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a b s t r a c t

This paper intends to present a computational framework of aerodynamic analysis for a

maglev (magnetically levitated) vehicle traveling over flexible guideways under

oncoming wind loads. The guideway unit is simulated as a series of simple beams

with identical span and the maglev vehicle as a rigid car body supported by levitation

study adopts an onboard PID (proportional-integral-derivative) controller based on

Ziegler–Nicholas (Z–N) method to control the levitation forces. Interaction of wind with

high-speed train is a complicated situation arising from unsteady airflow around the

train. In this study, the oncoming wind loads acting on the running maglev vehicle are

generated in temporal/spatial domain using digital simulation techniques that can

account for the moving effect of vehicle’s speed and the spatial correlation of stochastic

airflow velocity field. Considering the motion-dependent nature of levitation forces and

the non-conservative characteristics of turbulent airflows, an iterative approach is used

to compute the interaction response of the maglev vehicle/guideway coupling system

under wind actions. For the purpose of numerical simulation, this paper employs

Galerkin’s method to convert the governing equations containing a maglev vehicle into

a set of differential equations in generalized systems, and then solve the two sets of

differential equations using an iterative approach with the Newmark method. From the

present investigation, the aerodynamic forces may result in a significant amplification

on acceleration amplitude of the running maglev vehicle at higher speeds. For this

problem, a PID+LQR (linear quadratic regulator) controller is proposed to reduce the

vehicle’s acceleration response for the ride comfort of passengers.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Successful experience of the Shanghai Maglev Demonstration Line since 2002 marked an upcoming era in commercial
maglev transport system. Compared with traditional railway trains using wheel/track contact mode, maglev trains with no
physical contact nature can offer many advantages, such as low energy consumption, less environmental impact, as well as
low noise. Moreover, the powerful magnets of current maglev technology are able to lift a vehicle up and propel it forward
along a guideway via electromagnetic forces. With this feature, two kinds of maglev technologies have been developed in
practical applications: (1) electromagnetic suspension (EMS) with attractive mode; (2) electrodynamic suspension (EDS)
with repulsive mode [1–4]. Generally, the EDS system can suspend a train above its guide-rail using concentrated-type
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magnetic repulsive forces only at high speeds with a large guideway clearance of 10–15 cm. As for the EMS system, it can
lift a train up to 0.8–2 cm using attractive forces by the distributed magnets beneath a guide-rail at any speed, which is
major discrepancy from the EDS system.

For dynamic problems of maglev vehicle/guideway system, Cai and his co-workers [5–7] investigated the response
characteristics of different maglev vehicle models traveling over flexible guideways. They concluded that a concentrated-
load vehicle model might result in larger responses of both guideway deflections and vehicle accelerations than a
distributed-load vehicle model. In the literature review works conducted by Cai and Chen [7], various aspects of the
dynamic characteristics, magnetic suspension systems, vehicle stability, suspension control laws for maglev and guideway
coupling systems were discussed. Zheng et al. [8,9] presented two kinds of vehicle/guideway coupling models with
controllable magnetic suspension systems to investigate the vibration behavior of a maglev vehicle running on a flexible
guideway. They observed the phenomena of divergence, flutter, and collision on the dynamic stability of a maglev vehicle
traveling on a flexible guideway. Zhao and Zhai [10] simulated a TR06 carriage as a ten-degree-of-freedom (10-DOF)
vehicle model with a rigid car body supported by four sets of equivalent bogie systems to investigate the vertical random
response and ride quality of a maglev vehicle traveling on elevated guideways. Recently, Kwon et al. [4] investigated the
dynamic behaviors of an urban maglev vehicle running on a suspension guideway under the action of gusty winds. They
concluded that the moving speeds and wind forces are sensitive issues affecting the interaction behaviors of a maglev
vehicle traveling over a suspended guideway.

High-speed rail system has emerged as a core competency in modern intercity transport for its operating speeds over
250 km/h, such as Shinkansen in Japan, TGV in French, ICE in Germany, KTX in Korea, THSR in Taiwan, as well as the fast
developing High-Speed Rail in China. With the speed-up of present railway trains, meanwhile, aerodynamics is also
attached importance to developing a new generation of high-speed ground transport system [11], such as fuel economy,
emissions, and stability. Over the past one decade, a great deal of attention has been focused on the aerodynamics of
conventional trains, such as train-induced aerodynamic vibrations [12], cross wind effects on vehicle-bridge interaction
[13–16], impulse side forces occurring at trains passing by each other [17], and pressure waves inside tunnel [18].
However, rather limited research works seem available to conduct the aerodynamics of maglev transport system,
especially for the maglev vehicle traveling with operating speeds over 400 km/h.

This paper is aimed to present a computational framework of aerodynamic analysis for a maglev vehicle traveling over
flexible guideways under oncoming wind environment. The maglev vehicle is modeled as a rigid car body supported by
multiple magnet wheels and the aerodynamic forces acting on the moving vehicles are simulated as quasi-steady oncoming
wind loads with incident turbulent airflow. To represent the aerodynamic coefficient curves of the quasi-steady winds
expressed in terms of the wind angle of attack with respect to the moving maglev vehicle, the coefficient curve is
approximated by a number of piecewise connected linear segments through subdivision. For the purpose of numerical
computation, this paper employs Galerkin’s method to convert the governing equations containing a maglev vehicle into a
set of differential equations in generalized systems, and then solve the two sets of differential equations using an iterative
approach with Newmark’s finite difference scheme [19]. To provide suitable tuning gains for the levitation forces, an
onboard PID controller based on Ziegler–Nicholas (Z–N) method [20,21] is used to control levitation forces in the maglev
control system. Numerical simulations demonstrate that the aerodynamic forces play an important role in amplifying the
response of a running maglev vehicle as a result of increasing moving speeds. To alleviate this problem, this paper
proposed a PID+LQR (linear quadratic regulator) controller to control the vehicle’s acceleration response for ride quality.
2. Problem formulation

As shown in Fig. 1, a maglev vehicle model is traveling over a multi-span guideway under oncoming wind environment.
Considering in-plane vibration behaviors of the maglev vehicle, only vertical and pitching motions of the two-dimensional
(2D) vehicle model are considered in this study. For the purpose of numerical simulation, some basic assumptions are
adopted as follows: (1) The maglev vehicle is simulated as a rigid car supported by multiple magnets (see Fig. 2), in which
the car body has a uniform mass and the mass center is consistent with the geometric center of moment of inertia; (2)
Allowable levitation gap (h) at the magnetic wheel should not contact with the guide rail, i.e., h40; (3) The magnetic
wheels are regarded as a series of equal-distant concentrated masses attached to the rigid vehicle; (4) The effect of time
delay between the input voltage and the output current on the maglev suspension system is negligible; (5) The wind
environment is simulated as a quasi-steady oncoming wind action with turbulent airflow.
Fig. 1. Schematic diagram of a running maglev vehicle over flexible guideway.
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Fig. 2. Mathematical model of a maglev vehicle moving on a series of simple beams.

Fig. 3. Aerodynamic loads acting on the maglev vehicle.
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2.1. Equations of a maglev vehicle equipped with an onboard controller

Consider the maglev vehicle model under oncoming wind actions shown in Fig. 2, the equations of motion for the 2D
rigid car body levitated by multiple magnetic forces are:

M0 €uv ¼�f0þFyþ
XK

k ¼ 1

½Gkðik;hkÞ�;

IvT
€yv ¼Mzþ

XK

k ¼ 1

½Gkðik;hkÞdk�; (1)

where ð _�Þ ¼ qð�Þ=qt, M0 (=mvl+Kmw) is the total mass of the vehicle,

IvT ¼mvl2=12þ
XK

k ¼ 1

mwd2
k

 !

is total moment of inertia for the vehicle, f0 (=M0g) is the vehicle’s weight, g is gravity acceleration, ðuv; yvÞ the midpoint
displacement and rotation components of the rigid car, l the car length, mw the lumped mass of a magnetic wheel, mv the
distributed mass of the car body, K the number of magnetic wheels, dk the distance of the kth magnetic wheel to
the midpoint (vehicle’s coordinate origin) of the rigid vehicle, and (Fy, Mz) are the lift force and pitching moment acting at
the mass center of the rigid car body (see Fig. 3). The levitation force Gk acting at the kth lumped magnetic wheel attached
to the vehicle is given by [22]

Gkðik;hkÞ ¼ K0ðikðtÞ=hkðtÞÞ
2; (2)

where K0 is the coupling factor [22], ikðtÞ ¼ i0þikðtÞ the control current, ikðtÞ the deviation of control current,
hkðtÞ ¼ h0þðuvþyvdkÞ�ujðxk; tÞþrðxkÞ the levitation gap, uj(x,t) the vertical deflection of the jth span, r(x) the irregularity
of guideway, and (i0, h0) the nominal desired control current and levitation gap around a specified nominal operating point
for the maglev wheels at static equilibrium. Besides, from the condition of equilibrium for the suspended maglev vehicle,
one can obtain the following levitation force at the kth magnetic wheel from Eqs. (1) and (2)

Gkði0;h0Þ ¼ k0ði0=h0Þ
2
¼ f0=K; k0 ¼ f0ðh0=i0Þ

2=K: (3)
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By the theory of electromagnetic circuits, the differential equation of magnet current and control voltage for the kth
magnetic wheel is determined by [2,3]

G0
dðik=hkÞ

dt
þR0ik ¼ Vk; (4)

where G0 ¼ 2k0 is the initial inductance of the coil winding the suspension magnet, R0 the coil resistance of electronic
circuit, and Vk the control voltage. Moreover, the control voltage of Vk can be expressed using PID tuning algorithm as
[20,21]

Vk ¼ KpekþKi

Z t

0
ek dtþKd _ek; (5)

where Kp is the proportional gain, Kd the derivative gain, and Ki the integral gain. Let us adopt the variable transformation
as gk ¼ ik=hk, and define the error function as ek ¼ i0=h0�ik=hk ¼ g0�gk in the control process. Then substituting Eq. (5) into
Eq. (4) and differentiating this equation with respect to time, after some mathematical manipulation, one can achieve the
following differential equation for control error function

ðG0þKdÞ €ekþðKpþR0hkÞ _ekþðKiþR0
_hkÞek�R0g0ð _uvþdk

_yvÞ ¼ R0g0ð_rðxkÞ� _ujÞ: (6)

To keep up the operating performance of essential running safety and good ride quality for a maglev transport system, a
maglev vehicle is usually equipped with a proper controller that supplies necessary regulation of control efforts to the
maglev suspension system. In the following section, a PID+LQR controller for vibration control of the maglev vehicle will
be carried out.
2.2. Design of a PID controller in conjunction with LQR actuator

In vibration control theory, LQR algorithm has been widely used in optimal control for its simplicity, reliability,
robustness, and stability in a closed-loop system [23]. In this study, the maglev vehicle is simulated as a uniform rigid beam
so that the vertical displacement at the midpoint of the rigid beam becomes uncoupled with the pitching motion of the
beam. To control vertical acceleration, an LQR actuator is used to supply necessary control efforts for suppressing vertical
response of the car body. Let us denote the feedback gain to control the vertical response of the maglev vehicle as g(t), then
the equation of vertical component for the maglev vehicle in Eqs. (1) can be rewritten as

M0 €uv ¼ gðtÞþ f ðtÞ;

f ðtÞ ¼�f0þFyþ
XK

k ¼ 1

½Gkðik;hkÞ�: (7)

Introducing the state space of /zS¼/uv _uvS into Eq. (7) yields the following matrix equation

f_zg ¼ ½A�fzgþfBggðtÞþfCgf ðtÞ;

½A� ¼
0 1

0 0

� �
; fBg ¼

0

1=M0

( )
; fCg ¼

0

1=M0

( )
; gðtÞ ¼ ½G�fzg; (8)

where fzg ¼/zST and [G] represents the control gain matrix. In this control algorithm, the control gain g is determined by
minimizing the following quadratic cost index [23]

J¼

Z tf

0
½fzgT½Q �fzgþRg2�dt: (9)

Here, [Q] is a symmetric positive semi-definite weighting matrix for the performance of a structural system and R the
weighting parameter for the input control force. To minimize the performance index J in Eq. (9), the Riccati equation [23] is
usually used to obtain the Riccati matrix [P] and the control gain matrix [G], i.e.,

½P�½A��1
2½P� Bf gR�1 BgT½P�þ½A�T½P�þ2½Q � ¼ ½0�;

�
(10)

½G� ¼ �1
2 R�1½B�T½P�: (11)

In this study, the weighting matrix [Q] is represented by

½Q � ¼
kw 0

0 0

� �
; (12)
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where kw is the weighting parameter. Thus substituting Eqs. (11) and (12) into Eq. (10) yields the following solution of the
Riccati matrix [P]:

½P� ¼ 2M0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kw=R

p
� kw=M0

q ffiffiffiffiffiffiffiffiffi
kwR

p
ffiffiffiffiffiffiffiffiffi
kwR

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M0R

ffiffiffiffiffiffiffiffiffi
kwR

pq
2
64

3
75; (13)

and the corresponding control gain g(t) in Eq. (11) is equal to

gðtÞ ¼ ½G�fzg ¼�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M0

ffiffiffiffiffiffiffiffiffiffiffi
kw=R

qr
� _uvþ

ffiffiffiffiffiffiffiffiffiffiffi
kw=R

q
� uv

 !
: (14)

Let R¼ kw=w2, the coefficient w represents the relative importance of control performance in response suppression [23].
When w241, control performance of the controlled object is more concerned. Finally, introducing the control force g of
Eq. (14) into Eq. (7) yields:

M0 €uvþ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2M0w

p
� _uvþwuv ¼�f0þFyþ

XK

k ¼ 1

½Gkðik;hkÞ�: (15)

It is observed that as the coefficient w in Eq. (15) approaches to a very small value, i.e., w-0, Eq. (15) is reduced to the initial
equation of motion with less input control gains to the controlled maglev vehicle. By trying different combinations of w in
Eq. (15), the designer may select a pair of suitable stiffness and damping coefficients to reduce the vehicle’s response to
various degrees.

With the aid of control error function ek and g0 ¼ i0=h0 defined in Section 2.1, the equations of motion in Eqs. (1) and
(15) for the maglev vehicle tuned by a PID controller with LQR actuator can be rewritten as

M0 €uvþð
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2M0w

p
� _uvþwuvÞþ

2f0

g0K

XK

k ¼ 1

ek ¼ Fyþ
f0

Kg2
0

XK

k ¼ 1

e2
k ;

IvT
€yvvþ

2f0

g0K

XK

k ¼ 1

ðdkekÞ ¼Mzþ
f0

Kg2
0

XK

k ¼ 1

ðdke2
k Þ: (16)

Then the combination of Eqs. (6) and (16) yields the following equations of motion for the maglev vehicle equipped with an
onboard controller

½mv�f €uvgþ½cv;k�f _uvgþ½kv�fuvg ¼ ffvg; (17)

of which the displacement vector {uv}, force vector {fv}, and structural matrices of [kv], [cv], and [mv] for the EDS-type
vehicle model are given in Appendix. Similarly, the expressions of structure matrices for the EMS-type vehicle levitated by
multiple magnets can be formulated as well.

2.3. Transformation of equations by Galerkin’s method

As shown in Fig. 2, a 2D maglev vehicle is passing through a series of simple beams at constant speed v. Here, m is the
distributed mass of the beam, c the damping coefficient, and EI the flexural rigidity. With the inclusion of aerodynamic lift
force (Fy) and pitching moment (Mz) induced by the moving vehicle, one can formulate the equation of motion for the jth
guideway girder carrying a moving maglev vehicle as follows:

m €ujþc _ujþEIu
0000

j ¼�
XK

k ¼ 1

Gkðik;hkÞþ
Fy

K
þ

Mz

dk

� �
jjðx; tÞ

� �
;

jjðx; tÞ ¼ dðx�xkÞ H t�tk�
ðj�1ÞL

v

� �
�H t�tk�

jL

v

� �� �
; (18)

together with the following boundary conditions of simple supports:

ujð0; tÞ ¼ ujðL; tÞ ¼ EIuj
00 ð0; tÞ ¼ EIuj

00 ðL; tÞ ¼ 0; (19)

where ð _�Þ ¼ qð�Þ=qt, ð�Þ0 ¼ qð�Þ=qx, uj(x,t) is the vertical deflection of the jth span, L the span length, dð�Þ the Dirac’s delta
function, H(t) the unit step function, k=1, 2, 3, y, Kth moving magnetic wheel on the beam, K the number of magnetic
wheels, tk the arrival time of the kth magnetic wheel into the beam, dk the distance from the midpoint of the kth magnetic
wheel, and xk the position of the kth magnetic wheel on the guideway. According to the homogeneous boundary conditions
shown in Eq. (19), the dynamic deflection (uj) of a simple beam can be approximated by [24–26]

ujðx; tÞ ¼
X
n ¼ 1

qjnðtÞsin
npx

L
(20)
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where qjn(t) means the generalized coordinate associated with the nth assumed mode of the jth span. First, multiplying
both sides of Eq. (18) with respect to the variation of the dynamic deflection ðdujÞ, and then integrating the equation over
the beam length L, one can obtain the following generalized equation of motion for the nth dynamic system of the jth beam:

m €qjnþc _qnþEI
np
L

� 	4

qjn ¼ pjn; (21)

where the generalized magnetic force pjn is given by

pjn ¼�
2

L

XK

k ¼ 1

Gkðik;hkÞþ
Fy

K
þ

Mz

dk

� �
� cjnðv; tÞ

� �
;

cjnðv; tÞ ¼ sin
npvðt�tkÞ

L

� �
� H t�tk�

ðj�1ÞL

v

� �
�H t�tk�

jL

v

� �� �
: (22)

3. Simulation of turbulent wind velocity

To perform the interaction dynamics of a maglev vehicle traveling over guideway under oncoming wind flows in the
time domain, the following simplified spectral representation of turbulent wind [27] is employed to generate the time
history of turbulent airflow velocity wj(t) in mean wind flow direction at the jth point on the guideway as

wjðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðDoÞ

p Xj

n ¼ 1

XNf

i ¼ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SwðoniÞ

p
� GjnðoniÞ � cosðonitþcniÞ

" #
; j¼ 1;2; . . . ;Ns; (23)

where Nf is the total number of frequency intervals represented by a sufficiently large number; Ns is the total number of
points along the guideway to simulate; SwðoÞ is the spectral density of turbulence in along-wind direction (Kaimal’s
longitudinal wind spectrum [28]); cni is a random variable uniformly distributed between 0 and 2p; Do¼oup=Nf the
frequency increment; oup is the upper cutoff frequency with the condition that the value of SwðoÞ is less than a preset
small number e when o4oup; and the related parameters shown in Eq. (23) are given by

SwðoÞ ¼
200� U

2

1þ50
o
2p

z

U

� 	h i5=3

z

U

� 	
; U ¼

KU

lnðz=z0Þ
(24)

GjnðoÞ ¼
0; 1r jonrNs;

Cjj�nj; n¼ 1; nr jrNs;

Cjj�nj
ffiffiffiffiffiffiffiffiffiffiffiffi
1�C2
p

; 2rnr jrNs;

C ¼ exp
�lo� ‘jn

2pU

� �
;

8><
>: (25)

where U stands for the shear velocity of airflow [29] related to von Karman’s constant K=0.4 and the ground roughness z0

[30]; U is the mean wind speed at height z; l is an exponential decay factor taken between 7 and 10; ‘jn is the distance
between the simulated points j and n; and Cjj�nj is the coherence function between points j and n [14,16].

3.1. Simulation of quasi-steady aerodynamic forces on the moving vehicle

Fig. 3 shows the oncoming wind loads acting on the running vehicle with a mean velocity U and turbulent velocity w. As
indicated, the effective angle a of attack along the oncoming wind flow can be expressed as a¼ a0þyv, where a0 is initial
incident angle. The aerodynamic lift force (Fy) and pitching moment (Mz) acting at the mass center of the moving vehicle are
expressed as [14,16]

Fy ¼
rAU2

r

2
CyðaÞ; Mz ¼

rAhvU2
r

2
CMðaÞ; (26)

where r is the air density (=1.2 kg/m3); A is the top surface area of the vehicle; hv is the reference height of vehicle’s mass
center; Cy is aerodynamic lift coefficient; CM is aerodynamic pitching moment coefficient; Ur (=U+wj+v) is the relative

oncoming wind velocity around the vehicle moving at speed v; and wj represents the turbulent wind speed component
defined in Eq. (23).

3.2. Piecewise connected linear curves for aerodynamic coefficients

Generally, the aerodynamic coefficient curves of the lift force and pitching moment acting on a running vehicle can be
expressed in terms of the effective angle of attack based on wind tunnel tests or computational fluid dynamics (CFD)
simulations. For the sake of computational efficiency, an aerodynamic coefficient curve can be approximated as a series of
piecewise connected linear segments in terms of the angle of attack (a). As indicated in Fig. 4, the aerodynamic coefficient

curve established by experimental means or CFD simulations is a nonlinear and regular function in terms of wind angle of
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Fig. 4. Aerodynamic coefficient curve (Cq) fitted by piecewise connected linear segments.

Fig. 5. Simulation of transition length Lw for airflow velocity profile.
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attack (a) with respect to the vehicle [31]. In general, however, the aerodynamic coefficient curves may not be fitted by a
simple or analytical function with respect to a. To tackle this problem, the aerodynamic curve can be approximated by a set
of piecewise connected linear segments through subdivision. By using such a curve-fitting strategy to represent the
aerodynamic coefficient curve and assuming that there is a total of Q linear segments, the nonlinear aerodynamic
coefficient curve CqðaÞ can be approximated as follows:

CqðaÞ �

fq;1þkq;1ða0þyvÞ ab1rarae1;

^

fq;kþkq;kða0þyvÞ abkraraek;

^

fq;Kþkq;Q ða0þyvÞ abQ raraeQ ;

8>>>>>><
>>>>>>:

(27)

where ðfq;k;kq;kÞ represent the aerodynamic constants corresponding to the wind angle of attack in the range abkraraek.
Substituting Eqs. (26) and (27) into Eq. (16) yields the following equations:

M0 €uvþ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2M0w

p
� _uvþwuvþ

2f0

g0K

XK

k ¼ 1

ek ¼
rAU2

r

2
CyðaÞþ

f0

Kg2
0

XK

k ¼ 1

e2
k ;

IbT
€yvþ

2f0

g0K

XK

k ¼ 1

ðdkekÞ ¼
rAhvU2

r

2
CMðaÞþ

f0

Kg2
0

XK

k ¼ 1

ðdke2
k Þ: (28)

It is noted that the aerodynamic coefficients of CyðaÞ and CMðaÞ in Eq. (28) represented by the piecewise connected linear
curves shown in Eq. (27) depend on the angle of attack a, which is related to the incidental angle a0 of wind flow and the
pitching rotation yv of the rigid vehicle considered. To account for such a looping characteristic, the aerodynamic constants
ðfq;j;kq;jÞq ¼ y;M are determined in an iterative manner. With this strategy, an incremental-iterative approach will be
employed to compute the time history response of the maglev/guideway system under wind loads in Section 4.

3.3. Simulation of airflow velocity profile along the guideway

As the relative velocity Ur indicated in the aerodynamic forces of Eq. (26), the faster the running vehicle, the larger wind
forces acting on it will be. Thus as a vehicle starts moving into the guideway at time t=0, it will be subjected to a sudden
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(impulsive) action of aerodynamic forces of Fyð ¼ rAU2
r Cy=2Þ and Mzð ¼ rAhvU2

r CM=2Þ if the relative airflow velocity Ur

around the vehicle remains the same magnitude of (U+w)+v without appropriate adjustment, which will result in large
vibrations during the first few time steps in computation. Because of this, this paper adopts the following cubic
interpolation shape function to simulate the airflow velocity profile along the guideway (see Fig. 5):

Ur ¼
UR � ½3ðvt=LwÞ

2
�2ðvt=LwÞ

3
�; 0rvtrLw;

UR; vt4Lw:

(
(29)

Here, vt is the moving distance measured from the left reference point, Lw the simulated transition length from the left
reference point to the target point that the relative wind speed has attained a quasi-steady state, and UR (=v+U+w) is the
relative airflow velocity in quasi-steady state. In Section 6.3, a convergence test of determining transition length Lw for a
running vehicle’s response will be carried out.

4. Solution by an incremental-iterative procedure

Due to motion-dependent nature of levitation forces and non-conservative characteristics of wind loads, the dynamic
analysis of a moving maglev vehicle under wind actions needs to be solved using iterative method. As shown in the
analysis flowchart of Fig. 6, the procedure of incremental iterative for nonlinear dynamic analysis involves three phases:
predictor, corrector, and equilibrium checking [2,3,32], which is summarized as follows: (1) The predictor is concerned with
solution of structural response increments for given loadings from the equivalent structural stiffness equations; (2) The
corrector phase relates to recovery of the internal resistant forces from the displacement increments and the total
responses made available in the predictor; (3) In the equilibrium-checking phase, the effective internal forces computed
from the corrector phase are compared with the external loads, the difference being regarded as the unbalanced forces.
Details concerning the application of incremental-iterative procedure to nonlinear dynamic analysis of vehicle-bridge
interaction based on the Newmark method [19] are available in Refs. [2,3].

As stated in Section 3.2, an aerodynamic coefficient curve is approximated by a number of piecewise connected linear

segments through subdivision and calculated using an interpolation method after the pitching rotation yv of the vehicle is
computed by the iterative procedure described above. In addition, the root mean square of the sum of the unbalanced
forces in the phase of equilibrium checking for the maglev vehicle/guideway system is larger than preset tolerance, say
10�3, iteration for removing the unbalanced forces involving the two phases of predictor and corrector should be repeated
[2,3].

5. Numerical verification of maglev vehicle’s response

For the purpose of comparison, the dynamic simulation of a TR06 maglev vehicle model running on a concrete
guideway girder in Ref. [10] is selected to verify the computed results by the present maglev vehicle/guideway model. The
main data for the TR06 maglev vehicle with car length of 24 m and a single-span concrete guideway with span length of
Fig. 6. Flow chart of dynamic analysis using iterative method.
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Table 1
Properties of the guideway girder.

L (m) N EI (kN m2) m (t/m) c (kN-s/m/m) f1 (Hz)

25 24 2.5x107 3.76 15.4 6.5
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24.854 m [10,36,37] are given as follows: EI=24.56�106 k Nm2, m=3760 kg/m, mw=1000 kg, mv=2900 kg/m, K=8,
h0=8 mm, i0=37A, and R0=1.1O. Let the rigid maglev vehicle equipped with eight magnetic wheels travel over the
smooth guideway with a constant speed of 400 km/h. Considering the PID parameters of (Kp=0.25, Ki=35, Kd=0.04), the
time history responses of the mid-span guideway deflection and the midpoint acceleration of the car body, together with
the numerical results referred to as Refs. [2,10], have been plotted in Figs. 7 and 8, respectively. To simulate the TR06
maglev vehicle, Zhao and Zhai [10] proposed a simplified vehicle model supported by 4 bogie-sets with constant spring-
damper properties, and Yau [2] adopted a series of equivalent maglev sprung masses. Even so, the computed results
indicate that the present maglev vehicle/guideway model has the ability to simulate the dynamic behavior of a TR06
maglev vehicle running on a concrete guideway.
6. Numerical investigations

Fig. 2 shows a 2D maglev vehicle model is traveling over a series of identical guideway girders with constant speed v.
The properties of the guideway girder and maglev vehicle are listed in Tables 1 and 2, respectively. In Table 2, the EDS-MG
represents the EDS-type vehicle with two concentrated magnets assigned to both ends of the vehicle; and the EMS-MG
means the EMS-type vehicle with four magnets uniformly distributed along the rigid car body. To account for the random
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Table 2
Properties of the maglev vehicle.

Type L (m) K mv (kg/m) Iv (kg m) mw (kg) A (m2) hv (m) i0 (O) R0 (A)

EMS-MG 25 4 1800 93750 2000 75 1.5 25 1.0

EDS-MG 25 2 1800 93750 4000 75 1.5 25 1.0
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Fig. 9. Rail irregularity (vertical profile).
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nature and characteristics of guide-rail irregularity in practice [38], the following power spectrum density (PSD) function
[33] is given to simulate the vertical profile of track geometry variations

SðOÞ ¼
AvO2

c

ðO2
þO2

r ÞðO
2
þO2

c Þ
; (30)

where O is the spatial frequency, and Av, (=1.5�10�7 m), Or (=2.06�10�6 rad/m), and Oc (=0.825 rad/m) are relevant
parameters. Fig. 9 shows the vertical profile of track irregularity [20] for the simulation of rail geometry variations in this
study.

It was well known that if the acceleration response, rather than the displacement response, of a structure is of concern,
the contribution of higher modes has to be included in the computation [34,35]. From the convergent verification of
computed results of a simple beam under moving train loads presented in Ref. [2], the first 20 modes of shape functions in
Eq. (20) are sufficient to compute the acceleration response of a simple beam. In the following examples, the time step of
0.001 s and the ending time of tend=(NL+l)/v are employed to compute the dynamic response of the traveling maglev
vehicle. Here, N is the span number of the guideway girders considered.
6.1. Application of the Z–N tuning rule

The purpose of this example is to determine the PID tuning parameters for the maglev vehicles running over guideway
girders, thus, the effect of aerodynamic forces on the moving vehicle would be excluded. As shown in Eq. (5), the linear
combination of (Kp, Ki, Kd) in the PID control algorithm can provide a set of tuning gains designed for specific control
process even by trial and error method. In general, if the mathematical model of a control process is not available, the Z–N
tuning rule offers a useful approach to determine the optimal parameters of a PID controller, from which the PID
parameters have been defined as [21]: Kp=0.6Kcr, Ki=1.2Kcr/Tcr, and Kd=KcrTcr/8. Here, Kcr means the critical proportional
gain of the PID controller by increasing only the proportional control action (i.e., Ki=Kd=0) Kp from 0 to a critical value Kcr so
that the output first exhibits an oscillation behavior with a critical period Tcr [20,21].

Let the maglev vehicle cross the multi-span guideway with an extreme speed of 600 km/h. By trials for different values
of the proportional gain Kp subject to hk40, the time history responses of the average control error

PK
k ¼ 1 ek=ðKg0Þ to

oscillate for both the EDS-MG and EMS-MG vehicles have been plotted in Fig. 10, respectively. According to the Z–N rule
described above, Table 3 has listed the corresponding optimal PID parameters. In the following examples, the optimal PID
tuning parameters listed in Table 3 are used to regular the control voltage in the maglev system of the running maglev
vehicle.
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Table 3
Optimal PID parameters based on Z–N tuning rule.

Type h0 (m) Kcr Tcr (s) Kp (=0.6Kcr) Ki (=1.2Kcr/Tcr) Kd (=Tcr Kcr/8)

EMS-MG 0.02 2.0 0.16 1.2 15 0.040

EDS-MG 0.15 2.0 0.15 1.2 16 0.036

0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

-0.010

-0.005

0.000

0.005

0.010

Σe
k

__
__

K
γ 0

EDS-MG (h0 = 0.15m, Kcr= 2.0)
EMS-MG ( h0 = 0.02m, Kcr= 2.0)

Tcr= 0.16s

Tcr= 0.15s

Fig. 10. Transient oscillation with a critical period Tcr of PID controller.
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Fig. 11. av,max�v plot of the moving maglev vehicles.
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6.2. Maximum response analysis

For high speed ground transportation, vehicle’s acceleration response is usually used to evaluate the ride comfort of
passenger cabins and running safety of a train. For illustration, the traveling speeds of the maglev vehicle are ranged from
150 to 600 km/h with an increment of 10 km/h and the maximum vertical acceleration of the maglev vehicle is defined as

av;max ¼maxðj €uvþdk
€yvjk ¼ 1;2;...;K Þ (31)

with the optimal PID parameters listed in Table 3, Fig. 11 depicts the maximum vertical acceleration (av,max) of the moving
vehicle against various speeds (v). Such a relationship is denoted as av,max�v plot in the following. Fig. 12 shows the
maximum acceleration (amax) at midspan of the guideway girders against the moving speed (v) and this relationship will
be called as amax�v plot. As can be seen, the acceleration amplitudes in Figs. 11 and 12 increases along with the increase of
running speed. Meanwhile, the acceleration amplitudes induced by the EDS-MG in Figs. 11 and 12 are generally higher
than those of the EMS-MG. The reason for this can be explained as: (1) A concentrated-load vehicle model might gives rise
to larger response on both guideway deflections and vehicle accelerations than a distributed-load vehicle [6]; (2) A large
air gap in a maglev system may allow the magnetic wheels to oscillate with a larger amplitude, from which the moving
rigid car body would experience more intensive oscillation transmitted from the vibrating gudieway girders [3].
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Fig. 12. amax–v plot of midpoint of the guideway.
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6.3. Simulation of transition length for airflow speed profile

To conduct the influence of transition length of airflow velocity profile on the response of the maglev vehicle moving on
the multi-span guideway, eight sets of transition lengths are considered, they are Lw/L=0, 1, 3, 5, 7, 10, 11, and 12,
respectively. Let the maglev vehicle travel over the guideway girders at a high speed of 600 km/h under calm environment,
that is, U+w=0. The running vehicle is subjected to the action of oncoming aerodynamic forces of Fyð ¼ rAv2CyðyvÞ=2Þ and
Mzð ¼ rAhvv2CMðyvÞ=2Þ. Consider the aerodynamic coefficient curves of lift force and pitching moment against the wind
angle of attack a shown in Fig. 13 [31], in which the lift coefficient curve of CyðaÞ becomes zero at a¼�0:43. The
relationship of the maximum acceleration (av,max) against various ratios of transition length (Lw/L) for both the EDS-MG
and the EMS-MG have been plotted in Fig. 14, respectively. Obviously, as the transition length ratio of Lw/L is equal to zero,
the acceleration amplitudes appear abnormally amplified due to the oncoming wind forces applied suddenly to the
running vehicle, as it starts moving into the guideway. By contrast, for a larger transition length, the vehicle moving into
the guideway at initial stage may experience less such oncoming wind actions until the vehicle has traveled a sufficient
distance and the wind loads also achieved its quasi-steady state (see the airflow velocity profile shown in Fig. 5). Because of
this, the larger transition length (Lw=12L) of airflow velocity profile is selected in the following examples.
6.4. Aerodynamic effects of oncoming winds on the moving maglev vehicle

Due to lack of aerodynamic simulation data (from wind tunnel tests or CFD simulation) for maglev vehicles, this study
refers to the measured data obtained from Ref. [31] for a maglev vehicle. The aerodynamic coefficients (Cy, CM) of lift force
and pitching moment against a have been redrawn in Fig. 13. To simulate the turbulent oncoming wind velocity given in
Eq. (23), the following aerodynamic parameters are used: (1) the height of the vehicle over elevated guideway girders
above the ground is z=5 m; (2) the ground roughness z0 is 0.012 for open country terrain [30]; (3) the sampling number of
frequency (Nf) is 1024; (4) the frequency increment Do is 0.002 Hz; (5) the time interval of the generated wind velocity is
0.1 s; (6) the decay factor l is set 7, (7) the distance ‘jn between any two successive points is 6 m; and (8) the wind velocity
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Fig. 15. Time histories of simulated wind velocity at positions of 120 and 300 m along the guideway.
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Fig. 16. Effect of wind velocity on the moving maglev vehicles.
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field is composed of 150 wind velocity waves at 101 (=Ns) different points uniformly distributed along the guideway with
the total length of 600 m. Figs. 15(a) and (b) show the generated time-history of turbulent velocity component of oncoming
wind with a mean velocity U=15 m/s at the positions of 120 and 300 m from the left reference point of the guideway,
respectively.
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For the purpose of demonstration, let us assume the initial wind angle of attack is zero, i.e., a0 ¼ 0 or a¼ yv, and allow
the vehicle to move at the speed of 600 km/h. With the curve-fitting scheme (see Section 3.2) in simulating the
aerodynamic coefficient curves described in Fig. 13, the maximum acceleration (av,max) of the maglev vehicles against the
mean wind velocity (U) in the range 0–40 m/s has been shown in Fig. 16. As indicated, higher wind speeds results in a
significant amplification on the vehicle’s response due to larger aerodynamic forces acting on the running maglev
vehicle.

6.5. Aerodynamic effects on the maglev vehicle with various moving speeds

Consider the quasi-steady oncoming wind flows with a mean velocity of 15 m/s. Let the maglev vehicle pass through the
multi-span guideway at the constant speeds ranged from 150 to 600 km/h with an increase of 10 km/h. By the incremental-
iterative procedure presented in Section 4, the corresponding av,max�v plot and amax�v plot for the maglev vehicle and the
midpoint of the guideway girders have been drawn in Figs. 17 and 18, respectively. As indicated, the inclusion of
aerodynamic forces results in a significant amplification on the responses of the maglev vehicles with the increase of
speeds, especially for the EDS-MG running at high speeds over 400 km/h. In addition, the amplified extent of aerodynamic
forces on the acceleration response of the EDS-MG is noticeably larger than that on the EMS-MG, the reason is attributed to
the fact that under almost the same constant tuning PID parameters (see Table 3), the EMS-MG with distributed-type

magnets has more capability to control the vehicle’s vibrations using multiple levitation forces than the EDS-MG with two
concentrated magnets.

6.6. Vibration mitigation using LQR actuator

For a high speed maglev transport system, the vertical acceleration response of maglev vehicles is concerned with ride
quality of system performance. According to the previous numerical investigations in Section 6.5, the extreme speed of
600 km/h in the av,max�v plot of the EDS-MG is rather close to the limitation of 0.05g (=0.49 m/s2) for ride requirements of
passengers [5]. In this example, we try to mitigate the vehicle’s response using a PID controller in conjunction with the LQR
actuator presented in Section 2.2. Let us introduce the LQR actuator with the tuning parameter of w=100 into the PID
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controller. Under the same wind environment described in Section 6.5, the corresponding av,max�v plot and amax�v plot
for the maglev vehicle/guideway system have been drawn in Figs. 17 and 18 as well, respectively. The results show that the
inclusion of LQR actuator is useful to enhance the vehicle’s response within the strict limitations of jamaxjr0:05g. On the
other hand, as indicated in Fig. 17, the control effectiveness in vibration suppression of the EDS-MG is more significant than
that of the EMS-MG. It can be explained that the LQR actuator equipped in the EDS-MG maglev system needs to provide
more tuning gains for controlling the vehicle’s response than the one in the EMS-MG. To demonstrate this, let us define the
maximum control gain of the LQR actuator as gmax ¼ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2M0w

p
� _uvþwuvÞmax of the running maglev vehicle. The maximum
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control efforts of gmax/f0 against the moving speed (v) for both the EMS-MG and the EDS-MG have been plotted in Fig. 19.
As indicated, the EDS-MG vehicle requires more tuning gains to control its relatively large vibration than the EMS-MG.
Moreover, the time history responses of vertical acceleration ( €uv) at midpoint of the car body for both the EMS-MG and
EDS-MG moving with the speed of 350 km/h have been plotted in Figs. 20 and 21, respectively. They show that compared
with the EMS-MG, the relatively large response of the EDS-MG has been effectively suppressed through the larger control
gains generated from the LQR actuator.
7. Conclusion

Based on the present incremental-iterative procedure, this paper has established a preliminary computational
framework to perform dynamic analysis of a running maglev vehicle interacting with guideway under oncoming wind
actions, in which the quasi-steady aerodynamic forces contain both steady and turbulent airflow velocities associated with
vehicle’s speed. From the present numerical study, some observations are drawn as follow:
1.
 The proposed PID controller based on Z–N tuning method has the ability to control the levitation forces for the moving
maglev vehicle under oncoming wind environment.
2.
 The numerical simulation of quasi-steady oncoming wind loads acting on a running vehicle in the time domain should
include a transition length of airflow velocity profile so that the vehicle may experience less impulse-type wind actions
when running into the guideway at initial stage.
3.
 With the inclusion of moving vehicle-induced aerodynamic forces, in general, the vehicle’s response will be amplified
with the increase of running speeds. Thus, the aerodynamic effects play an important role in affecting the interaction
response of maglev vehicle/guideway system, especially for the EDS-MG vehicle running at higher speeds.
4.
 Under the same constant tuning PID parameters, the amplified extent of acceleration of the EDS-MG induced by
aerodynamic forces is noticeably greater than that of the EMS-MG. The reason is that the EMS-MG with uniformly
distributed magnets has more capability in regulating the vehicle’s vibrations using multiple levitation forces than the
EDS-MG with two concentrated magnets.
5.
 To restrict the maximum acceleration of vehicle’s response under ride requirements, introducing the LQR actuator into
the PID controller is a simple and efficient way to control the interaction response of the maglev vehicle/guideway
system.
6.
 With the LQR actuator, the control effectiveness in vibration reduction of the EDS-MG is more significant than that of
the EMS-MG. The reason is that the relatively large response of the EDS-MG has been effectively suppressed through the
larger control gains generated from the LQR actuator.
7.
 In this study, only oncoming wind loads were considered to act on a running maglev vehicle. A further realistic model
with 3D maglev vehicle should be carried out to investigate dynamic stability of a high-speed maglev vehicle under
lateral winds.
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Appendix A

The mass, damping, and stiffness matrices, and force vector for the EDS-type maglev vehicle model are given as follows:

½mv� ¼

M0

IvT

G0þKd

G0þKd

2
66664

3
77775; (A.1)

½cv� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2M0w

p
0

KpþR0h1

KpþR0h2

2
66664

3
77775; (A.2)
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½kc� ¼

w 0 p0=g0 f0=g0

0 0 �f0d1=2g0 f0d1=2g0

�R0g0 R0g0d1=2 KiþR0
_h1 0

�R0g0 �R0g0d1=2 0 KiþR0
_h2

2
66664

3
77775; (A.3)

where d1 (= l/2) is half a length of the vehicle. The displacement and force vectors are respectively expressed as

uvf g ¼

uv

yv

e1

e2

8>>><
>>>:

9>>>=
>>>;
; fv

� 

¼

f0

2g2
0

ðe2
1þe2

2Þ

f0d1

4g2
0

ðe2
2�e2

1Þ

R0g0ð_r� _ujÞjx ¼ x1

R0g0ð_r� _ujÞjx ¼ x2

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;
: (A.4,5)
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