Notice of Retraction

G. Lv, Z. Zhang and X. Li, "Three-dimensional Electromagnetic Characteristics Analysis
of Novel Linear Synchronous Motor under Lateral and Yaw Conditions of MAGLEV," in
CES Transactions on Electrical Machines and Systems, vol. 6, no. 1, pp. 29-36, March
2022

After careful and considered review of the content of this article by a duly constituted
expert committee, this article has been found to have violated IEEE publication
principles. Specifically, this article copied content from the following sources without
appropriate reference:

Masayuki Aiba; Masao Suzuki, "Durability Verification of Combined Propulsion,
Levitation and Guidance Coils” Railway Technical Research Institute Report, June 2005

Therefore, IEEE has retracted the content of this article from Xplore. When informed of
the decision to retract, the authors disagreed with the retraction.



CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 6, NO. 1, MARCH 2022 29

Three-dimensional Electromagnetic Characteristics

Analysis of Novel Linear Synchronous Motor
under Lateral and Yaw Conditions of MAGLEV

Gang Lv, Fellow, IET, Zhixuan Zhang, Member, IEEE, and Xiaodong Li

Abstract—Dynamic stability analysis of superconducting
electro-dynamic maglev train under lateral and yawing motion
condition is the key research content. The novel three-dimensional
electromagnetic model of integrated linear synchronous motor in
electro-dynamic maglev train with yawing operation condition is
proposed, which can not only simultaneously achieve the
propulsion, levitation and guidance performances of maglev
vehicle, but also analyze the dynamic stability performance of
train with yawing condition. The three-dimensional analytical
method is introduced for analyzing the electromagnetic force
characteristics of the linear synchronous motor with the yawing
operation condition. Firstly, the topology structure and operation
principle of the linear synchronous motor with yawing attitude are
proposed. Secondly, the three-dimensional analytical model and
expressions of electromagnetic characteristics are obtained by
equivalent circuit method and Fourier decomposition method,
such as levitation force, guidance force, propulsion force and
yawing torque, etc. Finally, the three-dimensional electromagnetic
characteristics of the linear synchronous motor are calculated
under yawing operation conditions of maglev train, and the
correctness of the analytical theory is verified by the finite element
analysis and measured data on the test line.

Index Terms—electro-dynamic maglev  system, linear
synchronous motor, propulsion levitation and guidance, three-
dimensional electromagnetic characteristics

1. INTRODUCTION

UE to the advantages of large suspension height, self-

stability, high system efficiency and power factor, the
method of electro-dynamic suspension (EDS) has become an
important research direction of transportation power
development strategy [1]. The double null-flux side-wall EDS
topology is gradually adopted due to its high lift-to-drag ratio
and electromagnetic stiffness characteristics [2]-[5]. In the
topology, the double-layer eight-shaped short circuit coils are
used for levitation and guidance of maglev train; the racetrack
coils installed on the side-wall guide rail are used to generate
the propulsion force of the maglev train [6]-[12]. Meanwhile,
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there is great expectation for the low-cost implementation of
ground coils which are installed along the entire length of the
guideway, the linear synchronous motor(LSM) combined
propulsion, levitation and guidance (PLG) is proposed [13]-
[15]. The electromagnetic steady-state operation characteristics
analysis of other LSM topologies has been discussed [16]-[18].
However, there is no comprehensive theory to analyze the
three-dimensional (3-D) electromagnetic characteristics of the
integrated LSM combined propulsion, levitation and guidance
under yawing operation condition.

A novel 3-D electromagnetic characteristics model and
comprehensive analysis calculation (AC) method is proposed
for the novel integrated LSM with yawing condition. Firstly,
the topological structure and PLG operation principle of the
LSM with yawing attitude are investigated; Secondly, the
analytical method of combining Fourier decomposition with
equivalent circuit is proposed to analyze the 3-D
electromagnetic characteristics of the LSM with yawing
running condition, and the corresponding analytical
expressions are obtained; Finally, based on the structure
parameters of the integrated LSM used in the high-speed
maglev train, the 3-D electromagnetic characteristics of the
LSM are calculated under yawing operation conditions, and the
correctness of the analytical expressions is verified by the finite
element analysis (FEA) and experimental data.

II. THE TOPOLOGY STRUCTURE AND OPERATION PRINCIPLE OF
THE LSM WITH Y AWING CONDITION

A. The Topology Structure

The high-speed maglev train consists of integrated LSM
combined propulsion, levitation and guidance performance, as
shown in Fig. 1, where the rotation of maglev train around z-
axis indicates yawing attitude. The integrated LSM is
composed of secondary superconductivity (SC) coils and
primary asymmetric combined coils. The SC coils are installed
on the side of each bogie, and asymmetric combined coils are
installed on the side walls on both sides of the guide rail. The
asymmetric combined coils on both sides of the guide rail are
connected through cable feeders, a single asymmetric
combined coil is composed of two coils of the different
specifications at the top and bottom through reverse connection,
and the feeder point is led out from the middle reverse contact,
make the front and rear in three-phase connections, and then
connect them to the driving power source along the guideway.

B. The Operation Principle
The operation principle of propulsion, levitation and

2096-3564 © 2022 CES
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Fig. 1. The topology structure diagram of high-speed maglev train (with
yawing attitude).

guidance movement of the integrated LSM with asymmetric
primary structure is the same as that of the LSM with primary
symmetric structure [19]-[20]. When the high-speed maglev
train passes the curve or is disturbed laterally, the vehicle will
show a short yaw attitude, as shown in Fig. 2. In case of the
maglev train is yaw counter clockwise, the SC coils at the front
side of the bogie produces the guidance force, while the SC
coils at the back side produce the opposite force. Then
clockwise yawing torque is generated, which ensures that the
maglev train retains to the initial running condition (along the
x-axis). (In Fig. 2, F; : guidance force; FX : propulsion force;
1?,,: magnetic drag force; TT, : yawing torque, y : yawing

angle).

SC coils

Asymmetric
combined coils

Fig. 2. The schematic diagram of yawing operation of integrated LSM (the
length of the arrow indicates the peak force).

III. THE 3-D ELECTROMAGNETIC CHARACTERISTICS
CALCULATION OF THE LSM WITH YAW CONDITION

A. The 3-D Electromagnetic Characteristics Analytical Model

The following reasonable assumptions are put forward for
the integrated LSM combined PLG with yawing condition to
simplify the electromagnetic theoretical calculation:

(1) The thickness of the combined coils and the SC coils is
ignored; the shape of SC coils is rectangle in the
electromagnetic calculation, which does not affect the running
characteristics of maglev train.

(2) During normal operation of maglev train, the center of
the bogie is located at the balance position and moves 5.5cm
down from the center of the asymmetric combined coils, which
is balanced with the gravity of the train.

(3) There is sinusoidal alternating current with constant
amplitude and constant frequency in the asymmetric combined
coils.

(4) The flux produced by the current of the SC coils is
regarded as a constant value.

(5) When the maglev train is disturbed by lateral wind, the
yaw angle of the secondary SC coils is small.

(6) The bogie, train body and guide rail are considered rigid,

regardless of deflection.
(7) The electromagnetic force and torque applied to the SC

coils act on the center of each coil.

The 3-D electromagnetic characteristics analytical model of
the integrated LSM combined PLG with yaw condition in the
high-speed maglev train is shown in Fig. 3, where U, V, W
represent three-phase power supply.

A . SC coils
symmetric
combined coils

Cable feeder
Three phase AC power

U
Y

Fig. 3. The 3-D electromagnetic characteristics analytical model of the
integrated LSM with yawing condition.

B. The 3-D Electromagnetic Characteristics Calculation

It is assumed that there is vertical displacement ( d. ), lateral
offset (d, ) and yaw counter clockwise (d, ) of the maglev
train, as shown in Fig. 4(a). The arrangement and connection
of the unit asymmetric combined coil on both sides of the guide
rail is shown in Fig. 4(b). The asymmetric combined coil is
composed of four coils with different sizes and inherent

characteristics in the upper side and the lower side, and
assuming that the induced electromotive force (EMF) of each

EMF in the upper-left

coil is e, e, , € p,€5: - Where, a:
rectangular coils; a : EMF in the below-left rectangular coils;
: EMF in
the below-right rectangular coils; and the expressions of EMF
can be obtained according to Lenz’s law:

. o oy ]

e :jw[% +%(dy +xpdy,)—%yod.,,_ (1)
o4, %%,
{ —2(d, +x,d,) o Yo, 2)

—(d, +x 2 d,

;U; : EMF in the upper-right rectangular coils; 29;

ey = JW[%

)+_y0 (3)
o o ]
= jw| ¢, — b (dy+xpdw)+%yodw @)
¢ = ZB(m)exp(Jam (i=U,B) (5)

& 1644,N.n
B2y ? W“ Lk fy ) £, ko exp(k,3,)
n=l1 (6)

xcos[a,(d.+Z,)] (i=U,B)
Where, x is the running distance, X, (p=12,3,4) is the
distance between the center of the SC coils and the center of

the bogie in the running direction, y, is the transverse distance
between the SC coils and the center of the bogie, yg; is the length
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of air gap, Z,; is the distance between upper and lower center of
asymmetric combined coils, the function f;, and f, is the
shape factor of SC coils and combined coils, respectively;
n I, is the magnetomotive force of SC coils, N, and Ny is
the turn number of upper and lower asymmetric combined coils,
respectively; k£ and n is the Fourier decomposition coefficient
in x-direction and z-direction, respectively; Ly and Wy is the
Fourier decomposition period in x-direction and z-direction,
respectively; ax, a, and k; are expressions for k and n; 44, is the
vacuum permeability, and @, =zk/L, , a,=mn/W, |
ol AW, . ab, . aq

sm(——)Sim(——— SI(——)sm(——

( 5 )sin( > ) (= )sin(=)

> fu=

(a) Position relation diagram

—

Iy,

2y

(b) Connection of unit combined coil
Fig. 4. The position relation diagram and connection of unit asymmetric
combined coil.

The compound equivalent circuit diagram of the unit
asymmetric combined coil is shown in Fig. 5(a), and the
expressions of induced electromotive force according to
Kirchhoff’s voltage law and cyclic current method are as
follows:

(Ry + JAWL, )ige + jkwM iy, = ey — € (7
(R, + jkwLy) )i, + jkwMi,, = e, —e, ®)
(Ry + jkwLy)i,, + jkwMi, =e, —e, 9)

(R + JkwLy )iy, + jhwM iy, = e, —¢,  (10)
Where, R,,,R;,L,, L, are the resistance and inductance of the
upper and lower asymmetric combined coils; M is the mutual
inductance of upper and lower asymmetric combined coils; g
is the effective value of power supply voltage.

iy 773 ivr ipr e T
[ T LR /A
z Bz B2 Bz LS o
k4 \3
S
eyL epr €ur €BR 4

(¢) Guidance current (d) Propulsion current

Fig. 5. The composite equivalent circuit and current decomposition of unit
asymmetric combined coil

The current of each branch can be decomposed into the
levitation current (i, ), guidance current (the upper rectangular

coils: EU-; the below rectangular coils: g ) and propulsion
current (the wupper rectangular coils: E ; the below

rectangular coils: g ) by solving the expression (7-10), as

shown in Fig.5 (b)-(d), and the current expressions of each coil
according to Kirchhoff’s current law are as follows:

lgg =1 Tlgg tipg

Ry + jkwly ey — jkwM ey 2, ¢, (1)
ZZ
Iyg = =1, gy +ipy
_—jkwMey, +(R, + jkwLy)ey ~Z, ¢, (12)
ZZ
Iy =1, —lgg Tipg
_ (Ry + jkwLy ey, — jlwMey, ~Z,'e,  (13)
ZZ
Iy, ==l —lgy +ipy
_ —jkwMey, + (R, + jkwLy)ey, —Z, e, (14)
ZZ
Where, Z, =R, + jkwL,, — jkwM (15)
Z, =R, + jkwL, — jkwM (16)
Z, =R, + jkwL, (17)
Z, =R, + jkwL, (18)
Z=27/+7, (19)
Z,=7,Z,+(kwM)’ (20)

The expressions of levitation current, guidance current and
propulsion current can be obtained by solving expressions (11-
14):

o
i ]kW .
i = 2, R exp(ja,x)

k=—0 44

2D
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The voltage balance equation of one phase can be obtained
by formula (29):
%: i —Z,ip +JkWPz exp(ja, X) (1)
Zl Zl

k=—0

In the formula, the first item is the impedance voltage drop of
the LSM, and the second item is the motional EMF of the LSM.
In addition, the fundamental component of the motional EMF
is as follows:

E - 2_W2| Z; OBO[sin(wi—f)  (32)
12,0
_ Im(Z"(HE D)
anfj = Re(Z, () B,(1)) .

Where, * is conjugate sign, (1) is =1 in the corresponding
formulas. Here, compared with the differential component of
the magnetic field produced by the SC coils, the phase of the

motional EMF shifts by an angle [ .

The levitation force (i’; and F—Zp ), guidance force (Fy ),

propulsion force (Fx ), magnetic drag force (f,) and yawing

torque (TT, ) are obtained based on equations (21-25):

Levitation force produced by levitation current in

asymmetric combined coils:

F. =L, Re[i, ¢'] L ZJ?VPP (34)
k=—0 1

Where, L,=7/l;

of the asymmetric combined coils.
Levitation force produced by propulsion current in
asymmetric combined coils:

7 is the pitch of SC coils and /, is the pitch

£ =21, Relfy, 247, %2y
_ i “ (35)
Im(Z (B, (1) cos(w) ~Re(Z," (DB, (D)sin(wr)]

2\2 \
Guidance force produced by guidance current in
asymmetric combined coils:

P 2
F, =L, Refig, ;’;U 1=L, Z ; dy)(36)

Propulsion force produced by propulsmn current in
asymmetric combined coils:

— —d¢', —d¢
F =2L, Re[iy, de T lpg de

p P k( )
2 Zf

Magnetic drag force produced by the current of each
branch in asymmetric combined coils:

]
(37)

[Re(Z, (DA (1) cos(wr) +Im(Z, (1) P, (1)) sin(wt)]

F L, Reiy, —ddy Fig, dd, +i, At +i, d¢3]

dx dx dx dx (38)
_ 2awL,FR’
- Z

1
Yawing torque produced by the yaw current in
asymmetric combined coils:

T, =L, Re[iy, —— 4y @d% ]
dy dy

(39)

ikw P’
1,3 BB, +——dy)
k=—0 1 Zz
The power factor of the integrated LSM is obtained based

on equation (31):

p-f-=cos(d) = ! __ (40)
{1+[Xph(Vph ~ | Sln5]2}1/2
Rnh(‘VThHE ‘0055)+X ‘ [sinS
Where, R, = __mRRy :”b[LuLB+M(LB+l@)]'

2R, +R,) "

n,
== (e +e +e +eBR)

ALy +Ly)

3V,=n,e, ; =n : number of

m

asymrnetric combined coils coupling with SC coils; », : total
number of combined coils; ¢: power factor angle; s5: power

angle.
The efficiency of the integrated LSM is obtained based on
equation (31):
‘Eph

V on|sin o

Eph

+ Vph
_‘Eph

cosd)+ X,

Rph (—‘Ep/z
Rph ( I_/.ph

(41)

- 17,;;, sind

cosd)+ X,

IV. THE 3-D ELECTROMAGNETIC CHARACTERISTICS
ANALYSIS BY AC, FEA, AND EXPERIMENTAL VERIFICATION
OF THE LSM

In order to verify the correctness of the 3-D electromagnetic
analysis calculation model of the LSM with yawing operation
condition, the structure parameters and circuit parameters of the
LSM in the high-speed maglev train are adopted, as shown in
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Table I and Table II. Here, the section length ratio is taken as
12 in one feeder section of the partitioned control. The 3-D
electromagnetic  force characteristics and propulsion
characteristic curve of the LSM with yawing operation
condition are calculated and compared with the FEA results
obtained by ANSYS 19.2. The FEA model and experimental
test coils of the LSM are shown in Fig. 6. Specifically, the 3-D
FEA model consists of two parts: primary combined coils laid
along the ground and secondary on-board SC coils. The
secondary SC coils is surrounded by the moving region-band.
Meanwhile, the 3-D finite-element method is one of the more
powerful numerical techniques for solving Maxwell’s field
equations. For given boundary conditions and specified system
geometry, one is able to obtain sufficient information for a
system by using 3-D finite-element computer codes. The
calculation process of 3-D finite-element method is: (1) mesh
element subdivision; (2) linear interpolation; (3) unit analysis;
(4) overall stiffness matrix synthesis; (5) solving linear
equations.

TABLE I
The structure parameters of one LSM [14]

Primary coils value Secondary coils value
Primary length (m) 10.8 | Secondary length (m) 5.4
Primary width (m) 0.76 Secondary width (m) 0.50

Number of coils 48 Number of coils 8
Polar distance (m) 0.45 Polar distance (m) 1.35
Coil length (m) 0.355 Coil length (m) 1.07
Upper Coil width (m)  0.235 Coil width (m) 0.50
Upper Coil width (m)  0.375 Turns 1400
Turns 24 Air gap length (m) 0.195
Distance between Up 0.08 Bogie quality (kg) 20000
and Down coil (m) Yaw inertia (kgm?) 56680
TABLE II
The circuit parameters of one LSM
Primary combined coil value Secondary coil value
Upper resistance (Ry/ mQ) 12.23 Resistance (Rsc) 0
Lower resistance (Rp/ mQ)) 12.93 Self-inductance 2.02
(Ls/H)
Upper-inductance (Ly/mH) 0.24 Nominal 33
voltage(kV)
Lower-inductance (Lz/mH) 0.36 Operation current 500
a/A)
Mutual inductance between 0.37 Power angle 40
upper and lower coil (deg.)
(Ler/ pH)
Propulsion current (A) 390 Sync-speed (m/s) 135
Frequency (f/Hz) 50 Temperature (K) <20

A. The 3-D Electromagnetic Force and Torque of the LSM

The variation curves of 3-D electromagnetic force and yaw
torque of the LSM with different lateral offset distances and
yawing angles are shown in Fig. 7. The variation law of
levitation force under different yawing angles and different
lateral offset conditions is shown in Fig. 7(a). The levitation
force increases slowly with the increase of lateral offset when
the yaw angle is small, which is mainly caused by the increase
of magnetic field change rate in the vertical direction. When the
yaw angle is too large, the change rate of the vertical magnetic
field in the left and right air gaps is roughly the same, and the

Secondary
SC coils

Fig. 6. The FEA model and test coils of the LSM in high-speed maglev train
[21]-[22].

levitation force is basically unchanged. The variation law of
guidance force under different yawing angles and different
lateral offset conditions is shown in Fig. 7(b). With the increase
of the right deviation distance of the train, the lateral guidance
force produced by the LSM increases gradually, so as to ensure
that the train can return to the lateral balanced position. With
the increase of yawing angle, the guidance force increases
rapidly, which is mainly caused by the large magnetic field
change rate in the transverse direction under yawing conditions.
Due to the small coupling between guidance and yawing, the
relationship between the change of guidance force and
transverse deflection distance is not linear. The variation law of
magnetic drag force under different yawing angles and
different lateral offset conditions is shown in Fig. 7(c). The
magnetic drag force is basically not affected by the variation of
transverse deviation distance and yawing angle, mainly due to
the variation of magnetic field in bilateral air gap of the LSM
is almost zero. The variation law of yawing torque under
different yawing angles and different lateral offset conditions
is shown in Fig. 7(d). The yawing torque increases gradually
with the increases of lateral offset distance and with the
increase of yawing angle. Moreover, the change rate of yaw
torque decreases with the increase of yaw angle. The 3-D AC
results are comparable to the FEA results, which proves the
rationality of the above analysis.
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Fig. 7. The variation curve of 3-D electromagnetic force and torque with
different lateral offsets (dy) and yawing angles (y ).

B. The Propulsion Characteristics Curve of the LSM

The variation curves about the propulsion force, power factor
and efficiency at different power angles of the LSM with
different lateral offsets and yawing angles are shown in Fig.8.
The change of yawing angle and lateral offset basically has no
effect on the power factor and efficiency of the LSM. On the
contrary, the peak value of propulsion force increases with the
increase of lateral offset and yawing angle, which is mainly
caused by the inconsistent change of air gap magnetic density
on both sides of the LSM. The power factor, efficiency and
propulsion force increase first, then decrease with the increase
of power angle. The peak value of propulsion force is the
largest when the power angle is near 90 degrees.
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Fig. 8. The variation curve of propulsion characteristics with different lateral
offsets (dy) and yawing angles (y ).

120 150

C. The 3-D Electromagnetic Characteristics Experimental
Verification of the LSM

To confirm the characteristics of the LSM, the
electromagnetic forces are measured by the measurement
combined coils temporarily installed at the maglev test line.
The force in three directions (longitudinal, lateral and vertical)
at the same time are measured when the coil was set at the
guideway sidewall on the load converters. In order to decrease
test error, magnetic forces at primary coils are derived from
sum of or difference between magnetic forces as two lateral
opposed primary coils. To reduce the influence of sympathetic
vibration of the primary coils and load cells, after integrating
these values with the time, the forces are obtained as follows:
Ydt  (i=x,y,z) (42)

sri sli

F, =fJ(F +F,

where, F,, is the forces on primary coils; F,, is the forces at
right primary coils; F,, is the forces at left primary coils [23].
In addition, the guidance stiffness is derived from the
difference between guidance forces.

The comparison between the AC and experimental results
about the lift-to-drag ratio (ratio of levitation force to magnetic
drag force), guidance stiffness (ratio of guidance force per unit
lateral displacement) and propulsion force of the LSM are
shown in Fig. 9 [24]. Compared with the data of experiment,
the error of the AC is 5.72%, 6.10%, 1.73% and 5.69%
respectively. It can be concluded from the above 3-D
electromagnetic performance results that the error range
between the AC and the FEA, experimental data are less than
10%, and the error is within the acceptable range, the validity
of the 3-D electromagnetic characteristics analytical model of
the LSM is verified. When the speed of the LSM is slightly
higher than the take-off speed, the dynamic stability of the LSM
is poor. Multiple measuring points can accurately reflect the
electromagnetic force performance of the LSM at low speed.
With the velocity increase of the LSM, the dynamic stability of
the EDS maglev vehicle is enhanced, and fewer measurement
points can also accurately reflect the PLG performance of the
LSM. The experimental error mainly come from three aspects:
(1) In the test, measurement of forces on a differential ground
coil is affected by a differential vehicle fluctuation and coil
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irregularity, primary current for lateral displacement and yaw
angle error are relatively large; (2) In the test, the lateral
distance between the SC coils and the combined coils will be
changed due to the increase of the coil insulation thickness; (3)
In the test, the force sensor will produce eddy current when the
SC coils in maglev train passes through, resulting in inevitable
measurement error.
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Fig. 9. The 3-D electromagnetic characteristics of the LSM between the AC
and experiment.

V. CONCLUSION

In the manuscript, the 3-D electromagnetic characteristic of
the novel LSM for EDS high-speed maglev train with yaw
attitude are analyzed. Firstly, the 3-D electromagnetic
analytical model of the LSM with yawing attitude is
investigated, and the 3-D characteristics calculation

expressions of the LSM are obtained, such as propulsion force,
levitation force and stiffness, guidance force and stiffness, yaw
torque and stiffness, power factor and efficiency. Finally, the
3-D electromagnetic characteristics of the LSM are calculated
under yawing operation conditions, and the correctness of the
analytical expressions is verified by the FEA and test. The
following main conclusions are obtained: (1) During the
operation of high-speed maglev train, there is small
electromagnetic coupling characteristic between the guidance
condition and yawing condition; (2) The yawing attitude has
little effect on the power factor and efficiency of the LSM,
while significantly affect the guidance and propulsion force; (3)
The error of 3-D electromagnetic performance results between
the AC and the FEA, experimental data are less than 10%; (4)
When the yaw and lateral fault condition occurs, the lift-to-drag
ratio change of LSM is small, the guidance force and
propulsion force increases with the increases of yaw angle,
which indicate that the LSM has certain self-stability
characteristics.
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