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Abstract: A novel flux-switching permanent magnet linear motor
(FSPMLM) is proposed for linear direct driving machine tools.
First, the two- and three-dimensional topological configuration of
the proposed motor is presented; the basic operational principle
of the FSPMLM is introduced; and the magnetic fields at the two
typical conditions of no-load are analyzed. Secondly, the
FSPMLM is analyzed by the two-dimensional finite element
method ( FEM ) to investigate the static electromagnetic
characteristics such as flux-linkage, back EMF ( electromotive
force) and inductance performances. The cogging forces of two
kinds of FSPMLMs with different shaped cores are analyzed and
compared, and the results show that the cogging force is
significantly reduced by using the E-shaped cores. Additionally,
based on the co-energy method, the thrust equation is derived
and verified by the simulation results obtained by the FEM.
Finally, an experimental prototype is used to test the
characteristics under open circuit and load conditions. The
simulation and experimental results indicate that the proposed
motor has advantages of a sinusoidal back-EMF waveform, a
small cogging effect and a high thrust density, and it is suitable
for the application of linear direct driving machine tools.
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inear machines have many advantages over rotary ones
L under long distance linear motion'", such as linear di-
rect driving machine tools. Among various linear motors,
the linear induction machine (LIM) and the permanent mag-
net linear machine (PMLM) are the main research objects.
The LIM can attract attention due to its simple structure and
low costs. However, the low power factor, thrust density
and efficiency are its shortcomings'”. The PMLM can pro-
vide high power density, high thrust density and a high
power factor. The traditional PMLMs, such as linear syn-
chronous machines, are secondary-permanent magnet (PM)
linear machines, which have the disadvantages of a complex
PM structure and a high manufacturing cost'”’. Therefore,
the primary-PM linear machine having magnets embedded in
the primary iron core has been paid considerable attention
for its advantages of having a simple secondary structure and
low costs.
The FSPMLM is a kind of primary-PM linear machine.
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The concept of the rotational FSPM machine was first pro-
posed by Rauch et al'™. The planar linear FSPM machine
was proposed and investigated by Wang et al'. Zhu and
Wang et al. " proposed a tubular FSPMLM and a double-
side FSPMLM. A method by using assistant teeth is em-
ployed to reduce the detent force ', which is induced by
slot effect and end effect. Based on the principle of the rota-
tional FSPM machine, a novel linear FSPM brushless motor
is presented for digital control processing of machine tools.
The two-dimensional finite element method is used to ana-
lyze the proposed FSPMLM. The static characteristics of
flux linkage, back-EMF, inductance, cogging force and
thrust force of the FSPMLM are obtained. Several simula-
tions are done by the finite element analysis (FEA). Final-
ly, the simulation results are validated by using an experi-
mental prototype. The results show that the proposed linear
FSPMLM has better back-EMF waveform, smaller cogging
force and thrust force ripple.

1 Topology and Operation Principle

The configuration of the proposed single-side long sec-
ondary FSPMLM is shown in Fig. 1. This kind of motor
consists of a primary mover and a secondary stator. The
long stator is a ferromagnetic steel plate including a plurality
of teeth and slots. The mover is made up of three phase as-
semblies, i. e., phases A, B and C. There are two U-
shaped and five E-shaped stacks in the mover. Two U-
shaped stacks are installed in the ends, with E-shaped stacks
in the middle of the mover. Each phase is comprised of one
entire U-shaped stack and a portion of anther E-shaped stack
or portions of two E-shaped stacks. Eight teeth in one phase
assembly face the corresponding teeth or slots of the stator.
Both the armature winding and permanent magnets are set
on the short mover. The PMs are positioned between
stacks, and coils are wound in the slots of each stack.
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Fig.1 The configuration of proposed FSPMLM. (a) The 3-D
model of FSPMLM; (b) The 2-D model of FSPMLM
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In order to obtain the three phase sinusoidal back-EMF,
the central axis of the first phase is offset from the second
phase (N +2/3) 7, and the electrical angle is (M180° +
120°), where M and N are integers, and 7, the distance be-
tween two teeth of the stator, is the pole pitch of the stator.
The central axis of adjacent tooth tips is made offset by a
distance (K + 1/2) 7, and the electrical angle is (L180° +
90°), where K and L are integers.

The operation principle of the FSPMLM can be described
in Fig. 2.
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Fig.2 The principle of the proposed FSPMLM. (a) Flux path
of position 1; (b) Flux path of position 2

The open-circuit flux distributions of two typical positions
are shown in Fig.2. With the shift of the mover from posi-
tion 1 to position 2, the main PM flux linked in this coil of
phase A changes from negative maximum to positive maxi-
mum. The thrust force of the FSPMLM is generated under
the co-effect of the changing flux and the armature current.

2 Electromagnetic Performance Analysis

The 2-D FEA model of the proposed FSPMLM is presen-
ted to investigate the static characteristics. The basic param-
eters of the three-phase FSPMLM used for simulation are
listed in Tab. 1.

Tab.1 Basic parameters of the FSPMLM

Items Value/mm
Mover length 340
Mover width 100
Mover Distance between phases 56.7
Mover tooth width 4.5
Space width between mover teeth 10.5
Stator Stator tooth width 4.5
Stator slot width 5.5
Air-gap The length of air-gap 0.3

2.1 Flux-linkage and back-EMF

First, the open-circuit performance is analyzed by the
FEA. When the value of the armature current is zero and the
speed of the mover is 0. 5 m/s, the waveforms of PM flux-
linkage and open-circuit back EMF are obtained.

The PM flux linkage of phase B is shown in Fig. 3. Fig.4
shows the three-phase open-circuit back-EMF waveforms of

the FSPMLM.
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Fig.3 The open-circuit PM flux linkage of phase B
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Fig.4 Three-phase back-EMF waveforms

From Fig. 3, it can be seen that the waveform of the PM
flux linkage is sinusoidal, and the value is not related to the
speed of the mover but dependent on the position of the
mover. From Fig. 4, one can see that the open-circuit back-
EMF waveforms are sinusoidal. And the phase angle differ-
ence between the two phases is 120° of electrical degrees.
Therefore, this FSPMLM can be driven as a brushless AC
(BLAC) motor.

2.2 Inductance characteristic

To calculate the inductances of the FSPMLM, a DC cur-
rent is injected into the armature winding. The flux linkage
is determined by the total PMs and the armature current can
be expressed as '’

Y=, +Li @Y

where i is the total flux linkage; ¢, is the open-circuit PM
flux linkage; L is the inductance; i is the armature current.

It can be seen that the inductance of the FSPMLM is both
determined by the physical position and the current of the
armature coil. The characteristics of inductance are analyzed
by the 2-D FEA. The inductions under different currents are
obtained and compared.

The characteristics of self-inductances are shown in Fig. 5.
From Fig. 5, it can be seen that the self-inductances have
little change in value with the variation of position under a
constant winding current. Therefore, the change of self-in-
ductances can be ignored, when the value of the winding
current is less than 10 A. However, when the current is
over 10 A, the magnetic circuit is supersaturated. The self-
inductance decreases with the increase in the winding cur-
rent.

Fig. 6 shows the characteristics of mutual inductances.
One can see that the mutual inductances change in value
with the variation of position and the winding current. The
values of mutual inductances are smaller than the values of
self-inductances. Due to the cut-off of the primary iron
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core, the mutual inductance between phase A and phase C is
approximately zero.
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Fig.5 Self-inductance characteristics of the FSPMLM. (a)
Three phase self-inductance under 5 A winding current; (b) Self-
inductance of phase A changing with winding current
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Fig.6 Mutual inductance characteristics of the FSPMLM.
(a) Mutual inductance under 5 A winding current; (b) Mutual induct-
ance between the phase A and phase B changing with winding current

2.3 Cogging force characteristic

The cogging force is an unexpected parameter for the PM
machine and it can cause the ripple of thrust and the me-
chanical vibrations, which may lead to undesirable damage.
Hence, reducing the cogging force is the main purpose of
the optimization of the PM machine.

The cogging force is produced by the interaction between
the stator slot effect and the mover slot effect'” . The struc-
ture of E-shaped stacks is helpful for reducing the cogging
force. In order to investigate the influence of E-shaped
stacks, another model of the FSPMLM with U-shaped

stacks is built and shown in Fig. 7. There are twelve U-
shaped stacks in the mover. Nonmagnetic displacers are po-
sitioned between the phases.
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Fig.7 2-D model of FSPM linear machine with U-shaped stacks

These two kinds of FSPMLMs are simulated by using the
FEM. The cogging forces of two kinds of FSPMLMs are
compared and shown in Fig. 8 (a). The open-circuit back
EMF of two kinds of FSPMLMs are shown in Fig. 8(b).
FSPM1 is the FSPMLM with U-shaped stacks and FSPM2 is
the one with E-shaped stacks.
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Fig.8 Comparison of cogging force and back EMF between
two kinds of FSPMLMs. (a) Cogging force of two FSPMLM:s;
(b) Open-circuit back EMF of two FSPMLMs

As shown in Fig. 8, the back EMF of the FSPMLM with
E-shaped stacks is the same as that of the FSPMLM with U-
shaped stacks. However, the cogging force of the one with
E-shaped stacks is smaller than that of the other one. The
results demonstrate that the cogging force is effectively re-
duced by using the E-shaped stacks and the thrust force will
not be reduced.

2.4 Static thrust force

The co-energy method is employed to derive the thrust
force equation. This process is similar to the one of the dou-
bly-salient permanent magnet motor. According to the
torque equation derived in Ref. [11], the thrust force of the
FSPMLM can be expressed as

Fe_dx[ 2I LI+![’mI] +F ,=F. +F, +F, (2)
1 +/d
= 7‘,
F, 21 (dx )I (3)
Fp = Wh0] (4)
pm_dx m
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where I=[i,i,,i]"; W, =[] L=[L,]"(i=
a,b,c; j=a,b,c); xis the direction of motion; F, is the
cogging force generated by slot effect.

The change of inductance is so little that it can be ignored
before the magnetic circuit is supersaturated. If the harmon-
ic of the flux-linkage is ignored and the end effect is not
considered, the reluctance thrust component F, can be ig-
nored and the thrust equation changes into

d
Fezd—x(wm)THFmg:Fpm +F,, (3)

Assuming that the zero phase point of phase A flux-link-
age is the position zero of the mover, the PM thrust compo-
nent F = can be expressed as
dl/ja . d'JI . dl7[/c
pm —ala +ahlb +

L= 3( m %)zpmlmsina (6)
where i, is the amplitude of the fundamental PM flux-link-
age component; [ _1is the amplitude of armature current; and
« is the phase separation between the open-circuit PM flux-
linkage and the armature current.

At operation, the phase angle of the current is in sync
with the phase angle of the no-load back EMF when « =
90°. From Eq. (6), it can be seen that the thrust is only de-
termined by the virtual value of the phase current under an
invariable air-gap. The speed is only determined by the fre-
quency of the phase current.

The 2-D transient FEM is employed to analyze the transi-
ent thrust force of the FSPMLM. The simulation result of
the thrust force under 3 A current load is shown in Fig. 9,
and the thrusts of simulation and calculation with different
loads are shown in Fig. 10.

As shown in Fig.9, the value of thrust calculated by Eq.
(6) is 140 N, and the average value of simulated thrust
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Fig.10 Thrust with different currents

obtained by the FEA is 138 N. There is a good agreement
between them.

From Fig. 9 and Fig. 10, one can see that the results of
the simulation verify the correctness of the thrust equation.
When the virtual value of the winding current is above 8 A,
the results of the simulation are less than the calculated re-
sults because of the increase of magnetic circuit saturation.

3 Experimental Validation

An experimental mode is used to test the operation per-
formance and verify the results of FEA and calculation. The
data of the prototype is the same as that of the simulation
model listed in Tab. 1. The measured open-circuit back
EMF is shown in Fig. 11(a), and the measured current of
one phase at 140 N loading resistance is shown in Fig. 11

(b).
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Fig.11  Experimental results. (a) Open-circuit back EMF at
speed of 0. 5 m/s; (b) Measured current at 140 N resistance

Comparing the results of simulation and experimentation,
it can be seen that a good agreement is achieved between
simulated and measured results. All the results validate the
correctness of the analyzed static characteristics of the pro-
posed FSPMLM.

4 Conclusion

A novel flux-switching permanent magnet linear machine
is proposed for linear direct driving machine tools. The
electromagnetic performance is investigated by using the 2-D
FEM. The thrust equation is derived and verified by the
simulation results. Finally, a prototype is used to certify the
analysis results of electromagnetic performance. The experi-
mental results agree with the simulation results. All the re-
sults demonstrate that this kind of FSPMLM has advantages
of simple secondary structure, high thrust force density,
minimal cogging force and low costs. This kind of linear
motor has prospective application in long distance linear mo-
tion.
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