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1. Introduction studied i ref. [1213].
All the above studies are based on the deakle

In recent years, with the development of economyhogie model. At present, straddle type monorail vehicles
and society, the urban traffic problems become more andlainly have two types, i.e., doubsxle bogie model
more serious. Straddigpe monorailvehicles, as disttx  (Chongging straddle monorail and Hitachi) and siratke
tive urban rail transit system, has the advantages of stromggie model (Bombardi). Compared with the doubxle
climbing ability, small turning radius, fast running speedbogie model, the singlaxle bogie model has a lot of
small floor area, safety and comfort, low noise and lowadvantage§4]. Firstly, due to the reduced number of tires
cost, so that it has been applied in many cftie3]. and the use of hourglass springs, Bombardier Monorail300

Compared to subway vehicles of the traditionalhas a significantly lower mass than Chongging maiho
steel wheetrail system, straddigype monorail vehicles and is easier to maintain. Secondly, Bombardier Monorail
use rubber tire. The driving wheels contact the upper su300 has a vehicle height of 4.053m, about 1.1m lower than
face of the track beam, and the steering wheels and tilBhongging monorail vehicle. At last, the turning radius of
stabilizing wheels distributed on bothdes of the bogie Bombardier Monorail 300 can reach 46m, which has a
contact the side surface of the track beam, as shown Huge advantage comparedtwthe 100m turmig radius of
Fig. 1[4]. Therefore, the dynamic response of stradg@i®  Chongging monorail.
monorail also has unique characteristics. A lot of dynamic Therefore, a 1OF dynamic model is edia
response of straddlype monorails have been studied forjished for straddiéype monorail vehicle with singlaxle
by manyresearchers. Goda et H] established the-BOF  pogie, which consists driving wheels, steering wheels and
dynamic model of monorail vehicle considering the tirestabilizing wheels. The motion equations of 8teaddle
force of track irregularity, and carried out the spectrumype monorail vehicle are derived using the Lagrange's
analysis. Then, they [6] analyzed the influence of tme lo equation, and the whesdil contact model and the curving
gitudinal stiffness of the air sipg, and the research shown track beam model are created. Compared with the gest r
that the force of the steering wheel and the slip rate of theults, the accuracy of the method is verified. Finally, the
driving wheel were smaller when the longitudinal stiffnessdynamic responsef straddletype monorail vehicle under
of the air spring was lae weurvécandlioflis ahaded.L agr angeds for mul
tion for monorail trains, and a finikelement methd for This paper is organized as follows: the-DOF
modal analysis of monorail bridges, Lee et al. [7] Bsta dynamic model is established in Sectiona®jch consists
lished a more detailed ABOF monorail bridgdrain inte-  driving wheels, steering wheels and stabilizing wheels.
action system, and analyzed the effect of the train speekction 3 does th&rack nodeling and comparison b-
and the passenger loading on ride comfort. After that, Legveen the calculation results and the test ressighown
et al. [8] took theDsaka monorail steel structure bridge asin Section 4. Section 5 describes thsults and discussion
the research object, derived a thoémensional monorail and Section 6 concludes this paper.
bridgetrain interaction system, and analytical results on
dynamic response of the monorail train and bridge werg. Dynamic model
compared with fieletest data in order toevify the validity
of the proposed analysis procedure. To assess the dynargid- Motion equations
behavior of monoraibridge system, Naeimi et al. [@- ) .
veloped an innovative model of traguide way interaction ~ The dynamics model of stradeligpe nonorail
based on multibody dynamics and finite element simul Vehicle includes three parts, one vehicle body and two b
tion. At the same time, aiming at the curve condition ofdies. Each bogie has 2 driving wheels, 4 steering wheels
monorail vehicles, Goda et al. [10] developed a curvin@nd 2 stabilizing wheels, as shown in HigFig.2 shows
simulation. Based on the finite element method and enerdg$€¢ 15DOF dynamic model of stradditgpe monorail e-
method, Wang et aJ11] proposed an analytical procedure icle. The DOF_ variabk of the vehicle body and bogies _
of dynamic interaction analysis of treraddle monorail areé presented in Table 1, and the notations of monorail
bridgevehicle coupling system, and analyzed the effects ofehicle dynamics model are stated in Table 2. )
speed, three kinds of loads and different radius ofasurv ~According to the Lagrange:!
ture on dynamic responses. In addition, the influence diquation of the vehicle can be described by Eq. (1)

wheel out of round on vehicles dynamic responses were
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3 o} elastic potential energyU? indicates damping potential
T el e ) ﬂ
dighg, 2B ¢ gu energyg; is the generalized coordinatg ) represents the

derivation of time.

In Eqg.(1) T indicateskinetic energy U ®indicates

steering wheel

driving wheel

=== hourglass spring

stabilizing wheel

Fig. 1 Straddletype monorail vehicle with singlaxle bogie
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Fig. 2 15-DOF dynamics model of stradetgpe monorail vehicle
Table 1
The DOF variables of the vehicle
Vehicle parts Lateral Vertical Rolling Pitching Yawing
Vehicle body Vi z, Gr Qa1 qa1
Front bogie Yo Z, Gon Qo1 G2
RearbOgle y22 Z22 qx22 qy22 quZ
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Table 2 1 . . .
T=2{m( ¥ +2) +.0., Vg L)
Notations of monorail véble dynamics model 2{ 1( . 1) Hha yllél .
2
Descriptions Notations +8 (mZi (ygi +zj) (+L25L22 % Fe IZﬂ-i-'zzg))},
Mass(vehicleandbogie$ m,, m,, m, i=1
Stiffnessof hourglass spring K K K 511K o1y 12
__(vertica =14 3 éK,lm R d, #, R ¢
Stiffnessof driving wheel Kioip Kioiz K 212K o1 2555 i1in t2in
2
Stiffnessof steering wheel Kasm Kana K 1K 1o +K'3'”R'3m +K‘4’” 4in Kan R;” QI)’
K2311' K2312‘ K 2321K 232
Stiffnessof stabilizing wheel Kiars Kiaio K 502K 5ar 1.2 c i
: : _Ea a é iLjn \1|n +Q2]” i2jn g
Stiffness of hourglass sprin Kisin Kigin K 551K 251 i=1 j=1n=
(latera) ' B
Dampingof hourglass sprin Ci11:Ci11» C1.C oy I31n .3m +Q41n Tijn du €5n i 5n 5/)] :
(vertical)
Dampingof driving wheel Ciz11: Ci212 C 21 C o In Ecs. (2) 7 (4), the subscript is the vehicle bo-
Dampindof steer heel Ci211Ci312 Ci320 Clany gie position(i =1,2 are front and rear boge the subscript
ampingof steering whee . L .
Cua11Cosiz C ooy Cos j is the wheel .posmon in the b'ogjq T1, 2 are front.and
Dampingof stabilizing whee Cua1z Crain C a1 C ot rear wheels)n is the leftand right sides of theehicle
Dampingof hourglass sprin¢  C,g,., Cyg1 C 51y C ey (n=1,2 are left and right sidesR,,, is the relative dis-
(latera) placement @, is Kroneckedelta

The equation okinetic energy, elastic potentiat-e
ergy and denping ptential energy are expressed bysHQ)

i (4).

"11(711' \/chq/ Fg):a; _? 2§_K1jn Eijn
2 2 2J

m1(y11
i=1 j 4n ¥

i=1j 4n

=8 A é(

i=1j 4n
2 1 2

— =) =) =) =) =) =) — ) =) =) =) =) =) (P

i=1jan ¥

The motion equations of front bogie:

1 1

m,,(2,

i=1 j 2n
1 2 2

cqu) 4 a4

i=1 j in

rnZl ( .SIZl K 3jn "1 3jn

Ix21q><21
'—1 jin

23{ i4jnR4jn +Q4jn Rzin} d.’;}
Iy21c.7.y21:0

1 2 2

lzZldzleé. é. A ( _1)i L

i=1 j=in 4

(KR

i3jn" Yi3jn

) ) ) ) ) ) ) i) ) ) =) =) =) =) ([

The motion equations of rear bogie:

I><11q><11 a a é( 1 Kll]nR|:un |1n

ci-:?in -|i:\’3n
é-( 1)” L |1JnR1]n Cf-‘ijn Rjn}dl ( 19[1 l’y4{ th iR]h

By substitutingEgs. (2)

The motion equations of vehidedy:

€ R} d

) ql+L ( i5inR5iﬂ +Q5jn RSn)d1 t‘lgé;q

llih |111 Illeﬂ)}

Izlldzllza a é‘ ( '1)i in(K sRisn & R 51)}

- V! R)=4 & é( KuRe *Ga R) (K B & 1R) 4

(K Re G*R) 4 (KR

Co R} d

€ anRan)}

cqaaMW%%mwM% SR (%R %R

}

GR) @

(4) into Eq. (1), the
motion equations of straddigpe monorail vehicle with
single-axle bogieare obtained as shownHlgs. (5)™

(7).

©)

(6)
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e " . 2oL 2y . .
Tmzz(zzz' VZ/cqu/ Rb)=a a é( Kjln Rn +q'n Bm) (' Kﬂ iJRi iﬁt ij%) %}
1 i=2 j4n E
[N . 22 2, . , '
1M, (V- Tow) A A & KenRon G Ry (K R GHR) (KR G R) )
| i=2 j 4n E
. 222, ; : " :
Made=8 8 84 Y Le{KuRy + G Rulds £ ¥ LKW Re 8 R} 4 @
~ i=2 j &n
I .
% - LZS{Ki4jnR4jn +Q4jn an}d1}
I Iy22dy22:0
% .22 2y i .
i|222q222:a a. é‘( -) Lx4(Ki3jnRi3jn @i C{nRE}n)}
| i=2 j=1n 4
The relative displacemeswire dscribed as follow: a aq, 8
GQ(M/):qn+bn :Gq(qo)céeq_o 91 (16)
Rin=2: -2 (+1)D57x11|y2
-(D'g,L,, € 1)- Gl (8) whereq is gatial Frequengyn is frequencyindex In this
paper, grade A pavement is used for simulation.
Ron =% A B'Gslys Wan ©) 3.2. Track modding
Rapn = Vs « 1)1'6722i Ls Wayn (10) Considering the transition curve, longitudinal
gradient, curve supelevation, indirect track joints and track
_ (11) turnout structure, a track beam model is established. The
Rin =Y %als Wi, width of the track is 690m. The curve superelevation rate
_ is calculated by Eq. (17).
Ren =% ¥ ¢Dgul, (9 gub,, (12

where W

imjn

rail surface

m=2,3,4 isdisgacement caused by uneven

2.2. Wheetrail contact model

The driving wheels, steering wheels and stabili

2

_ vV
d=tan( Y R (17)

where d indicates curve superelevation rageindicates
curve superelevation angley is monorail vehicle
velocity; g is gravity acceleratigrR is rail curve radius

Fig. 3 shows the change of superelevation angle of

ing wheels use rubber tire, which have obvious nonlinear track with curve radius of 100 and superelevation rate of
ty. Under curve condition, due to the guide function of the 9%.

track beamthe driving wheel will be in the compoundito
dition of longitudinal sliding, side sliding and roll. Driving
wheel and rail contact model are expressed as follow:

in o
L ) ™9

o

1é
I:i2jn = Z\% I’T‘Ellg(l

<o

+Ki2jn RZjn -IQZJn Ran " (13)

Steering wheels and stabilizing wheatsd rail
contact model are ergssed as follow:

Fi3jn = Ki3jn Ra’n -’an .iR:m 1 (14)

Fan =KigpnRan 1Ga R}n . (15)
3. Curving track beam model

3.1. Track beam roughness

0.10 —m——————— 11—

0.08 4

0.06 4

0.04 4

curve superelevation angle(rad)

T T T T T
0 50 100 150 200 250 300

distance(m)
Fig. 3 Change of superelevation angle of track

4. Comparison between the calculation results and the
test results

In order to verify the accurayf the methodthe
test iscarried out on a real stradeigpe monorail vehicle
line, threedirection acceleration sens mounted on the

According to the ISO8608[15], the pavementyvehicle floor and German IMC data acquisition Systésn

power spectral densiffPSD) can be expressed as follows:

adopted, as shown in Fid.
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Figs. 5 and 6 show the compson between the 0.006
calculation results and the test results of the spectrum of the
vertical acceleration and the lateral acceleration, when 0004_)\
monorail vehicle velocity is 1km/h. The results show that '

@
. ) o ) L1
the main frequency of calculation results and test reislilts £
. N =
good agreement, which indicate the accuracy of the i 00021
calculation method in this paper.
0000_ "L T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
frequency/Hz
a) Calculation result
107-3 a/s"2
11-
10-
.
.
“ix
i
.
e

i ' ' ' | 1
0 20 40 80 80 100 120 140 160 180 200

b) Testresult
Fig. 6 Spectrum of lateral accelerati¢v=15 km/h)

4, Results and discussion

When the monorail vehicle is running, its vibration
response charaaistics directly affect the running quality.
The vibration response of vehicles depends on the track
parameters and vehicle parameters. Track parameters mainly
b) German IMC data acquisition system include curve radius, curve superelevation rate, vehicle
parameters mainly include passengessnand stiffness of
driving wheel.

Fig. 4 Vibration acceleration test system of monorailiveh
cle

0.010 5.1. Curve radius
\K ——cal
0.008 The calculation conditions of different curvasli-
- us are illustrated in Table 3. The acceleration tinsohy
curve of different curve radius is shown in Fig(the left
figure is lateralacceleration;the right figure is vertical
acceleration).The comparison of the acceleration root
0,002, mean squaréRMS) is shown in Fig8. According to Fig7
[\ and Fig.8, the lateral acceleration increases significantly
0000 & ——— with the decrease of curve radius, while the vertcald-

0O 20 40 60 80 100 120 140 160 180 200 eration does not change significantly.
frequency/Hz Table 3

0.006

FFT(m/s?)

0.004

a) Calculation resl Calculation conditions of different curve radius

s Casg Curve |Curve superelg Velocity, | Curve spee
8.0- radius m | vation rate % km/h limit [16]
7.0- Al 50 9 30 31.3

el A2 | 100 9 30 443

. A3 200 9 30 62.7

5.2. Curve siperelevation rate

The calculation conditions of different curve super

o5 ) L elevation rate are illustrated in Tabfe The comparison of

; e Y acceleration RMS of different curve superelevation rate is

shown in Fig.9. The lateral and vertical acceleration has
b) Testresult litle change, and the curve superelevation rate has little

Fig. 5 Spectrum of vertical acceleratigv=15km/h) effect on the dynamic response of monorail vehicles.
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Fig. 9 Influence on different curve superelevation rate

Fig. 8 Influence on different curve radius
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Table4  axle bogie is taken as the research object in this paper. A
15 degreesf-freedom (DOF) dynamic model is edia
lished, and the wheedil contact model and the curving
track beam model are created. Compared with the dest r

Calculation conditions of different curve
superelevation rate

Case Curve superelg Curve |Velocity, |Curve speej sults, the accuracy of the method is verified. According to
vation rate% | radius m |km/h limit [16] research results:
B1 3 100 30 34.7 1) The lateral acceleration irgases with the ed
gg g 188 28 ji'g crease of curve radius, but the vertical vibration acaeler
. tion does not.

2) The curve superelevation rate has little effect
on the lateral and vertical vibration of monorail vehicles.

The comparison of acceleration RMS of different 3) The lateral and vertical accelerations decrease
passenger mass is shown in Fi@, the mass for AWO is with the increase of passenger mass, and the verticdd acce
15500kg, AW2 is 2502Ckg AW3 is 27820kg [17]. The  €ration changes more obviously.

lateral and vertical accelerations decrease with the increase 4) The lateral and vertical accelerations increase

of passeger mass, and the vertical acceleration change‘g'th the 'an::éera:si::ctr??ns:g{gesas ?afrdcr;:wmgrg\\l/?gsliheoretical
more obviously. pap p

reference dr the subsequent design and development of
06 ~ straddletype monorail vehicle with singlaxle bogie.

V777 ateral acceleration
] vertical acceleration ACknOWledg ments

5.3. Passenger mass

0.4 4

iy This work was supported by the Chongging Key
Laboratory of Urban Rail Transit System Integration and
Control Open Fund (Grant No. CKLURTSICFKT-
202003 and CKLURTSIEKFKT-202009)

RMS(m/s’)

0.24
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