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1. Introduction

With the rapid development of social economy and
the acceleration of urbanization, urban transportation is fac-
ing tremendous pressure, especially in large cities. Urban
rail transit, with advantages of small air pollution and large
traffic volume, is a relatively economical public rail transit
system. Straddle-type monorail, as a unique technology, en-
ergy saving and environmental protection, is different from
the subway running mode of urban rail transit system. There
are two kinds of straddle-type monorails: one is dual-axis
bogies, the other is a new single-axis bogie. Brazil's Bom-
bardier Monorail 300 and China's BYD are using this new
type of single-axle rail vehicle. Bombardier's INNOVIA
Monorail 300 System permitted transit authorities to now
consider monorail as a mainstream contender to meet their
mass transit requirements [1]. Monorail 300 vehicles with
single-axle bogies has better adapt to road lines. Their turn-
ing radius can reach 46 m, but that of the traditional Mono-
rail vehicle is onlyl00 m. Moreover, the vehicle height is
4.05 m, which is 1.25 m lower than Chongging monorail
vehicles.

The dynamic model of monorail vehicle ,taking
into account the influence of track irregularity on the tire
fore and the curving dynamics of a monorail car was simu-
lated by using these dynamic models [2].The reference [3,
4] discussed dynamic characteristics of AGT vehicle with
single axle bogies compared with conventional steering sys-
tem and the results compared to that of the field test .A
three-dimensional means of analysis was proposed for the
bridge—vehicle interaction to investigate the dynamic re-
sponses of a steel girder bridge and vehicles [5-7]. The dy-
namic response analysis procedure is proposed and applied
to investigate the dynamic responses of monorail bridges [7,
8].The dynamic system of 15-degrees-of-freedom for traf-
fic-induced vibration of a monorail bridge and train was pro-
posed [9, 10].The dynamic model of the coupled system of
the straddle type monorail train and the track beam was pro-
posed by Chongging vehicle with two-axle bodies [11, 12].
Based on the finite element and multi-body dynamics, dy-
namic interaction of the monorail-bridge system is studied
[13]. A mathematical model of a straddle type monorail ve-
hicle was developed in order to study its stability and the
effect of tyre model techniques on its dynamic response [14].

Numerous on the relation between dynamic model
and dynamic parameters have been carried out in research
and development phase of conventional straddle-type mon-
orail with two-axle bogies. In this paper, the spatial coupling

dynamics model of straddle-type monorail with the single-
axle bogies is proposed by the multi-body dynamics.

The other structure of the article is as follows: First,
the constructions of the straddle-type monorail with the sin-
gle-axle bogies; Secondly, introduces the modeling process
of dynamic model of straddle-type monorail with the single-
axle bogies in detail; The third part is the results and discus-
sion.

2. Spatial coupling dynamic model of straddle-type mon-
orail vehicle with single-axle bogies

2.1. Straddle-type monorail vehicle with single-axle bogies

The straddle-type Vehicle with Single-axle bo-
gies includes 4 running tires, 8 guide tires and 4 steady
tires. The running tires are nitrogen-filled high-pressure
tires. Guide tires and steady tires are rubber tires filled with
air. The running tires are connected with the body by ver-
tical and lateral shock absorbers and hydraulic springs.
There are two independent axles and two load-bearing bo-
gies in each vehicle body. All bogies are powered by trac-
tion motors and disc brakes. Independent bogies and air
springs are used to provide better ride comfort [15]. The
single-axle bogies can guarantee excellent load-bearing
tire shape and turning ability. The air spring is used for the
secondary suspension of the body and bogie. The straddle-
type monorail dynamic model with single-axle is illus-
trated in the reference [16].

The main differences between single-axle bogies
and two-axle bogies are: a) The number of running tire ax-
les of single-axle bogies is only half of that of two-axle
bogies; b) The single-axle bogies don’t have longitudinal
traction rubber pile but the traction rod and balance bar that
transmit longitudinal load and moment of bogies and body.
The comparison of the straddle-type monorail model is
shown in Fig. 1. The vehicle parameters are illustrated in
the Table 1.

In order to reduce the complexity of the model
and simplify the calculation, the elastic elements involved
in the monorail vehicle, such as air springs, guide tires,
stabilizing tires and running tire characteristics, are all
modeled in linear springs in the coupling dynamics model
. In the coupling dynamics model, the three DOF of the
single-axle bogies and the front and rear bogies are con-
sidered, including the three degrees of freedom of the
movement of the telescopic, traverse, and up and down,
and DOF for roll, nodding, and yawing movements. the
total of freedom is 34 degrees of freedom.
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Tablel
Properties of monorail train
Body Bogie Ge-
ome-
try
mi1  |14.000 kg mz1, 2400 kg Lzz ]0.63m
M22
bar  |44.377 kg.m? |le1, [1104 kg.m? |Lz; [0.15m
Ix22
Iy |225.892 lyz1, [1195kg.m? |Lzz [0.152m
kg.m? ly2z
la1  |195.402 lp1, |2230 kg.m? |Lzs {0.39m
kg.m2 |122
Ka111, 1061000 N/m|Lzs 0.39m
K112
Ks1, |33333 N/m  [Ly, [0.525m
Ksi12
Cu1a1, |33333N/m |Lys [0.2m
Car2
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Fig. 1 Comparison of Straddle-type Monorail Models: a)
two-axle of monorail vehicle; b) one-axle of mono-
rail vehicle

The formula for the kinetic energy T, potential energy U and virtual work of a monorail vehicle running on a track

beam oW are as follows [17]:
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where: mi1 is mass of vehicle body; x, vy, z, 8 are respec-
tively the longitudinal, lateral, vertical and angular dis-
placement; Kiijn, Cuijn are the vertical stiffness and vertical
damping of air spring; Koijn, Coijn are the stiffness and
damping of the running tire; Kainj, Caijn are the stiffness
and damping of the guide tires; Kainj, Caijn are the stiffness
and damping of the steady tire; Ksinj, Csijn are the lateral
stiffness and lateral damping of air spring; i is bogie posi-
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ijn

0 other

In the equation 6x11 means the roll angle of the car
body; 6y11 means the nodding angle of the car body; 6
means roll angle of the bogie; 6y, means the nodding angle
of the bogie; Lxn means the longitudinal distance from the
body mass center to the front and rear bogie air spring in-
stalled position; Ly+1y means the lateral distance from the
body mass center to the installed position of the air spring.
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tion (i=1,2 respectively represents the front and rear bo-
gies); j is the longitudinal position of the tire (j=1,2 re-
spectively represents the front and rear tires); n is the left
and right tire (n=1,2 respectively represents the left and
right tires); Ruijn Razijn Raijn Raijn Rsijn are the relative dis-
placements of spring and the shock absorber in X, y, z di-
rections. 4, is the Kronecker function (r=1, 2, 3, 4, 5).
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In order to cooperate with the suspension with
low transverse rigidity, a horizontal stop is set. The trans-
verse stop is fixed on the frame with 4 bolts, and the back-
ing plate is used to adjust the clearance between the lateral
stop and the center pin. The nonlinear dynamic model of
the horizontal stop is:



{O if g>q
F= e . - !
K (0, —0) —Cped*step(a,q, —d,0,,0) if g<g
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where: K is the stiffness coefficient; e is the exponent of th
e force; cmax is the maximum damping coefficient; d is the

amount of the damping reaching the maximum value; g is
the threshold of the function; qais the distance variable; g is

the speed between two points; step is step function of ADA
MS. K=500000, e =1.01, cmax =5000, q:=0.081.

2.2. Track linear models

The tire and track beam contact model is illus-
trated in the reference [18]. Considering the easement
curve during driving, the longitudinal slope, the super ele-
vation on curve, orbital joints, and turnout junction struc-
ture of entry, the orbit model consists of three segments:
the straight line, the curved line and the straight line. The
equation of track line is shown in the reference[19]. The
track is considered to be rigid.
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The Easement curve is located between a straight
line and an arc curve. The Easement curve is shown in the
following equation:

0'—1:? 5 k®
(o) |
pr (o) =]y, (o) |= ga3k— aa k? (4)
Z (O-) hmax — hmin
o
L IcIo i
. 1 .
In the equation k TR ., is the length of the

clo
Easement curve; h is the super-high value of the Easement
curve; hmax hmin are the maximum super-high value for the
beginning and ending phases; ¢ is the coordinate point of
the track line.

The circle curve is represented by Eq. (6):

(% ()] [ (sin(o/R+®,)—sin(®,)R+x,)
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P (o) =| Y (o) [=| (—cos(c/R+®,)+cos(®,)R+Y,)
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where: @(c)=arctan((dy/do)/(dx/do)); R is the radius MX +CX + KX = B. ©6)

of the circular curve.
The final line is shown in Fig 2. Setting of curve
lines is illustrated in Table 2.

easement

straight-line 1 | curve 1

Fig. 2 Line diagram of the track

Table 2
Setting of curve lines. Unitin m
. ease- circu- | ease- . .
R s_tralght ment lar ment s_tralght ra_ll
line line 2 width
curve 1l | curve | curve?2
46 | 100 12 46 12 100 0.69

2.3. Dynamic model between vehicles and track beams

By combining the vehicle state equation, the or-
bital beam equation and the tire-rail relationship, a spatial
coupled dynamic model of the vehicle, the tire, and the track
beam can be obtained:

In the equation M, C, K, B are respectively mass,
damping, stiffness matrix and force load; X is displace-
ment vector.

By the vehicle body model, track beam model and
tire-rail contact model, the spatial coupling dynamic model
of single-axle bogie monorail vehicle is established by the
multi-body dynamics software ADAMS.

3. Results and discussion

How to select the contact state between the guide
tires and the track beam is a unique problem of the rail
transit vehicle. The initial value of the preload of the sin-
gle-axle vehicle is a key factor. The influence of the con-
tact state of the guide tires and the rail beam on the dynam-
ics of single axle monorail vehicle is analyzed below. Con-
tact state includes: 3.8 KN, 5.0 KN, 6.2 KN preloads with
full load condition between guide tires and rail. The full
load condition refers to the mass of the body is 23,180 kg.
There is no simulation considering no-load condition.
Some key indicators, such as the radial force of horizon-
tal tires (steady tires and guide tires), vehicle body roll an-
gle, the lateral force of running tires ,steering torque ,are
selected for evaluating the curving performance of the ve-
hicle.

Load process of the guide tires of front bogies
with different contact states is illustrated in Fig. 3. It shows
that when the guide tires presets the preload, the easement
curve, the right side of the rear guide tires and the left side



of the front guide tires are loaded, and the left side of the
rear guide tires and the right side of the front guide tires
are unloaded. The increase of the value is equivalent to the
decreasing value of the load.
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Fig. 3 Load process of the guide tires of front bogie with
different contact states: a) preload 3.8 KN; b) pre-
load 5.0 KN; c) preload 6.2 KN

The comparisons of the maximum radial force of
the guide tires with different contact states are illustrated
in Fig. 4. From Fig. 4, it can be seen that setting the initial
preload obviously increases the load of the guide tires;
Also, increasing the preload increases the lateral force of
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the tire. The greater the preload, the better the curving per-
formance. From the curve passing and tire wear, it is rec-
ommended that preload should be 4 to 5 KN. When pre-
loads of the guide tires and steady tires are 5 KN, the load
changes of the running tire and the steady tires are illus-
trated in Fig. 5. The radial force of two guide tires in one
side and the radial force of the steady tires in the other side
are not zero at the same time, and the lateral force of the
running tire is still large, and the stability of the vehicle
against derailment is better. From the curve passing and
tire wear, it is recommended that the preload should be
5 KN.
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Fig. 4 Comparison of the maximum radial force of the guide
tires with different contact states: a) Front bogie;
b) Rear bogie

When the preload of the guide tires is 5.0 KN, the
radial forces of the front and rear bogie guide tires are shown
in Fig. 6. It can be drawn from Fig. 6:

1) In comparison, the radial force of the front bogie
is larger than that of the rear bogie, especially the front left
and rear right of the front bogie, and the increase of the front
left guide tires is biggest and the rear right decreases fur-
thest. That is, the front left and rear right guide tires of the
front bogie play the main guiding function when the vehicle
is turning, which is same as the guiding principle of the two-
axle bogie;

2) The front left and rear right guide tires of the
front bogie are subjected to a greater radial force, and the
front right and rear left guide tires have a smaller radial
force. In addition, when the vehicle turns, the radial forces
of the four guide tires of the front bogie form a shaking mo-



ment that causes the bogie to rotate along the track; (3) Rel-
ative to the front bogie, the rear bogie makes a right turn, so
the changes of the radial forces of the four tires are contrary
to those of the front bogie, and forms a heading moment op-
posite to the front bogie. The shaking moments of the front
and rear bogies constitute the main turning force of the ve-
hicle's good curve.
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Fig. 5 Load changes of the running tires and steady tires: a)
Tire radial force of running tires; b) Tire radial force
of steady tires; ¢) The lateral force of running tires

Radial force of steady tires under different condi-
tions are illustrated in Fig. 7. From Fig. 7, it can be con-
cluded that the radial forces of the left of the steady tires
increase, and the radial forces of the right decrease, but the
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amplitude of the increase and decrease is small, so the anti-
overturning moment of the steady tires is mainly to resist
vehicle overturning. The single-axle bogie vehicle has the
following advantages over the two-axle bogie: a good
curve passing, and a minimum passing radius of R46 m

[1].
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Fig. 6 Comparison of radial forces of guide tires on single-
axle bogies
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Fig. 7 Radial force of steady tires under different conditions
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Fig. 8 The maximum roll angle of the car body and the steer-
ing torque at different super-high rates

The maximum roll angle of the car body and the
steering torque at different super-high rates is illustrated in
Fig. 8. It can be seen that the maximum roll angle of the
car body increases with the increase of the super-high rate,



and the steering torque decreases first and then increases
with the increase of the super-high rate. Therefore, when
the super-high rate of the curve is 8 to 10%.
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Fig. 9 Radial force results of the steady tires and the guide
tires: a) Radial force of guide tires of the front bogie
with super-high rate of 8%; b) Radial force of the
guide tire with super-high rate of 10%; c) Radial
force of steady tires with the super-high rate of 10%

When the preload of the steady tires and the guide
tire is 5 KN and the vehicle passes the curves of different
super-high rates of the radius R46 at a speed of 26 km/h.
The radial force results of the steady tires and the guide tires

are explained in Fig. 9. It can be seen from the figure that
when the track super-high rate is 8%, the radial forces of the
steady tires and guide tire on the outer side of the circular
curve are greater than zero, indicating that both the steady
tire and guide tire are in contact with the track beam; when
the track super-high rate is 10%, the radial force of the
steady tire on the outer side of the circular curve reduces to
zero, while the radial force of the guide tire is greater than
zero, indicating that the steady tire has been separated from
the track beam, but the guide tire is still in contact with the
track beam.
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JC. Zhou, ZX. Du, Y. Zhen, ZZ. Xu

CURVING PERFORMANCE OF STRADDLE-TYPE
MONORAIL VEHICLE WITH SINGLE-AXLE BOGIES
BASED ON SPATIAL MULTI-BODY DYNAMIC
ANALYSIS

Summary

Straddle-type monorail, as a unique technology,
energy saving and environmental protection, is different
from the subway of urban rail transit system. In order to
study the curving performance of a new type of the straddle-
type monorail vehicle with single-axle bogies, the three-di-
mensional spatial dynamics model which consists of the ve-
hicle model and track model designis proposed by the multi-
body dynamics soft ADAMS. The monorail vehicle dy-
namic model which consists of three types of tire -track con-
tact model and the nonlinear model of the horizontal stop is
established. Based on the dynamic model, the influences
such as pre pressure and curve super-high rate parameters of
the curve passing for the dynamic characteristics are dis-
cussed. The simulation results show that the suitable preload
for the guide and stabilizer tires of straddle-type vehicle
with single-axle bogies is 5KN and after selecting the ap-
propriate pre-pressure, the super-high rate is recommended
to be 8%-10%.

Keywords: straddle-type monorail vehicle, curving perfor-
mance, three-dimensional spatial dynamics, single-axle bo-
gies, dynamics model; super-high rate parameters.
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