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Abstract

The stochastic vibration of a maglev track inspection vehicle is the main factor that has direct influence on the accuracy
of geometrical measurements of the maglev tracks on board whenever the inspection vehicle is operated at a certain speed.
Based upon the principle of motions of the specified vehicle, a vibration model of 5 dof for the maglev track inspection
vehicle is proposed and a numerical example is made for the analysis of dynamic responses of the vehicle in stochastic
excitation of the maglev track. Effects of vibrations of the vehicle on the accuracy of measuring displacement by laser
triangle method are examined. Simulation results of lateral, vertical, roll, pitch, and yaw vibrations for the maglev track
inspection vehicle equipped with the measuring system of high precision are provided for the design of the similar vehicles.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Transrapid Maglev Transportation System of 30km range in Shanghai has been already in routine
operation for a couple of years, which is the first high-speed train line for commercial purpose. With increase
of system operation, it becomes more important that geometrical conditions of maglev tracks for the train
safety are required to be detected and reported to the operation centre. Therefore, the present research is
carried out for assistance of development of an efficient track inspection vehicle for the Maglev Shanghai.

The maglev track inspection vehicle is well manufactured and equipped to detect deviations of characterised
geometrical parameters of the maglev track from its normal condition for safe operation of the maglev train.
This special vehicle is supported by eight wheels on the maglev track. During the process of measuring
geometrical parameters of the maglev tracks by laser displacement sensors, such factors as measuring
environment, light source, tracks surface characteristics and inclination [1-3] and measuring platform have
considerable influence on the accuracy of measurement, among which vibrations of the measuring platform of
the inspection vehicle is recognised as the key factor. Therefore, efficiency and precision of the measurement
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rely on velocity of the vehicle. The higher the vehicle speed is, the more severe the vehicle vibration is. For the
purpose of formulation of the vehicle speed-vibration correlation, a 5 dof vibration model of the inspection
vehicle is developed. By imposing the stochastic road excitation of the maglev track to the vehicle at the speed
of 10 km/h, influence of vibrations of the vehicle on accuracy of the measurement is studied in numerical way.
It is demonstrated by the present results that the laser triangle method can be employed with incorporation of
the track inspection vehicle to realise the development of track inspection vehicles of higher efficiency at
reasonable speed than those seen before.

2. Vibration modelling of the vehicle with the guide system

The inspection vehicle is mainly composed of vehicle body, measuring system, axles and wheels, guiding
arms and wheels, and data acquisition and treatment system. Because the pair of structures for mounting a
matrix of laser sensing devices is rigidly connected on both sides of the vehicle body, they are supposed to be
one whole rigid frame from viewpoint of engineering application. No sooner is the inspection vehicle treated
to be the inertia mass as a whole, on the other hand, vehicle and guiding wheel tires are simplified to be taken
by a combination of dampers and linear springs [4].

The position of the vehicle in the space is described by the X, Y and Z coordinates perpendicular to each
other with the origin O fixed on the centre of gravity of the vehicle. The rigid body of the vehicle is possessed
of 6 dof, as shown in Fig. 1, the vibration of the vehicle can be divided into motions along the X, Y and Z
coordinates and rotations around the X, Y and Z ones. Since vibrations in the X coordinate have no effect on
the measurement, the vibrations in the Y and Z coordinates are considered and then the vibration model 5 dof
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Fig. 1. The vibration model of maglev track inspection vehicle. (a) The front view, (b) the side view and (c) top view.
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is proposed, motions of which are, respectively, lateral and vertical displacements, yaw, pitch and roll angles.
With consideration of symmetry of the vehicle on the X and Y coordinates, the equilibrium equations
governing 5 motions of the vehicle may be expressed in the following:

My + CJ’U/fr + qyfr) + K}’(yfl‘ + q}:ﬁ‘) + C}"O}rr + qyrr) + K}’(yrr + qyrr)
+ CJ’(yﬂ - qyﬂ) + Ky(yﬂ - q);ﬂ) + C}’(j}rl - q.yrl) + Ky()’rl - qyrl) = 0’ (l)

M:z+ CZ(Zfr - qu)) + KZ(ZfI - qzﬁ) + CZ(ZVF - qZ;'r) + KZ(Z”‘ - q:rr)
+ CZ(Zﬂ - qzﬂ) + KZ(Zﬂ - qzﬂ) + CZ(Zi'/ - q.zrl) + KZ(ZVI - qzrl) = 07 (2)

1.0 — (s + 4y )h = Ky (g + @00 — Corr + Gy — Ky, + @)
= G0 — ayh — Ky — ayph — CoGy — 4y — Ky(vyy — g0
+ Caz — )b+ Koz — 4p)b + CoCor — dop)b + Koz — q)b
= C.(Cn — q-p)b — Koz — q-p)b — C-(Zy — G-,)b — K-(z11 — 4.7)b — Mght = 0, (3)

I}’¢ + CZ’(Zf’ - QZfr)ll + KZ(Zf' - qur)ll - CZ(Z'I‘I’ - qu'r)ll - KZ(ZI‘V - qzrr)ll
+ Cz(z.f/ - qZﬂ)ll + K:(Zfl - qzﬂ)ll — C.(zy — QZr/)ll —K.(z1 — LIzrl)ll =0, 4)

I:JJ + C}’O}fr + q'}ﬁ)b + Ky(yﬁ' + qyﬁ)l2 - CyO}rr + CIyrr)lz - Ky(yrr + qyrr)b

+ G0 — 4,)h + Ky — 4yl — 0y — 4yl — Ky — ¢y)2 = 0 )
and further the relations between the local and general coordinates can be written of the following form:

Y=y —ho+ Ly, (6)
Y=y —h0 =0y, ()
yp=y—ho+ Ly, ®)
Yu=y—ho—0Ly, 9)
zp =z + b0+ Lo, (10)
Zp =2+ b0 — L, (11)
zp=z—b0+ 10, (12)
zy =z —b0 — o, (13)

where y; and z; (i = f, r; j = r,]) are lateral displacements for guiding wheel tires and vertical displacements for
running wheel tires, respectively; M is mass for the vehicle; I, /, and /. are moments of inertia of the vehicle
around the coordinates X, Y and Z, respectively; y is lateral displacement of the vehicle C.G.; z is vertical
displacement of the vehicle C.G.; 0, ¢ and i are roll, pitch and yaw angles of the vehicle, respectively; K, and
C, are stiffness and damping coefficient of the guiding wheel tires, respectively; K. and C. are stiffness and
damping coefficient of the running wheel tires, respectively; / is the height of the guiding wheel tires to the
vehicle C.G.; 2b is the running wheel tread symmetric to the vehicle C.G.; 2/; is the running wheel base
symmetric to the vehicle C.G.; 2/, is the guiding wheel base symmetric to the vehicle C.G.; ¢ is the acceleration
of gravity; g (i =y,z; j =f,r; k =r,[) are unevenness inputs of guiding and sliding surfaces of the maglev
track.
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3. Stochastic excitation modelling in time domain from maglev track unevenness

The maglev tracks are fixed continuously to overhead concrete girders. Thus, the stochastic characteristics
of the track surface unevenness are identical with those of roads of higher grades like aerodrome and
expressways. There has been lack of test data of the maglev track surface unevenness by far. Nevertheless, the
road unevenness properties of aerodrome can be employed to act as the substitute for the maglev track [5].
This stochastic model in which the white-noise filtration is treated as the input of the vehicle dynamic system in
time domain may be expressed in the following form [6]:

q(t) = —2nfq(t) + 2n+/ GoUow(2), (14)

where ¢(t) is the excitation displacement from road unevenness; ¢(¢) is the derivative of ¢(¢); fo is lower cut-off
frequency, commonly 0.1 Hz; G, is the road unevenness coefficient related to the road grade and is
1.5 x 107°m?/c here; Uy is vehicle velocity; w(¢) is Gauss white noise with zero mean value and 1 variance.
Imposition Laplace transform to Eq. (14) results in the input function in frequency domain of the following
form:

00) =50, (15)
where s is the Laplace operator. In Fig. 2, it is shown that the time sequence samples of the track surface
unevenness generated from the model are the same as those in Ref. [5] basically, by which the stochastic
approximation is validated and parametric values of the track model may be employed in the simulation.

The surface statistic characteristics of the left and right side of maglev track are considered same, so their
stochastic track excitation can be generated, respectively. On one side of the maglev track, there exists a time
delay function ¢,(f) = g(t—A4) [7] between the track excitation for front tire g/¢) and the track excitation for
rear tire ¢,(7), the time delay is 4 = //Uj, /s the distance from front tire to rear tire. Say, the time function g«f)
has Laplace transform g/(s); then, the time delay function ¢,(f) = g(t—4) has Laplace transform:

qr_(s)_efAs ~ 1 _A(S/z)

oo 5 TR (16)
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Fig. 2. Time sequence sample of maglev track surface unevenness at the speed of 400 km/h.
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Making inverse Laplace transform of Eq. (16) and rearranging the result, we obtain

00 =~ 24,0+ 40— 4,0 (1)

4. Simulation and analysis

According to the stochastic excitation model the inputs of maglev track unevenness for both sides of the
wheel tracks of the vehicle are generated, respectively. A numerical example is made to show some simulation
results of the present research that the vehicle is trailed on the tracks at the fixed Uy = 10 km/h (2.78 m/s) and
is characterised by the vibration system parameters as given for details in Table 1. For an arbitrary measuring
point p(xo, yo, zg) on board, the displacements in the Y and Z coordinates of the linear vibration system can be
rewritten as follows:

Yy =¥+ 200 + xo¥, (18)

zp =2z — yo0 + x00. (19)

Thus, for the measuring point m(4, 1, —1) that is the farthest one from the vehicle C.G. substitution of the
coordinates corresponding to point m to Egs. (18) and (19) yields the following approximations as

y, =y — 10000 + 4000y, (20)

Zm = z — 10000 4 4000¢. (21)

Accordingly, simulation results are shown that, respectively, in Fig. 3 for the vibration responses of the
measuring point m, in Fig. 4 for the roll angle responses of the vehicle, in Fig. 5 for the pitch angle responses of

Table 1
Physical and geometrical parameters of the vibration system
Parameter I, 1, 1. K, K. C,
Value 9.22 x 10° 28.78 x 10° 30.57 x 10° 300 x 10° 640 x 10° 0.8 x 10°
Unit kgm? kgm? kgm? N/m N/m N/(m/s)
Parameter C. M H b I b
Value 3x 10° 6.6 x 10° 0.74 1.1 2.03 2.03
Unit N/(m/s) kg m m m m
6 6
4 8 4 8
2 8 2t 1
g g
g g
< 0 < 0
= 7
2 1 2+ 1
4 o 4+ 1
_6 1 L Il L 1 1 i 1 1 '6 1 L L 1 1 1 1 I 1
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 2 25 30 35 40 45 50
(a) t/s (b) t/s

Fig. 3. Numerical results of vibration responses of the measuring point m. (a) Lateral displacement responses and (b) vertical displacement
responses.
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Fig. 4. Numerical results of roll angle responses of the vehicle.
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Fig. 5. Numerical results of Pitch angle responses of the vehicle.

the vehicle, and in Fig. 6 for the yaw angle responses of the vehicle. As observed in Figs. 3(a) and (b), the
amplitude of transient responses for vertical displacement of the vehicle is almost similar with those for lateral
displacement approximately in a range of irregularities from —6 to +6 mm. The two vibrations of the vehicle
in both vertical and lateral directions are restrained to a reasonable limit by the present chassis vibration
isolation system for the inspection vehicle.

After calibration the laser displacement sensors based on triangulation are used to measure relative
displacements to the sensing points on the surfaces of the maglev track. Simultancously, the time series of
information of measurement can be processed by the specific signal treatment to determine indexed deviations
from the maglev track geometrical parameters such as its width, the distance from sliding surface to stator
surface, and so on. Only relative displacements including the vibration are measured. Thus, vibration
frequencies are independent of the measurement procedure. The key concerns that affect the measurement
accuracy are the limitation of measurement of the laser displacement sensors and the range of angle changes of
the vehicle attitude. In Fig. 3 are shown displacement values of vibration responses of the measuring point m1,
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Fig. 6. Numerical results of yaw angle responses of the vehicle.

Measufed surface

Fig. 7. Sketch map of the attitude of measuring point.

being in all the time less than 6 mm. This means that the real range is within the limitation of laser
displacement sensors [8]. As a result, the error of measurement is less than 0.01 mm.

According to the dynamic model of the vehicle, such vibration modes as rotations about the X, Y and Z
coordinates exist. Much computational effort has been made to show that influences of the pair of rotations 6
and ¢ on the measurement along the Z coordinate and of the pair of rotations 6 and iy on the measurement
along the Y coordinate are considerable. As shown in Fig. 7, the measuring point ¢ is the position of any one
of the laser displacement sensors perpendicular to the measured surface when the vehicle is in static state. In
the case of on-board measuring dynamically, the three angles obey the spatial geometrical relation of the
following form as tgy = \/tg?a + tg?. We can obtain y <o+  when 0<o, f< /4. Because |0|, |¢| and |i}| are
less than 0.08°, respectively, as shown in Figs. 4-6, the angle of attitude of the measuring point ¢ is less than
0.16° and then the error caused in measurement is evaluated to be 0.025 mm [9]. It is concluded, therefore, that
the measuring error induced due to the vehicle vibration is much less in comparison with the required of
measurement for the measuring system when the inspection vehicle is operated at the speed of 10km/h
(2.78 m/s).
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According to Eqgs. (18) and (19), if there are two arbitrary measuring points p} and p, from which the values
of the coordinate Z are identical and can be determined in the following form:

lp zyp’l _yp’2

ly (22)

where Yy and Yy are, respectively, displacements of the measuring points p| and p) along the coordinate Y in
the same time, /,; is the distance from pj to p) in the coordinate X. If there are two arbitrary measuring points
p5 and p from which the values of the coordinate Y are the same and can be determined in the following form:

Zor — Zon
=" (23)

p//
where z, and z; are, respectively, displacements of the measuring points p| and p; along the coordinate Z at
the same time, /,» is the distance from p{ to p5 in the coordinate X. If there are two arbitrary measuring points

p{" and pY’, from which values of the coordinate X are the same and can be determined in the following form:

Zp/l// — Zp///

0= L (24)

Lyn

where z,» and z,; are, respectively, displacements of the measuring points p|’ and p5’ along the coordinate Z in

the same time, /, is the distance from py’ to p{” in the coordinate Y.
Consequently, ¥, ¢ and 0 can be calculated by Egs. (22)—(24) based on the measuring values of the sensors,

which can provide error compensation for the maglev track geometry parameters measuring.

5. Concluding remarks

The vibration model of 5 dof of the maglev track inspection vehicle is developed for numerical analysis of
stochastic correspondence of the vehicle speed to the accuracy of the laser triangular measurement. For the
simulation of random vibrations of the inspection vehicle the input of the vehicle dynamic system is also
modelled for the track surface unevenness with higher-grade road stochastic properties. The stochastic
excitation for the maglev track irregularities is characterised with the same range of amplitude and the
identical statistic properties. Multiple samples are simulated and the results are same basically.

The present vibration model is applied for real-time dynamic simulation of the correlation between the
accuracy of measurement and the velocity of the inspection vehicle and then provided with a matrix of laser
displacement sensors for the development of more efficient track inspection vehicle carrying on board the
measuring system.
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