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ABSTRACT The guidance control system of the high-speed maglev enable that the maglev can travel along
the center line of track. When the maglev passes through curve, the guidance control system also provides
guidance force. When the maglev operates on the track, the friction between guidance electromagnet and
track happens sometimes. This problem will pose a great threat to the safety of maglev running. However,
other studies have failed to reflect the actual operation very well. In order to give a reasonable explanation for
problems happened in actual test, the dynamics model of the guidance control system in high-speed maglev
is established in this paper. The curve operation simulation was carried out, and the reason of the friction
problem was analyzed through the results of simulation. Finally, an actual running test was carried out. The
result of test shows that the high-speed maglev guidance control model established in this paper is effective.
This model can provide an platform for analyzing the motion of guidance control units of the high-speed
maglev train, further provide a model reference for the design and optimization of the control algorithm.

INDEX TERMS Dynamics modeling, high-speed maglev, guidance control system, motion analysis.

I. INTRODUCTION

Compared with the high-speed wheel-rail transportation sys-
tem, the high-speed maglev has the advantages of smaller
turning radius, lower energy consumption, lower mechanical
wear, more safety and easy maintenance [1]-[5]. At present,
China is developing a new generation of high-speed maglev
train with a speed of 600 km/h. In the future, high-speed
maglev trains have broad application prospects all over the
world.

The overall structure of the guidance system of high-speed
maglev is shown in Fig.1. The guidance control system is
mainly composed of guidance controller, guidance electro-
magnet, suspension device, bogie and carriage. The goal of
guidance control is to enable high-speed maglev trains to run
in the center of the track.

The research on the guidance system of high-speed maglev
train mainly includes two aspects: guidance control research
and guidance dynamics research. The research on guidance
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control mainly focuses on the research of control algorithm.
Aiming at the problems of large variation of working current
and track irregularity, Hao ef al. designed robust controller
and adaptive controller [6]-[9]; Chang et al. designed yaw
controller for the train yaw control [10]; Min et al. ana-
lyzed the active guidance control system of medium speed
maglev train [11]. Lee ef al. proposed a new electrical
guidance device, designed a new cascade sliding mode con-
troller and a cascade sliding mode based genetic algorithm
control [12].

There are mainly two approaches to the study of guid-
ance dynamics. The first way is to establish the dynamics
equation of rigid body by force analysis. Zhao et al. ana-
lyzed the working state of the guidance system when the
single bogie system was running in the curve [13]. Wu et al.
established the guidance dynamics model of a single train
on straight track, but did not consider the system model
under the condition of curve [14]. The second research way
is to build a virtual prototype of vehicle by using dynamics
simulation software. Ye et al. carried out dynamics modeling
and simulation of the vehicle with SIMPACK software, and
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(a) Lateral view

(b) Front view

FIGURE 1. Total structure of high-speed maglev train. CA:Carriage. SD:Suspension device. RU:Runner. BO:Bogie. GE:Guidance electromagnet.
LE:Levitation electromagnet. PS:Primary suspension device. BE:Eddy-current-brake electromagnet. XR:x-direction rod.

obtained the vertical and transverse dynamics response char-
acteristics of some rigid bodies of the vehicle system along
the track [15]-[17]. Piao et al. built the dynamics model of
vehicle system through the collaborative simulation platform,
further the lateral dynamics response of parts of rigid bodies
when the system passed through the curve, and the role of
the pendulum rod in the secondary suspension device are
analyzed [18]-[22].

However, other studies have failed to reflect the actual
operation very well. First of all, too much simplification
are made in the model of guidance control system in pre-
vious research about the guidance control algorithm. Model
after simplifying can neither reflect the guidance dynamics
characteristics nor guide the work of parameter adjustment
effectively. Consequently, it is always time-consuming and
difficult to adjust the controller parameters in the test, which
brings a lot of inconvenience to the debugging work. Sec-
ondly, most of the research in guidance dynamics field is
aimed at analyzing the lateral vibration response of vehicle
and the dynamics characteristics of rigid bodies. However,
they have failed to give the working state of guidance control
units. Last but not least, when the maglev operates on the
track, the friction between guidance electromagnet and track
happens sometimes. This problem will pose a great threat to
the safety of maglev running. However, the reasonable expla-
nation for this problem has rarely been examined directly.

In order to give a reasonable explanation for problems
happened in actual test and accurately get the working state
of the guidance control system, a dynamics model of the
guidance control system is established in this paper. At first,
the structure of the high-speed maglev train is analyzed; The
parameter model of various components are established in
section II. Secondly, the lateral motion equations of the rigid
bodies are established; The interaction models of the primary
suspension device and the secondary suspension device are
derived in section III. Thirdly, the control strategy of guid-
ance system is proposed in section IV. Fourthly, a simulation
model of the guidance control system of the whole maglev
is established in section V; The operation situation of the
guidance control system through a curve line is simulated;
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The working state of the guidance system is analyzed. Finally,
the vehicle operation test was carried out on the test line in
Jiading, Shanghai; The accuracy of the simulation model was
verified with the test results in section VI.

Il. MAGLEV STRUCTURE AND PARAMETRIC MODEL

A. THE OVERALL STRUCTURE AND ASSEMBLY

PRINCIPLE OF THE VEHICLE

The overall structure of the high-speed maglev train is shown
in Fig.1. It is mainly composed of carriage, secondary suspen-
sion devices, bogies, primary suspension devices and elec-
tromagnets. Carriage and bogies are connected by secondary
suspension devices; Electromagnets and bogies are connected
by primary suspension devices. There are three types of elec-
tromagnets, including suspension electromagnet, guidance
electromagnet and eddy-current-braking electromagnet.

The suspension system and the guidance system are basi-
cally decoupled through the suspension device. Therefore,
in order to simplify the research, the influence of the move-
ment in the direction of suspension will be ignored. In addi-
tion, suspension electromagnet and eddy-current-braking
electromagnet are ignored when building the guidance
dynamics.

The following step is to determine the parametric models
of the functional components and connecting components
of the guidance system. Functional components of guidance
system mainly include the guidance electromagnet, bogie and
carriage. Connecting components of guidance system mainly
include the primary suspension device and the secondary
suspension device.

B. BOGIE STRUCTURE

The real structure of a single bogie is shown in Fig.2, which is
mainly composed of four suspension frames of which shape
like “C” type, two cross beams and one longitudinal beam.
Each “C” type suspension frame contains a pair of support
arms. There are connecting pieces between the support arms.
Each cross beam is formed by two beams, bolster support and
air spring support.
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FIGURE 2. Structure of single bogie system of maglev.
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FIGURE 3. Parametric model of single bogie system.

In the research of guidance dynamics, if the bogie is com-
pletely considered as an elastic body, its mathematical mod-
eling is relatively complicated, and it is difficult to obtain an
analytical model of the bogie. Therefore, in order to simplify
the research, the elastic bogie is equivalent to the rigid bogie
and its attached guidance arm springs. The parameterization
model is shown in Fig.3. The points masked “A” and “B”
are the connection point of suspension spring on the bogie.
Wiass and wy,ge are the distances in y-direction between the
connection points of bogie. /,;;45 and [, are the distances in
x-direction between the connection points of bogie.

C. PRIMARY SUSPENSION DEVICE STRUCTURE

The guidance primary suspension device is composed of a
triangle hinge and an anti-roll rod. The connection method is
shown in Fig.4.

Triangle hinge includes one triangle bracket, two rubber
ball joints. The triangle bracket is a rigid bracket, whose two
ends are connected by two rubber ball joints.

One end of the anti-roll rod is connected with the bogie
through the rubber ball joint, and the other end is con-
nected with the support of guidance electromagnet through a
metal pin.

Since the two anti-roll rods at the front and back ends of the
guidance electromagnet are installed in the diagonal direction
of the electromagnet, the electromagnet can be restricted
from rolling relative to the bogie. Therefore, the guidance
suspension device can provide 5 degree-of-freedom rela-
tive motions for the guidance electromagnet and the bogie.
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FIGURE 4. Structure of guidance primary suspension device.
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FIGURE 5. Parametric model of guidance primary suspension device.

Relative motion compensation is achieved through the defor-
mation of each ball joint hinge in the device. As is shown
in Fig.5, the equivalent parametric model is a connecting rod
device with arigid rod in the middle and two rubber ball joints
at both ends. The mass of the rigid rod itself can be ignored.
Lgo represents the distance between two rubber balls.

D. SECONDARY SUSPENSION DEVICE STRUCTURE

The structure of the secondary suspension device is shown
in Fig.6. It is mainly composed of anti-roll metal rubber
parts, rubber ball joints, bolsters, air springs, pendulum
rods, z-direction supports, y-direction auxiliary springs/limit
springs and other components. The assembly principle is as
follows:

The end of the bolster is connected with the anti-roll metal
rubber part, passing through the bolster frame on the bogie
beam. The bolster and the frame are connected by rubber ball
joints, which can rotate longitudinally around the frame.

The bottom of the air spring is installed on the air spring
support on the bogie beam, and the top of it is nested in the
groove of the bolster arm. The air spring and the beam only
transfer to the z-direction load, not to the y-direction load.

The ends of the bolster and the pendulum rod are connected
by smooth metal ball joints, which can swing freely between
each other. So are the pendulum rod and the z-direction
support. The z-direction support and the carriage floor are
rigidly connected.

In order to distribute the load uniformly along the longitu-
dinal direction of the train, the effective bearing area of the
air spring on the suspension frame at the end of the train is
half of the middle air spring. In condition that the pressure of
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FIGURE 7. Parametric model of guidance primary suspension device.

all air spring is the same, the supporting force of the end air
spring is half of other air springs.

In order to distribute the load uniformly along the lon-
gitudinal direction of the train, as shown in Fig.1, on the
suspension frames 2, 3, 6 and 7, y-direction auxiliary springs
are installed between the bolsters and the z-direction support.
On the suspension frame 1, 4, 5 and 8, y-direction limit spring
is installed between the bolster and the z-direction support,
which only works when the displacement exceeds 90 mm.

According to its assembly principle, it is equivalent to
the model shown in the Fig.7. The total lateral stiffness of
the secondary suspension device only depends on the swing
stiffness of the pendulum rod EF and the lateral stiffness of
the y-direction spring. In addition, since the height change
of the carriage caused by the deformation of the secondary
suspension device is much smaller than the height of the car-
riage, when analyzing the lateral stiffness, the vertical height
change caused by the dynamics adjustment of the secondary
suspension device is ignored. Approximately, the height of
the center of mass of the carriage from the track surface
remains constant.

E. LINE PARAMETER MODEL

In order to simulate the operation of the maglev train, it is
necessary to model the running line. Line that used in simula-
tion is shown in Fig.8. This simulation line is designed based
on a curve at Jiading test line in Shanghai. In Fig.§, L1 and
L2 represent straight line segments, T1 and T2 represent tran-
sition curve segments, C represents circular curve segments.
The starting point of the track center line is selected as the
origin 0¥ of the inertial coordinate system. R is the radius
of curvature of the circular curve, p is the curvature of the
whole line, 6,, is the maximum cross slope angle of the track.
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FIGURE 8. Simulation model of line on which the maglev train model
operates.
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FIGURE 9. Parameters of simulation line. (a) Curvature of the line «.
(b) The first order derivative of curvature «’. (c) Direction angle y.
(d) Cross slope angle 6. (e) X-coordinate x. (f) Y-coordinate y.

The curve of various parameters of the line following distance
is shown in Fig.9.

lll. SYSTEM DYNAMICS MODEL

A. DYNAMICS MODELING PROCESS

When the train runs at a constant speed without the external
interference of the vehicle system and the relative movement
between the rigid bodies and the track, the traction movement
of each rigid body along the track’s longitudinal direction
can be regarded as moving together following the track
coordinate system o""x""y"z""(n = 1 ~ 7)shown in Fig.10.
In this figure, the origin of the coordinate system o'"'(n =
1,2,...7) moves along the track centerline at a speed V. The
arc length of the track centerline between the origins of two
adjacent coordinate systems is always equals /; = 3.096m.
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————————— Carriage

FIGURE 10. Track coordinate system of maglev during the process of passing curve.

The x™-axis is along the tangent direction of the track
centerline. The y'"-axis is along the track The direction of the
normal to the center line within the track plane. The z'"*-axis
is perpendicular to the track surface.

When modeling the guidance dynamics, the track coordi-
nate system in Fig.10 is selected as the implicated coordinate
system. The movement of the rigid bodies of the guidance
system in the inertial coordinate system is decomposed into
the translational movement following the track coordinate
system and the rotational motion of the rigid body around the
axis that is perpendicular to the track surface. Consequently,
the guidance dynamics modeling of each rigid body can be
classified into the same question. As long as the dynamics
model of a single rigid body is involved in the track operation,
the dynamics model of the overall guidance system can be
obtained.

If the traction running speed V and running time t of the
train are known, it is easy to get the position and posture of
the coordinate system ox""y"z"" in the inertial system, so as
to determine the longitudinal traction operation law of each
rigid body in the guidance system.

B. RIGID BODY COORDINATE SYSTEM ESTABLISHMENT
As shown in Fig.11, the motion of a single rigid body involved
in the track can be described by three sets of coordinate
systems, including the inertial coordinate system 0x%yz,
the track involved coordinate system, namely the track coor-
dinate system o"x"y"z" and the rigid body connected coor-
dinate system, namely the rigid body coordinate system
oPxbybzb.

The inertial coordinate system is a fixed coordinate system,
which is connected to the ground and is used to describe the
track line. The origin 0° is selected at the starting point of the
track centerline, and the x°-axis is along the tangent direction
of the center line.

The track coordinate system is a dynamics coordinate sys-
tem. the origin 0" moves along the track centerline at a speed
V. The x"-axis is along the tangent direction of the track
centerline. The y"-axis points to the inside of the curve within
the track surface.

The rigid body coordinate system is a conjoined coordinate
system. The origin o” is at the mass center of the rigid body.
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The three coordinate axes are the inertia principal axes of
the rigid body in turn. Since the guidance dynamics mod-
eling only considers the deviation component of the rigid
body center of mass along the lateral direction of the track,
so the projection of point o” on the track surface will be
on y’ -axis.

In order to describe the process of rotation transforma-
tion from the inertial coordinate system to the track coordi-
nate system vividly, the track centerline coordinate system
0"x"y" 7’ is added in the figure, where the plane x"“—y"“and
the plane of the inertial coordinate system x°—y° are
coplanar.

It is known that the translation and rotation transformation
relationships between the inertial coordinate system, the track
centerline coordinate system, the track coordinate system and
the rigid body coordinate system in Fig.9 are as follows

A s e e
OOxOyOZO 3(¥) Orcxrcyrczrc orxryrzr
P(ry) Ai(=0)
A
Orxryrzr 3D b bbb (1)

— 0Xyz
P(r) Y

Among them: P represents the translation transformation
matrix; A represents the rotation transformation matrix, and
its subscripts “1” and “3” respectively represent counter-
clockwise rotation around the x-axis and z-axis of the coor-
dinate system; 7, is the translation vector from the inertial
coordinate system to the track centerline coordinate system.
r is the translation vector from the track coordinate system to
the rigid body coordinate system. r,. is the translation vector
from the inertial coordinate system to the rigid body coordi-
nate system. v is the direction angle of the track centerline.
0 is the cross slope angle of the line. ¢ is the yaw angle of the
rigid body relative to the track.

In the relational formula, the specific expression of the
rotation transformation matrix between each coordinate sys-
tem is as follows:

The rotation transformation matrix from the inertial coor-
dinate system to the track coordinate system is

Ap =A1(-0)A3(—V) @
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FIGURE 11. Three Coordinate systems used for the description of the motion of single rigid body.

The rotation transformation matrix from the track coordinate
system to the inertial coordinate system is

A) =@ 3)

The rotation transformation matrix from the track coordinate
system to the rigid body coordinate system is

AL = As(p) @)

The rotation transformation matrix from the rigid body coor-
dinate system to the track coordinate system is:

Al = (As(p)™! ®)

The rotation transformation matrix from the inertial coordi-
nate system to the rigid body coordinate system is

Al = A3(0)A1(0)A3W) (©6)

The rotation transformation matrix from the rigid body coor-
dinate system to the inertial coordinate system is

AY) = @ahH™! @)

It is known that vectors are often located in different coordi-
nate systems, so it is impossible to deal with them without
unifying. As a result, the vectors in different coordinate sys-
tems must be converted to the same coordinate system for
calculation by using (2) to (7).

C. TRANSLATIONAL AND ROTATIONAL MOTION
EQUATIONS OF RIGID BODY

The guidance electromagnets, bogies and carriages in the
guidance system can all be regarded as rigid bodies. The
movement of the rigid body along the y-axis of the track
coordinate system under the action of external force is called
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lateral movement, and the movement along the x-axis is
called longitudinal movement. In the dynamics research of
the guidance system, the lateral dynamics performance of
the vehicle is the core of the research, so the lateral motion
of the rigid body is more worthy of attention. Specifically,
the lateral motion of a rigid body can be divided into transla-
tional motion along the y”-axis of the track coordinate system
and rotational motion around the z"-axis. The content of this
section is mainly to establish the lateral deviation equation
and lateral yaw equation of a rigid body through the theorem
of the center of mass motion of the rigid body and the theorem
of moment of momentum.

1) TRANSLATIONAL MOTION EQUATIONS
From the center of mass motion theorem, the motion equation
of the center of mass of a rigid body is

ma. = F¢ ®)

Among them, m is the mass of the rigid body, a. is the
acceleration of the rigid body’s center of mass in the inertial
system, and F¢ is the resultant external force received by the
rigid body.

According to the acceleration composition theorem,
the acceleration in the track coordinate system can be
expressed as

a. =a,+ai +ay (9)

where a, represents the implicated acceleration of the rigid
body in the track coordinate system, a; represents the coriolis
acceleration, and a, represents the relative acceleration. The
following equation can be obtained by combining (8) and (9).

ma, = F{ —ma, — maj, (10)
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Converting (10) to the track coordinate system
mi" =F, + F, +F} (11)
The implicated inertial force of the rigid body in the track
coordinate system is
F, =ma, =m[ew, x V] +e, xr" + o, x (@, xr")]
12)
The coriolis force received by the rigid body is
F; = maj, =20, x i (13)

where, the superscript 7 represents the vector of each physical
quantity in the track coordinate system.

The rotational angular velocity of the track coordinate sys-
tem in the inertial system is @,. According to Euler’s theorem
of rotation, the projection of @, in the track coordinate system
is @/, whose expression is

[y v
w, = |wg | = A; | 0
_wZZ —¢ ©=0
[ -6
= | —ysind (14)
| Ycosd
[—sinfsing  cosp 0
Al = | —sinfsing —sing 0 (15)
| cost 0 1

Among them, A/ represents the rotation change matrix from
the inertial system to the track coordinate system. wy,, wy,
and w;, represent the components of the track coordinate
system’s rotational angular velocity along the X, y, and z axes
of the projection of the track coordinate system respectively.

Derivation of the (15), namely the angular acceleration of

the track coordinate system rotation can be obtained as

o i

g, =W, = |, | = —rsinf — yr6cosd (16)
wl, Vrcosd — yrOsind

The projection of the velocity vector V! in the track coor-
dinate system is

Vi=[v 0 0] (17)

o

In the coordinate system shown in Fig.11, it can be seen
that " = [0 r)’, h] S = [0 i}’, h],where h represents the
distance from the center of mass of the rigid body to the track
coordinate system, ry represents the distance along y-axis
from the track coordinate system to the rigid body coordinate
system.

Substitute (14) to (17) into (12) and (13), the components
of traction inertia force and coriolis force along the y"-axis of
the track coordinate system can be obtained

Fl, ~ —mV?kcost, Fj, =0 (18)

where V represents the speed of the track coordinate system
along the x"-axis, namely the running speed of the vehicle. «
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represents the curvature of the horizontal curve of the track.
0 represents the cross slope angle of the track.

Substituting (18) into (11), the deviation motion equation
of the rigid body along the y"-axis can be obtained

miy = Fe, + Fo + Fp, = Fo + Fyy (19)

2) ROTATIONAL MOTION EQUATIONS
From the theorem of the moment of momentum of the mass
point system relative to the center of mass, it can be seen
that the derivative of the moment of momentum L. of the
rigid body to the center of mass with respect to time is equal
to the principal torque of the external force system to the
rigid body M?
dﬁ - Mf
dt

The rigid body coordinate system is used as the calculation
coordinate system to derive the fixed-axis rotation equation.
The origin o of the rigid body coordinate system is on the
rigid body’s center of mass. Each coordinate axis is located on
the rigid body’s inertial principal axis. Therefore, the inertia
tensor matrix of the rigid body relative to the center of mass
can be expressed as

(20)

L. 0 0
I=(0 1, 0 1)
0 0 I

Among them, I, I, and I, are the torques of inertia of the
module about the x”, y and 7% axes respectively.

According to Euler’s law of rotation, the projection of
the rotation angular velocity vector @/ in the rigid body
coordinate system can be obtained as

a)f —Vrsingsinf — cosp
w, = a){’ = | —Yrcospsind + Osing (22)
a)é’ Ycosh + ¢

The moment of momentum of a rigid body can be
expressed as

Ly=1 0" (23)

Combining (20)-(23), the rotation equation when the rigid
body rotates around the z’-axis of the rigid body coordinate
system is

La? + Iy — Lywbw) = MY, (24)

Among them: McbZ is the component of the principal torque
M? along the z%-axis.

The expression of cbf can be obtained from (22). Since
the research of guidance dynamics is mainly concerned
with the lateral motion of the rigid body, so we sub-
stitute the expression of d)? into (24). The yaw motion
equation of the rigid body relative to the track is further
sorted out

L§ =M5 + M2, (25)
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Among them, M%, ~ —I,V?kcosf is the traction torque of
inertia of the rigid body, and the approximate equal sign is
taken here because the formula is approximated by consider-
ing the track parameters to facilitate the next calculation. M fz
is the component of the principal torque of the rigid body on
the z/-axis.

To sum up the content of this section, the lateral motion
equation of any single rigid body in the guidance system
in the track coordinate system can be obtained from (26).
The lateral motion equations of the guidance electromagnet,
bogie and carriage can be calculated with reference to this
formula. The difference between all kinds of rigid bodies is
that the component F/ C’y of the resultant external force and the
component M, fz of the principal torque are not same. Due to
space limitations, this paper only gives general equations, and
no longer derives specific lateral motion equations for each
type of rigid body.

mr" =F gy +F!

ey

Lg = M5+ M., (26)

D. INTERACTION MODEL OF PRIMARY GUIDANCE
SUSPENSION DEVICE

Considering that the primary suspension device located
between the guidance electromagnet and the bogie allows
the guidance electromagnet to deflect relative to the track.
In order to describe the deflection, this section will analyze
the effect of the guidance electromagnet suspension device
and the bogie suspension device. Furthermore, the inter-
action model of primary guidance suspension device will
be built.

It is worth noting that there is also a suspension device
between the levitation electromagnet and the bogie. Due to
the large damping of the device, the impact on the operation
of the train’s guidance system is very small, which can be
ignored. Therefore, the suspension electromagnet and the
bogie are regarded as a whole rigid.

A single primary guidance suspension device is taken as
an example, as shown in Fig.12, to calculate the interaction
of the device based on the deformation and stiffness of the
device. Assuming that Fig.12 is the projection along the track
surface when the rubber ball joints at both ends of the device.
Points a, and a; are the characteristic points of the guid-
ance electromagnet and the device on the bogie, namely the
geometric center when the two ends of the ball joint are
connected.

In order to facilitate analysis and calculation, a local coor-
dinate system 01x1y1z; of the device is established, where the
origin o1 is located at the midpoint of the line segment agay,
and the x1-axis and y;-axis coincide with the horizontal and
vertical axes of the rod, respectively. Since the radial rigidity
of the device is large and the radial deformation is small, it can
be approximately considered that the point 01 coincides with
the geometric center point of the rigid rod.
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FIGURE 12. Interaction model of primary guidance suspension device.

The equivalent rigidity of the guidance primary suspen-
sion device can be obtained through equivalent calculation.
The stiffness of the device along the y;-axis, namely the
radial stiffness is Cy, = 16.2kN /mm. The universal torsional
stiffness of the rubber ball joint at the end connected to
the electromagnet and bogie are C,; = 20N - m/deg and
Cy2 = 53.4N - m/deg respectively.

As shown in Fig.12, the radial deformation of the device
along the yj-axis is Ary, and the universal torsional defor-
mations of the ball joints at both ends around the central
axis of the ball joint parallel to the zj-axis are y, and y,
respectively. The force of the bogie received from the device’s
radial deformation is Fj, and the torque of the universal
torsional deformation from the device’s ball joint is Mj. The
guidance electromagnet receives the radial deformation force
from the device as Fy, and the universal torsional torque from
the device ball joint as M. In addition, when the rod of the
device is in a state of torque balance, it will also be subjected
to a torque of a moment. Two forces in the couple are provided
by the axial stiffness and deformation of the ball joint along
the axial direction of the ball joint at both ends. At this time,
the guidance electromagnet and the bogie will also be respec-
tively subjected to the component forces F,, F,which leads
the direction of the central axis of the ball joint parallel to
the x;-axis. The calculation formula for the above forces and
torques is

Fo= Cy-Ary
Fp= —F,
Mg = Cy1 -y,
My = Cy- 27
Fo = Mg+ Mp)/(lo + Ary) = (Mg + Myp)/lo
= —-F (28)

Among them, [y is the original length of the device. Since
lo > Ary,s0ly + Ary = Iy
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FIGURE 13. Interaction model of the secondary suspension device.

E. INTERACTION MODEL OF THE SECONDARY
SUSPENSION DEVICE

1) DEVICE DEFORMATION CALCULATION

According to the analysis in section II, the lateral equivalent
stiffness of the secondary suspension device is formed by
the parallel equivalent stiffness of the pendulum rod and the
stiffness of the y-direction spring. Suppose that the lateral
equivalent stiffness is known, the effect of the device on the
adjacent rigid body depends on the projection along the rail
surface when the pendulum rod swings. In order to simplify
the study, when calculating the movement of the pendulum,
suppose that the cross slope angle of the line is zero, and
each rigid body is projected to the x9 — yo plane of the
inertial coordinate system. As shown in Fig.13, the outermost
rectangular frame represents the projection of the carriage on
the xo — yo plane, and the two inner rigid structures represent
the projection of the two bogies on the xy — yo plane.

In the following content, the secondary suspension device
of the bogie 1 and bogie 2 will be taken as an example.
The calculation method of the deformation of the secondary
suspension device is given.

First of all, the track coordinate system and the rigid body
coordinate system are established. As shown in Fig. 13,
o'l o 0" 3represent the three track coordinate systems. o'l
0'? represent the rigid body coordinate system of the two
bogies. o¢ represents the rigid body coordinate system of the
carriage. Points 1 and 3 represent the equivalent points of the
installation position of the secondary suspension device on
the bogie 1. Points 2 and 4 represent the equivalent points of
the installation position of the secondary suspension device
on the carriage.

In the bogie rigid body coordinate system of!, the position
vectors of point 1 and point 3 are

ry = ( lpl Wpt 0 )
r3 = ( lpt —Wpt 0 ) (29)
where, [t and w), are parameters of bogie 1.

In the carriage rigid body coordinate system o€, the coor-
dinate position vector of the 2 and 4 points is

= (3 wx 0)
ry= (3l —wy 0) (30)
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According to the coordinate transformation relationship,
the position vector of points 1, 2, 3, 4 in the inertial coordinate
system can be obtained

=% A%, + AT

1y = 1)+ AL + Al

r§ = 1))+ AN +AD s

r) = 1%+ A% + Ay 31)

thus, the deformation vector that can represent the sec-
ondary suspension device is obtained

0o _ .0 .0
I, =TI, — I
0 0_ .0
I3, =TI, —1I3 (32)

2) DEVICE INTERACTION CALCULATION

Taking the first secondary suspension device of the right
suspension frame as an example, the vector of the force
of the device on the bogie in the track coordinate system
o'l is F 1’21, and the vector of the force on the carriage in
the track coordinate system o’ is Fzrl1 The lateral stiffness
of the secondary suspension device is synthesized by the
equivalent stiffness of the pendulum rod and the stiffness of
the y-direction spring. Suppose that the vertical load borne
by the device is F),, the equivalent stiffness C, of the device
along the r|, direction can be obtained as

£p
Cp=Cp+Cys = B
V Ly —Ir,l?
where Cys; is the equivalent stiffness of the y-direction spring.
L, is the center distance of the ball joint at both ends of the

0 [0 0 0 0
pendulum rod, [r},| = /(r}, ) + (r12y)2' rip, and rpy are

the projections of 71, along the x%-axis and y’-axis of the
inertial coordinate system, respectively.

Therefore, the force of the device on the bogie can be
obtained as

+ Cys (33)

Fi) = CoAy'rY, 34)

Among them, A61 is the rotation transformation matrix from
the inertial coordinate system to the track coordinate system.

IV. CONTROL STRATEGY OF GUIDANCE SYSTEM

In order to ensure the lateral stability of the guidance system
and the safety of curve passing while the maglev is running
at high speed, the strategy of active guidance control is
adopted. The guidance system of the train consists of guid-
ance electromagnets arranged on both sides of the maglev,
as shown in Fig.14. Each guidance electromagnet is con-
nected to the bogie through two sets of guidance primary sus-
pension devices. Therefore, the relative motion between the
electromagnet and bogie is allowed. This modular mechani-
cal decoupling structure makes the decentralized control of
the guidance system possible. The control problem of the
maglev guidance system can be decomposed into the control
problem of a single guidance electromagnet on both sides of
the maglev.
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FIGURE 14. Grouping assignment of guidance control units in a maglev train

A. CONSIST OF GUIDANCE CONTROL SYSTEM

Fig.14 shows the grouping of the magnetic poles of the guid-
ance electromagnets of whole maglev. The guidance mag-
netic pole coils of the same color are connected in series,
corresponding to a guidance control unit. Each guidance
control unit is composed of sensors, controllers, choppers
and electromagnets. There are two different type of sensors
including the gap sensor and the current transformers. The
gap sensor is installed on the electromagnet to measure the
gap signal é and acceleration signal of the electromagnet a.
The current transformer is installed in the chopper to measure
the current signal i of the electromagnet coil. The function
of the controller is mainly to generate a PWM control signal
to drive the chopper according to the control algorithm. The
chopper can amplify the PWM control signal into the drive
voltage of the coil.

The basic goal of guidance control is to ensure the stability
of the maglev’s lateral gap and make the maglev run through
the center of line of track. At present, the following control
strategy is commonly used: independent control is adopted in
two sets of magnetic poles located in the same electromagnet;
Bilateral differential control is adopted in two sets of mag-
netic poles located in the different electromagnet located in
left and right side of train.

Three guidance control units contained in the floating
frames No. 7 and No. 8 are taken as an example, the basic
control strategy is shown in Fig.15. The work Features of
this system mainly includes: the guidance control units on
the different suspension frames No. 7 and No. 8 are com-
pletely independent in control, and there is no informa-
tion interaction; The guidance units located on the same
suspension frame, namely the No. 7 suspension frame,
exchange gap signals through the RS485 communication
interface under the vehicle. The redundancy of the gap sig-
nal is improved, moreover, the system reliability is also
enhanced.

In addition, the control units symmetrically distributed on
both sides of the track also exchange gap information through
the RS485 communication interface.The control target is to
make the difference of the gap signals on left and right side
become zero.
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FIGURE 15. Control strategy and signal flow in Bogie 4.

B. EQUIVALENT OF GUIDANCE CONTROL UNIT AND
DESIGN OF CONTROL ALGORITHM

In practical engineering applications, the guidance control
unit realizes the control of the input voltage u of coil based on
the guidance gap § from gap sensor, acceleration a, and coil
current i. Physical links such as wave devices. Considering
that the physical realization of these links is complicated,
it may as well be abstracted into modular functions when
conducting theoretical research and simulation analysis. The
equivalent of a control unit is shown in Fig.16, where: the
physical quantities represented by each symbol are regarded
as continuous quantities. u is the input voltage of coil. i is the
expected voltage obtained by the control algorithm according
to the state feedback quantity of the controller; k, is the
forward gain of the control quantity output of PWM; k, is
the equivalent gain of the chopper.

In order to ensure that the actual value u of the voltage is
consistent with the expected value #, it should satisfy: k,k, =
1. At this time, the model of the guidance control unit mainly
depends on the control algorithm and the saturation link of
the chopper, where the output of the saturation link of the
chopper satisfies: u < 440V.

Voltage is taken as the control object in the guidance
control. Gap signal, acceleration signal and current signal
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FIGURE 16. Equivalent of a guidance control unit.

are adopted as variable of feedback states. in order to elim-
inate the gap error, the integration link is also introduced.
In order to facilitate the realization of control algorithms,
linear controllers are mostly used in practical applications
at present. A common algorithm for controllers under the
control strategy shown in Fig.16 is

)
5 g
8 — 61

Uy = M0+ka+ki fot(

3

-3 .
w = uo+kp 5 Dydt 4k 8 +ke(iy — io)

3 — 8 : . .
3 Yt +kydy +ke(ir — o)

(35)

Among them: i is the static current of the controller, up =
ioR is the static voltage, R is the equivalent resistance of
the magnetic coil. kp, k; and k, are the ratio, integral and
speed feedback coefficients of gap respectively. k. is current
feedback coefficient.

V. SIMULATION AND RESULTS

A. SIMULATION MODEL STRUCTURE

In this section, the guidance system of high-speed maglev
train will be modeled and simulated. The simulation model
structure is shown in Fig.17. The simplified maglev train
system includes a total of 17 rigid bodies, and there are
34 degrees of freedom of motion in the study of guidance
dynamics. Therefore, there are 34 equations in this model.
Because of the limitation of space, only the class name of
equation and their relationship are shown in Fig.17.

The running logic of the simulation model can be divided

into the following 6 steps:

1) The line model is used as the driving data for the
simulation model of the guidance system.

2) The track parameter acts on the lateral motion equation
of the guidance electromagnet, which makes the guid-
ance electromagnet deviation and yaw relative to the
track. In the meanwhile, the voltage of electromagnet
will be changed in the guidance control unit, corre-
spondingly, the electromagnetic force in the electro-
magnet motion equation will be changed.

3) The deviation of the guidance electromagnet makes
the connected guidance primary suspension device find
deformation and produce deformation force.

4) The deformation force of the guidance primary suspen-
sion device acts on the bogie, making the bogie deviate
and yaw relatively to the track.
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FIGURE 17. Block diagram of simulation model.

5) The deflection of the bogie will cause deformation
of the secondary suspension device connected to it,
resulting in deformation force.

6) Four bogies in a maglev act together on the carriage
through the secondary suspension device, which makes
the carriage laterally deviation and yaw relative to the
track.

The process of the high-speed maglev train passing through

a curve can be simulated by importing the parameters of line
model. The guidance dynamics characteristics of rigid bodies
and the working state of each guidance unit can be obtained
through this simulation.

Assuming that the total weight of the carriage is m, which
is evenly distributed along the floor of the carriage. The height
and pressure of each air spring are equal and always remain
unchanged. Since the effective bearing area of the air spring at
the end of the train is half of the middle one, the vertical load
of the pendulum rod at positions No.1 and No.8 in Fig.14 will
be m.g/28. The vertical load at other positions is m.g/14. It is
known that the y-direction spring in the secondary suspension
device at the suspension frame unit No. 1, 4, 5 and 8 is a limit
spring, which only works when the displacement exceeds
90 mm.

B. SIMULATION RESULTS ANALYSIS
Suppose the operation speed is 25 km/h.Put the line model
shown in Fig.8 into guidance system dynamics model.
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FIGURE 18. Guidance gap and current of the control units in simulation.
(a) Guidance gap of bogie 1(t1) and bogie 4(t4). (b) Guidance current of
bogie 1(t1) and bogie 4(t4). (c) Guidance gap of bogie 2(t2) and bogie
3(t3). (d) Guidance current of bogie 2(t2) and bogie 3(t3). (e) Guidance
gap of joint structure1(j1) and joint structure3(j3). (f) Guidance current of
joint structure1(j1) and joint structure3(j3).

We can get the working state of the guidance control unit,
namely guidance gap and current from the simulation results,
as shown in Fig.18. Among the symbols in each type of
curve, the prefix t,(m = 1,2,3,4) represents the bogie
numbered 1, 2, 3, 4; j,(n = 1, 3) represents the guidance joint
structure numbered 1 and 3. The suffixes If, Ib, rf, rb represent
the left front end, left back end, right front end and right
back end respectively. The solid and dashed lines are used
to distinguish the guidance control unit at the front and back
of the bogie or joint structure. Red and blue color are used to
distinguish the guidance control unit on the left and right side
of the maglev.

It can be seen from Fig.18 that at speed of 25 km/h,
the guidance control unit, distributes along the horizontal axis
of the middle of the car symmetrically, corresponds to the
similar gap and current change rules in whole line without in
the transition curve, moreover the difference in the transition
curve is very small. For instance, the curve of t1-1b and t4-1f
in Fig.18(a) are coincide almostly. The gap and current of
the right front end (tl-rf) and left back end (t1-lb) of the
bogie No.l in the curve, the right back end (t4-rb) and the
left front end (t4-1f) of the bogie No.4 have increased, and
the increase in the current on the right is always greater than
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FIGURE 19. Guidance gap of guidance control units on the left side of the
maglev at the speed of 25 km/h, 50 km/h, 75 km/h and 100 km/h,
corresponding to the curve masked 2, 3, 4 and 5. (a) Front-end of maglev
(b) Back-end of maglev.

that on the left. When the train enters the circular curve from
the transition curve, under the action of the y-direction limit
spring in the secondary suspension device, the gap at each
control unit will fluctuate lightly.

According to the above simulation results, it can be seen
that the edge points of the guidance electromagnets at both
ends of the system near the left side of the curve, namely the
position t1-If and t4-1b, will be the closest to the track when
the maglev guidance system passes through the curve section.

Change the operation speed from 25 km/h to 100km/h. The
guidance gap curves of the position t1-1f and t4-Ib is shown
in Fig.19.

It can be seen from the result that as the speed increases,
the reduction of guidance gap at the inner end edge of the
curve will increase. Therefore, the front and back end of bogie
are more likely to collide with the track, which is consistent
with the position in the actual train.

Through the above simulation and analysis, the working
state of the guidance system of the maglev train is obtained.
The guidance gaps of the front and back end bogie of the train
at different speeds are simulated. Further the cause of the
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FIGURE 20. Test curve of the system traction speed. Curve between t =
45s and t = 165s corresponds to the line in the simulation.

collision between the guidance electromagnet and the track
during the actual train operation is analyzed.

VI. ACTUAL RUNNING TEST

A. TEST CONDITION

The high-speed maglev experimental vehicle was manufac-
tured by CCRC Changchun Railway Vehicles Corporation.
The design indicators such as the dimensions and system
functions of the experimental prototype are basically the same
as those of the German TROS8-type maglev train.

The operation test of the maglev train system was com-
pleted on the 1.5 km long line of the Shanghai Jiad-
ing High-speed maglev Test Base. All guidance controllers
are connected via the vehicle’s CAN bus. By using the
upper computer connected to the USB-CAN acquisition box,
the guidance control state data sent by the controller is
obtained and stored. Although the data transmission rate of
the debugging bus is limited and the update interval of the
test data is large, the drawn curve is sufficient to reflect the
basic change of the guidance state when the train is turning,
especially the change law of the current. The following step
is to paint the test curves according to the test datas.

B. TEST CURVE AND ANALYSIS

In the operation test, the experimental vehicle entered the
traction operation state from the static guidance state from the
straight section, and passed the first curve of the line. The test
curve of the system traction speed change is shown in Fig.20.
In order to make a contrast of the test data and the simulation,
the t = 45-165 s running time period is intercepted, which
contains the running process of the train entering and leaving
the first curve. The maximum operation speed of the curve
passing is close to 25 km/h.

Through the test, the corresponding guidance working state
data of each bogie system and joint structure are collected.
Due to the limitation of space in this paper, the representative
guidance units are selected and the test curves of guidance gap
and guidance current are drawn, as shown in Fig.21-Fig.24.

When a single train passes the curve, as shown
in Fig.21(b)(d), the guidance current at left front and back
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FIGURE 21. Guidance gap and current of control units in joint structure 1.
(a) Gap of left-front-end control unit. (b) Current of left-front-end control
unit. (c) Gap of left-back-end control unit. (d) Current of left-back-end
control unit.
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FIGURE 22. Guidance gap and current of control units in bogie 2. (a) Gap
of left-front-end control unit. (b) Current of left-front-end control unit.
(c) Gap of left-back-end control unit. (d) Current of left-back-end

control unit.

ends of joint structure 1 and 3 has increased, among which,
the increase of guidance current adjacent to bogie system
1 and 4 is larger. In addition, as shown in Fig.24(a) and
Fig.23(a), it can be seen that the gap between the guide
control units at both ends of the system close to the left side
of the curve is significantly reduced, and the reduction of the
clearance of the control unit at the back of the train is greater.

As shown in Fig.22(b)(d), the guidance current at the front
and back ends of the left side of the bogie system 2 and
3 increases, among which the guidance current near the eddy
current braking position in the middle of the train increased
largely.

The gap and current of the guidance control unit at the
right front end and left back end of the bogie system 1 and
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FIGURE 23. Guidance gap and current of control units in bogie 1. (a) Gap
of left-front-end control unit. (b) Current of left-front-end control unit.
(c) Gap of right-front-end control unit. (d) Current of right-front-end
control unit.
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FIGURE 24. Guidance gap and current of control units in bogie 4. (a) Gap
of left-back-end control unit. (b) Current of left-back-end control unit.

(c) Gap of right-back-end control unit. (d) Current of right-back-end
control unit.

the right back end and left front end of the bogie system
4 are significantly increased as shown in Fig.23(b)(d) and
Fig.24(b)(d).

Due to the difference between the operating conditions of
the train and the ideal situation set in the simulation, there is
a deviation between the test results and simulation results,
especially in the amplitude of the guidance working state.
To clarify more specifically, there are three aspects: 1) The
deviation of guidance gap is mainly caused by the large
mechanical installation error between the actual guidance
electromagnet and the gap sensor; 2) When the actual train
is running, the increase of guidance current at the tail of the
train outside the curve is slightly larger than the head of the
train. It is caused by the uneven vertical load distribution at
the head and tail of the actual train; 3) Compared with the
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simulation results, the current in the end adjacent to the eddy
current braking position increases larger than the other end.
The main reason is that the eddy current brake electromagnet
will generate force and torque on the adjacent bogie through
the connecting device when the train is turning.

In addition, according to the simulation conclusion
in Fig.18, when the train is turning, the gap between the
ends of the guidance electromagnets, at both ends of the
vehicle system close to the inner side of the curve, has the
largest reduction. This position may collide with the track
first, which is corresponding to the actual running test.

Combining the above analysis, it can be concluded that the
effectiveness of the simulation results and the rationality and
usability of the guidance dynamics model are verified by the
test results.

VIi. CONCLUSION

In this paper, first of all, we analyzed the structure of the
high-speed maglev train guidance system, and established
a parametric mathematical model for the main components.
Then, according to the multi-rigid body dynamics theory,
the dynamics modeling of the high-speed maglev train guid-
ance system was carried out: The lateral motion equation
of the rigid body was obtained; the interaction law of the
guidance primary suspension device and the secondary sus-
pension device was obtained. Thirdly, a dynamics simulation
model of the whole guidance system was established; The
process of the high-speed maglev train passing through a
curve was simulated to obtain the working state of the guid-
ance system. The guidance gaps of the front and back bogies
of the train at different speeds are analyzed, and the cause of
the friction between the guidance electromagnet and the track
during the actual train operation is found.

Finally, vehicle operation test is conducted on the
high-speed maglev experiment line in Jiading, Shanghai. Test
data were collected and analyzed, which preliminarily ver-
ified the rationality and usability of the guidance dynam-
ics model established in this paper. The experimental data
show that the dynamics model of the guidance system of the
high-speed maglev train established in this paper can reflect
the real guidance working state and give a reliable explanation
of the problem happened in the actual test.

At present, China is developing a new generation of
high-speed maglev train with a speed of 600 km/h. The
dynamics model of the guidance system established in this
paper can provide a reliable platform for the research of the
guidance control algorithm and the analysis of the dynamics
characteristics of the maglev, further more promote the appli-
cation of the new generation maglev.
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