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Abstract: To guarantee the safety of the high speed maglev train
system, a novel model based on the winding function theory is
proposed for the long-stator linear synchronous motor (LSM),
which is suitable for the real-time calculation of the running
state. The accurate coupled mathematical models under different
internal fault conditions of the LSM are derived based on the
normal model. Then the fault currents and electromagnetic forces
are simulated and calculated for the major potential internal faults
of the LSM, such as the single-phase short circuit, the phase-
phase short circuit and the single-phase open circuit. The
characteristic curve between the electromagnetic force and the
armature current of the LSM, which is compared with the results
from the finite element method, proves the validation of the
proposed method. The fault rule is determined and the proposed
analytical model also shows its feasibility in the fast fault
diagnosis through the comparison of the simulation results of
currents and electromagnetic forces under different internal fault
types and short circuit ratios.
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‘ x J ith the rapid development of the social economy, the
increasing demand for mass transportation systems
has emerged. The high-speed maglev train system is a new
transportation system which first appeared in Shanghai for
commercial use in 2003. The advantages over its high
speed, low noise and non-pollution make it suitable for long
distance transportation compared with the conventional
wheel-on-rail train system. However, the internal faults of
the long-stator linear synchronous motor (LSM) can cause
serious consequences to the passengers on the trains. So,
quickly simulating and calculating the faults of the LSM be-
comes very important to prevent extensive failure and make
preparations for further fault detection and diagnosis.

For the purpose of accurately modeling and simulating for
the LSM, an appropriate mathematic model should be estab-
lished. Although the traditional dq0 model is usually intro-
duced for simulating synchronous motors, it is not suitable
for stator internal fault modeling, as the symmetry between
the stator windings no longer exists. A novel method based
on the winding function theory''™ is presented in this paper
for the accurate calculation of inductances under normal and
faulty windings of the LSM model. In fact, according to
this approach, it is possible to compute all kinds of ma-
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chines having normal or asymmetric windings, while taking
into account all of the spatial harmonic components. The
corresponding voltage and flux linkage equations of the sys-
tem can then be derived after the impedance matrix has been
calculated. In recent years, this method has been successful-
ly used to analyze the air-gap eccentricity of the salient-pole
motor and the cage induction motor' ™.

The potential internal stator faults of the LSM generally
contain a single-phase open circuit, a phase-phase short cir-
cuit and a single-phase short circuit, etc., any of which can
cause severe damage to the train system. Therefore, fast di-
agnosis and detection for the LSM is very necessary to pre-
vent extensive failure. Accurate calculation of the electro-
magnetic forces is just the key to further fault diagnosis'"™,
as the electromagnetic forces contain more interactions be-
tween stator-mover flux linkage and seem to be more sensi-
tive to internal faults compared with the single current sig-
nal. The faulty symptoms, when a long-stator linear syn-
chronous motor incurs some kind of internal faults, are
gained through the comparison of the simulation results of
electromagnetic forces under different internal fault condi-
tions, which can be used for later internal fault diagnosis
and fast recognition'” .

1 Modeling for LSM
1.1 Working principle of LSM

The stator part of the long-stator LSM is the guide-way
lying on the ground"", which is supplied with the three-
phase alternating current, and the vehicle is regarded as the
mover part which is equipped with levitation magnets sup-
plied by the direct current. The interaction of the magnetic
fields caused by the stator currents and the excitation current
achieves the linear motion and stable levitation of the ma-
glev train. As the number of slots per pole is an integer in
this LSM model and the rotor has a symmetrical structure, it
is adequate for simulating the two poles model of the LSM.
Fig. 1 shows the longitudinal section of the LSM model in
one polar pitch.
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Fig. 1 Longitudinal section of the LSM model

The essential parameters of the LSM model for impedance
calculation are shown in Tab. 1.
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Tab.1 LSM parameters

Parameter Value
Number of poles 2
Pole pitch/mm 258
Stator slot height/mm 43
Stator slot width/mm 43
Air-gap/mm 10
Number of stator turns 1
Number of excitation turns 270

1.2 Winding function theory in LSM

In a conventional rotational machine, the mutual induct-
ance of two armature windings a and b can be written by the
winding function as follows'™, which can take into ac-
count all space harmonics and apply to the calculation of the

inductance matrix under normal and fault conditions,
2w
Ly =l 876, ON(b. ON($. 6)do (1)

where g '(¢, 6) is the inverse air-gap length function, and
N(¢, 0) is the winding function of the stator or the rotor
phase. In the case of the LSM, Eq. (1) should be modi-
fied, as the winding function of the LSM is not the function
of the rotor angle anymore but the function of the relative
position of the mover. It can be expressed as N(x, x'),
which is the function of displacement of the stator and the
mover. It is usually assumed that the circuits of the phases
are approximated as sinusoidally distributed. The inverse
air-gap function should also be modified accordingly. Take
the calculation of the mutual inductance of stator phase a
and excitation phase f for example,

27
M= o] Mo @I 398 (2 = Lycos( M)
(2)

g ' (x, x") =, — @,COS (ZPTTr(x—x’) ) (3)

where M is the mutual inductance between phase a and ex-
citation phase f; g ~'(x, x') is the inverse air-gap function;
p is the number of the pole pairs.

The inverse air-gap function is described in the form of
Eq. (3), because the magnetic circuit of the machine is sym-
metrically distributed from each polar of the motor. The in-
verse air-gap function only has even-order harmonic compo-
nents and the higher components are ignored. The waveforms
of the mutual inductances among phases a, b, ¢ and f are giv-
en in Fig.2, from which it can be seen that the mutual in-
ductance is a varying value with the position of the mover.
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Fig. 2 Mutual inductances among phases a, b, ¢ and excita-
tion winding f

1.3 Mathematical model of LSM

After the impedance matrix has been accurately calculat-
ed, the exact coupled mathematical model for the LSM is
formed. Some appropriate simplifications should be taken
into account first, such as ignoring the effects of iron satura-
tion and magnetic hysteresis.

It is convenient to describe the idealized LSM model as
three-phase stator windings and an excitation winding. The
system equation under normal conditions can be written as

dI dL dL
[Lss Lsf] dr | [uss] _ TPV Vdx [ISS]
Lfs Lf % - u; deS + % II'
dr TR
(4)
Laa Mah Mac Maf
Lss = Mab Lbc Mbc ’ Ls[' = be (5)
Mac Mbc LLL Mcf
Li=L; (6)
af _ poo, . dL N
T L (r+dt)]I+L U (7)

Substituting the impedance matrix into Eq. (1), the cur-
rent differential Eq. (7) can be solved by using an appropri-
ate numerical integration method, and, hence, the current
vector I can be obtained. Since the elements of the induct-
ance matrix are the function of the displacement x of the
mover, they are time variant. The propulsion and levitation
forces, thereupon, can also be obtained, which are very im-
portant in analyzing the operational performance of the ma-
glev train. In the case of the stator faults, the impedance
matrix is recalculated and the mathematical model is accord-
ingly changed.

2 Simulation Results under Different Conditions

As the calculation of the electromagnetic forces is the key
to the model for the LSM, an accurate analytical formula
derived from the whole machine energy is proposed and ap-
plied in this paper. Unlike the rotating machine, the electro-
magnetic forces of the LSM can be divided into two parts,
the propulsion force, which is used for driving the vehicle
going ahead, and the levitation force, which guarantees the
steady levitation of the vehicle. These forces under different
running conditions are analyzed in the following.

2.1 Results under normal condition

The simulation waveforms of the currents and electromag-
netic forces under the normal condition of the LSM are
shown in Fig. 3, where the power angle of the system stays
at 90°.

From the waveforms of Fig. 3, it can be seen that when
the speed and the power angle of the maglev train system
keep constant and the effect of stator slot is ignored, the
currents and electromagnetic forces all hold in steady-state
and the value of the levitation force is several times that of
the propulsion force.

The control system of the LSM achieves the decoupling



Simulation and calculation of internal faults in long-stator linear synchronous motor based on winding function theory 55

—_
[=]

(=]
(9,1

(kN*m~1)
(=)

Propulsion force/

(kN°m~1)

cuosn B8R

Levitation force/

0.04 0.06 0.08 0.10
t/s

(b)

0.02

(=]

Fig. 3 Electromagnetic forces of the LSM under normal con-
dition. (a)Propulsion force; (b)Levitation force

control of the propulsion and levitation forces. That is to
say, a stable levitation force is guaranteed by controlling the
levitation excitation current and the propulsion force is
mainly related to the stator currents when the excitation cur-
rent keeps the same.

Fig. 4 gives the relationship between the height of the air-
gap and the electromagnetic forces. It can be regarded as the
electromagnetic forces declining with the increment in the
air-gap. When the air-gap is greater than 8 mm, the rate of
the electromagnetic forces decreases relatively slower; there-
fore, it can be considered that the greater the height of the
air-gap is, the easier it is for us to control the train system.
The levitation gap in this model is controlled to be 10 mm.
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Fig. 4 Relationship between electromagnetic forces and the
air-gap height. (a)Propulsion force; (b) Levitation force

2.2 Results under single-phase short circuit

There are three kinds of internal faults discussed in this
paper, a single-phase short circuit, a phase-phase short cir-
cuit and a single-phase open circuit. Once any kind of these
faults occurs, it will cause serious consequences to the safe-
ty operation of the long-stator LSM system. Hence, the
simulation and calculation of these fault conditions is neces-
sary and useful for further fault diagnosis.

Suppose that in phase a, a single-phase short circuit oc-
curs. The faulty winding is separated into two parts by the
short circuit ratio k, and then the corresponding impedance
matrix and voltage equation are modified and recalculated
accordingly.

dIss ’ dL:s dL:f
[L'ss Llr] dr _[uis]_ TV VT 1]
L, L)l d, |7l ay, Ll
dr "y TV x
(3)
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where
[T diagl (1-k) k 1 1 1
P[] =gt b ] %
diag[r r r r r{] (11)
L,=(1-kL, +(1 —k)2Lam (12)
L, =kL, +KL,, (13)

The other parameters of the inductance matrix can be re-
calculated with the same method using Egs. (12) and (13),
and the relative simulation results are given in Fig. 5 and
Fig. 6.
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Fig. 5 The PU value of short circuit current under different
short circuit ratios of phase a
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Fig. 6 Electromagnetic forces under 30% single phase short
circuit. (a) Propulsion force; (b) Levitation force

The short circuit current of phase a changes with the in-
crement of short circuit ratios as shown in Fig. 5. Whatever
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kinds of internal faults occur, the electromagnetic forces of
the machine cannot maintain a stable value and the harmonic
components also strengthen, as shown in Fig. 6, when the
single-phase short circuit occurs in phase a.

2.3 Phase-phase short circuit and single-phase open

circuit

A similar analytical technique is used to build the models
when the phase-phase short circuit or single-phase open cir-
cuit occurs. Here only some simulation results are given.
Fig. 7 shows the propulsion forces of the phase-phase short
circuit and the single-phase open circuit. The oscillation am-
plitudes are different when different faults occur. It also
means that the harmonic components contained in each
faulty waveform are different, which is the basis for fault
diagnosis.
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Fig. 7 Propulsion force. (a)Under 50% phase-phase short cir-
cuit; (b) Under single-phase open circuit

In fact, the amplitude value of the currents and electro-
magnetic forces also enlarges with varying degrees of fault
type, which is in accordance with the theoretical trend of the
rotating machine. As a result, the simulation currents vali-
date the usability of the model proposed in this paper.

3 Comparison of Results

In order to verify the analytical formulae applied in calcu-
lating the electromagnetic forces, a finite element 2D model
using the same geometric parameters is set up. Through the
comparison of characteristic curves of the two methods, it
can be obtained that the analytical formulae are reliable and
convenient. The power-angle curve shows that the propul-
sion force grows with the increment in the power-angle
when it is less than 90°. On the contrary, when the power-
angle is greater than 90°, the propulsion force declines with
the increment. Similarly, the levitation force decreases with
the increment of the power-angle. Fig. 8 shows the relation-
ship between the armature current and the propulsion force.

There must appear some fault symptoms when some kinds
of stator internal faults occur. Therefore, it is urgent to de-
termine the exact fault symptoms to identify the fault type.
In further work, some fault diagnosis methods such as the
expert system and the neural network can be used for deal-
ing with the electromagnetic forces to determine appropriate
fault eigenvectors of the LSM.
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Fig. 8 Relationship between propulsion force and armature current
4 Conclusion

A new mathematical model is established for the long-sta-
tor linear synchronous motor based on the winding function
theory, which makes the calculation of the impedance pa-
rameters more simple and more accurate. The electromag-
netic forces under different internal faults of the LSM,
which contain many fault symptoms, are then simulated and
analyzed by the proposed method. According to the simula-
tion results, the proposed method is proved to be useful in
fault diagnosis and can be developed as an effective protec-
tion method for the LSM.
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