT Ry 0~ 8. 75X 10" N« s/m, Wl B
A ARG R 0~ 8. 75X 10° N/m ., 842 FH J8 25 1k i
Fl A 0~ 1X10° N « s/m, WAL IEE A 0~ 5X
10° N/m. % J& 3] % {4 3fe Ak &F 3 1 % FR 43 A 01
B R S 1~ 12 5 SR 67 38 v AT 40 #r

3.1 Z2E B F0 W B A 22T

B 2555k B RN I X AR AR T A8 P R e 4 [
11 7 . B 11 Ca) g B 4L BH T 2 H500T e 1 47 3 7 1Y
SER. Bt AR 2R BHLJE B A0 1 O, A e 3 1 e R
KB = AURA  BE 5 F bR B A, X — %
11 3 56 5 W0 0 %, e A TR E. 7E 25 %~ 75
Y0 B A — T BT 38 M A Ak L P L A% AR R T 3 M AR AL
Wi 32 AF T L O L 25 R 45 35 K 14 JAE R 7 B JE S 0%
BT 1 &F & @E?HHE%JE% WMELLCO Fmw. 5

7 4
0 40000 80000 120000 160000 200000
¢ /(N-s/m)

(a) ERIEPHLJE B0 B

(a) Scatter plot showing the influence of suspension damping

091

t:
£
g
078 8
1
065 8
=
052 E
=]
z

My
'th' 2

0 200000 400000 600000 800000
k/(N/m)
(b) 2P L 5 i 8ot 1

(b) Scatter plot showing the influence of suspension stiffness

10 10
09 09
£o8 To0s
< &
07 £07
S o6 3
k) 206
é’ui E“
El E]
g% o4
h

S03

1| ISIQR 02 || ISIQR

o1l —  Neutrality lin . mm..

o alue
— Neutrality lin value

0.0

1 2 3 4 5 6 7 8 9 10 11 12 12
Seat number

304 5 6 1 8 9 1011 12
Seat number

() BZEERFmAELAE

(c) Box plot showing the influence of

() BZEREmBELE
(d) Box plot showing the influence of
suspension damping

JE] 11 S B A B8 I 3 o A A T 34 P R R

Fig. 11 Effect of suspension equivalent damping and

suspension stiffness

stiffness on seat comfort



90 g h % 5 o OH ¥ M

2025 4R 23 &

WAET AES R S BB RIS 0L T &R R 5
P18 W 7 S B2 AR 6T 5 PR B A 250 B A 1 Dk % B 1T AN
R 14 ol AT 2 B T SR A O L AR L 2
BHL & 2 B v I, ek 40 28 48 1A W) SO 8 32 B 40 1]
S BCHXT 6 TG AN SF- B 3 L RE ) D88 O A 2
TER A G W BE 2 280 B0 (9 1o A2 v, dn ] 11
(b e 7 o JAE Ao F) 6F 3 1 A 2 o 00 2 455 A — > de A
ARZSIFORFF AR R AZ A2 o SR T 7 25 48 R, AT i 1
W B PR S BAL B . AN A () R 1 52 8 AR I
JE AR A 5 Wi 28 B AR U A 11 (D) . I
PITE T« 2 AL 2 A T AR K P I, L RE A8 A1 2L
MR AT 20 i v S T AN P B i SR AR Bl L O AR 7 B At
TP RR AT 1 B ofe Ak R 2. SR B A I RE i =
BE— 5 TR IE o RIS AN B B T A P B A 22 K
AR AR HE BRI RO 0 3 DT S B0 326 25 9 2 114
AR s A ol S R TR TR R ofe A BT

3.2 HEEHERBANENZIN

I 12 Ca) AT LA 2 42 0] 5042 Ak 45 280 fH e
B 22 A r 5 JBE AR O I Gt 5 958 R A R ) 7 3
AH 8 B = T 2 BE e B i — e Y LS, BEL S Y ek AR
AN 1) JE ey 5 35 PR B 0 BHLJE BE 5 A AR IR 2R
TR B fig i, D G4 e T AR A A T O 1. BB B,
ZE s ) e 07 B R R, R R AR IR L B 12 () B A
TR R R 2 B AR g K A2 BELJE A8 4k
SR A L AN 12 (o) BT,

55 BHJE A2 A 0T A ey 355 5 0 1 AN (D 58 I
JEE VG023 e B v AR e T A M SRS Y W B ek —
0BG  JAR e 8 7 35 M SR B an & 12 (b)) .
5 VR R A7 B HE W) B S e R A 5 T O M o A R
LA 12(dD) Fros. X & BT 7E BCH: R EE B /INE
— 3 [ W B2 A Bl T4 T o Al ) T 5 1 H 4k 223 R
D)2 in 5t 2 A 22 ] ) s i 42 , 55 4k T IR B A% o FIRE
R AR TR bt e AR T S M R AL, HE — D R
BRI BE IS o AT LA Ry ZE A 22 ] 14 B4 A s MR IR
BHJE Y 1 2% 6 3, R I A 467 338 1 KR 7 B
k.

XTLEE 11 FIIE 12, B8 S 500 b 0k 1 far & 16
PRI 52 MR L B4 S 8O AT S B, R B, 2
SRR A ST L3 G AL 9 A v 4 e R I T O A
A B 2 0y 22 et s M R FE B R S JU
AE BN BT, 4% 38 a7 3 M 14 722 Ak R0 7 DU Jre 300 A A

X B AR B, X — B R R W], B 2 RO A2 e
Je 5 W) JRE A P 25 S ) B R R AR AR AR S
TR E T AN [R] AR AR 2 I A A B 25

L0 ¢

yd 1o €
AL 109 E
A\ O i
AL NG 108
A 1%
P vIV 7 =
Ak e e 106 E
B% | Zz
Vsl 29
82 i
) \¥
vy A\ e
1 \ NG 7 &
\ ~
7 s

.//_,
0 200000 400000 600000 800000 1000000
¢ /(N-s/m)

(a) SRHEMLIE B P

(a) Scatter plot showing the influence of articulation damping

0999 &
g
099 3

3
0993 N

El
0.990 g
iz

0x10° 1x10° 2x10° 3%10° 4x10° ixm‘u
k,/(N/m)
(b) BAE NI BE R i 15

(b) Scatter plot showing the influence of articulation stiffness

1 2 3 4

5.6 7 8 91011 12 1 2 3 4 5
Seat number

(©) HHERMER P mAELE

(c) Box plot showing the influence of

6 7 8 9 10 11 12
al

Seat number
@) SRR ETmAELE
(d) Box plot showing the influence of

articulation damping articulation stiffness

T 12 e [a) B 4 5 A0 BELJE AN I of s Ao 7 3 4 5 i
Fig. 12 Effect of articulation equivalent damping and
stiffness on seat comfort

4 it

RIS T B N — B — B A RV n G
AR AT 5 2 3 (1] 3 1) S AR R T R SRR AR
Z RO B1) 4 3fe Al i 3 A ) R R L O S B A O
A EF IE PP T IS S A . A0 S A T 3 1 1Y
HASG AL, Al LA 2 0T 45148 .

(1) LU ULRY 3 2 4 M 100900 18 51 47 3fe A & i
PE ), A A 2 BT Sl MR AR LA R 3 5 4R T
4 3 PR AT

(2) % T 45 20 42 e LA B 3 47 2 1 /N
RETE A [ P B2 L i T4 42 ) ofe Al T 365 1 T 40 241 %X
BN ) T s A A v ] DX AR 7 O A
TR EI N 4 G S R RCR A

(3) M T B2 By AL AL, e o &7 3 1 X T
BRSBTS UK, B2 IR Y IR



57

TR A TN — R — A 2 ) R 5 R A M UL 3 ) A SR Ak B 3 PR TT T 91

3000 TRl A [ 57 ¥ B4 JA A 1 B¢ 4 2 S0 AR I Y
P AR A AT AR BRI 22 5

P, s i B4 S T R EH 2

B 22 A ieit  JF Bk — B UL B B e S 8L AR
5% B 114 3 A 7

2 2% 3k

(1]

[2]

[3]

(4]

(5]

[6]

KRR, AR, ok AR KR AL IE 5 R R e T
RS S L) ], 38 52 i R 2 4, 2023,
23(5): 163—182.

ZHANG Z H, YANG C J, ZHANG W H. Adap-
tive guidance control of super-twisting sliding mode
for virtual track train [J]. Journal of Traffic and
Transportation 2023, 23 (5):
163—182. (in Chinese)

BHIW, R, A, A T U IR A% 1) R B
WG R E RO ()], 3 e 5 E R AR
2023, 21(2): 87—95.

LIQ M, YANG C J, LI1Y, et al

Engineering,

Research on
trajectory following control of articulated vehicle
based on cooperative active steering [J]. Journal of
Dynamics and Control, 2023, 21(2).: 87—95. (in
Chinese)

YIN Z H, ZHANG J Y, LU H Y. Establishment
and comparison of a spatial dynamics model for vir-
tual track train with different steering modes []].
Proceedings of the Institution of Mechanical Engi-
neers, Part K: Journal of Multi-body Dynamics,
2021, 235(3): 481—498.

LENG H, REN L H, JIYJ. Path-following control
strategy for gantry virtual track train based on dis-
tributed virtual driving model [J]. Vehicle System
Dynamics, 2024, 62(1): 85—113.

B—1, Ak, BREF, 5. RUPUES £ LR E
S mAE RO, B SR m e, 2024, 22
(6): 59—67.

YANG Y B, YANG CJ, LUY, et al. Research on
all-wheel steering control of the virtual rail train
[J]. Journal of Dynamics and Control, 2024, 22
(6): 59—67. (in Chinese)

JIANG J C, LIP Q. CHEN Y K, et al. Ride com-
fort of heavy vehicles based on key response charac-
teristics of multibody dynamics [J]. Proceedings of
the Institution of Mechanical Engineers, Part K.
Journal of Multi-body Dynamics. 2021, 235 (4):

7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

553—567.

PAZOOKI A, CAO D P, RAKHEJA S, et al. Ride
dynamic evaluations and design optimisation of a
torsio-elastic off-road vehicle suspension [J]. Vehi-
cle System Dynamics, 2011, 49(9): 1455—1476.
WANG X J, OSVALDER A L, HOSTMAD P. In-
fluence of sound and vibration on perceived overall
ride comfort: A comparison between an electric ve-
hicle and a combustion engine vehicle [J]. SAE In-
ternational Journal of Vehicle Dynamics, Stability,
and NVH, 2023, 7(2): 153—171.

HSIAO CY, WANG Y H. Evaluation of ride com-
fort for active suspension system based on self-
tuning fuzzy sliding mode control [J]. International
Journal of Control, Automation and Systems, 2022,
20(4): 1131—1141.

WANG Y L, ZHAO W Z, ZHOU G, et al. Sus-
pension mechanical performance and vehicle ride
comfort applying a novel jounce bumper based on
negative Poisson’s ratio structure [ J]. Advances in
Engineering Software, 2018, 122. 1—12.

KIM E, FARD M, KATO K. A seated human
model for predicting the coupled human-seat trans-
missibility exposed to fore-aft whole-body vibration
[J]. Applied Ergonomics, 2020, 84: 102929.
NGUYEN T, SWOLANA P, LECHNER B, et al.
An experimental comparison of mathematical heavy-
duty city bus models to evaluate passenger ride com-
fort induced by road roughness [J]. Mathematical
and Computer Modelling of Dynamical Systems,
2021, 27(1) . 203—221.

WG, e, HOF. 5T I BMLAE Y 4 406 A A
SRR BERE A M LT, B J7 2344k, 2021, 38
(3): 1001—1010.

SHIPC, LIY L, XIAO P. Parameter optimization
and performance analysis of vehicle seat based on
parallel mechanism [J]. Chinese Journal of Applied
Mechanics, 2021, 38 (3): 1001 — 1010. (in Chi-
nese)

XIAO X B, XU H W, YANG Y, et al. Analysis of
the influence of track irregularity on high-speed train
ride comfort [J]. Vehicle
62(7): 1658—1685.
GURUGUNTLA V. LAL M. Multi-body modelling

System Dynamics, 2024,

and ride comfort analysis of a seated occupant under
whole-body vibration [J]. Journal of Vibration and

Control, 2023, 29(13/14): 3078 —3095.



92

8 %

5 &

2025 4R 23 &

E

[16]

[17]

(18]

[19]

[20]

[21]

(22]

[23]

[24]

SHARMA R C, SHARMA S, SHARMA S K, et
al. Analysis of bio-dynamic model of seated human
subject and optimization of the passenger ride com-
fort for three-wheel vehicle using random search
technique [J]. Proceedings of the Institution of Me-
chanical Engineers, Part K: Journal of Multi-body
Dynamics, 2021, 235(1). 106 —121.

ALFADHLI A, DARLING J, HILLIS A J. The
control of an active seat with vehicle suspension pre-
view information [J]. Journal of Vibration and Con-
trol, 2018, 24(8): 1412—1426.

PALOMARES E, MORALES A L, NIETO A J,
et al. Is the standard ride comfort index an actual
estimation of railway passenger comfort? [J]. Vehi-
cle System Dynamics, 2023, 61(11): 2811— 2824,
WU J. QIU Y. Analysis of ride comfort of high-
speed train based on a train-seat-human model in the
vertical direction [ J]. Vehicle System Dynamics,
2021, 59(12): 1867—1893.

PENG Y, LINY T, FAN C J, et al. Passenger o-
verall comfort in high-speed railway environments
based on EEG: Assessment and degradation mecha-
nism [J]. Building and Environment, 2022, 210:
108711.

YIN Z H, ZHANG ] Y, SUI H. Stochastic respon-
ses characteristics of a virtual track train excited by
road irregularities [J]. IEEE Transactions on Ve-
hicular Technology, 2022, 71(8): 8152—8163.
ZHANG ] M, WANG C P, ZHOU H C, et al
Sensitivity analysis and multi-objective optimization
of the virtual track train parameters considering the
coupling effect between vehicles [J]. Proceedings of
the Institution of Mechanical Engineers. Part D:
Journal of Automobile Engineering, 2024, 238(6):
1368—1379.

BN, A, RMERE, . AETE BHLE RS
R TR L] #5562 8AR, 2020
(1): 105—112.

JIANG X Q, XIAO L, WU X T, et al. Engineering
design and application of the autonomous-rail rapid
transit in Yibin City [J]. Control and Information
Technology, 2020(1): 105—112. (in Chinese)
SHAHEIN A H, ATA A A, HARAZ E H, et al.
Vibration suppression of terrains irregularities using
active aerodynamic surface for half-car model sport
vehicles [ ] 1.
2020, 26(23/24) . 2148—2162.

Journal of Vibration and Control,

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

FRME, RTFR, FAE, . 2TEORET R
PUED) 410 8 48 K T8 B R Ar R LT ] R B R 22
e CHRBL R . 2022, 50(6): 871—878.

WANG C P, ZHANG ] M, ZHOU H C, et al. Dy-
namic load characteristics and road friendliness of
virtual track train in full running conditions [ J].
Journal of Tongji University ( Natural Science),
2022, 50(6): 871—878. (in Chinese)

DESAI R, GUHA A, SESHU P. A comparison of
quarter, half and full car models for predicting vi-
bration attenuation of an occupant in a vehicle [J].
Journal of Vibration Engineering &. Technologies,
2021, 9(5): 983—1001.

RAJENDIRAN S, LAKSHMI P. Performance
analysis of fractional order terminal SMC for the half
car model with random road input [J]. Journal of
Vibration Engineering & Technologies. 2020, 8
(4): 587—597.

JIN X J, WANG ] D, HE X K, et al. Improving vi-
bration performance of electric vehicles based on in-
wheel motor-active suspension system via robust fi-
nite frequency control [J]. IEEE Transactions on
Intelligent Transportation Systems, 2023, 24 (2):
1631 —1643.

DENG Q S, ZHAN Y, LIU C, et al. Multiscale
power spectrum analysis of 3D surface texture for
prediction of asphalt pavement friction [J]. Con-
struction and Building Materials, 2021, 293.
123506.

LIH T, WANG G Q. QIN L S, et al. A spectral
analysis of the dynamic frequency characteristics of
asphalt pavement under live vehicle loading [JJ.
Road Materials and Pavement Design, 2020, 21(2):
486 —499.

JIANG J H, SEAID M, MOHAMED M S, et al.
Inverse algorithm for real-time road roughness esti-
mation for autonomous vehicles [ J]. Archive of Ap-
plied Mechanics, 2020, 90(6) . 1333—1348.

HE SL, CHENK R, XU E Y, et al. Commercial
vehicle ride comfort optimization based on intelligent
algorithms and nonlinear damping [ J]. Shock and
Vibration, 2019, 2019(1) . 2973190.

MUCKA P, STEIN G J, TOBOLKA P. Whole-
body vibration and vertical road profile displacement
density [ J . Vehicle
Dynamics, 2020, 58(4): 630—656.

power spectral System



