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Abstract: A dynamical dq model is proposed for a linear flux-
switching permanent magnet ( LFSPM) machine which is
suitable for high-precision control applications. The operation
principle of the prototype machine is analyzed using the finite
element method (FEM), and the parameters, such as the back
electromotive force (EMF) and the phase flux linkage, are
calculated. The calculated and measured results reveal that the
back EMF and the flux linkage are essentially sinusoidal, and
the variation of the phase flux linkage profile of the LFSPM
machine is similar to that of the linear surface permanent magnet
(LSPM) machine. Based on this, a dynamical dq model and a
simulation control model are proposed. The simulation results
are compared with the test results obtained from a DSP-based
control platform, which verifies that the model is correct and
effective. Moreover, the model can be used for design
optimization and control development.
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permanent

inear machines have been paid much attention to in the
L industrial applications for high-precision and high-
speed motions during the past decades. They can overcome
the limitation in travel distance, accuracy and speed of the
traditional actuator, which is composed of a rotary motor
and a lead screw. The linear permanent magnet machine
(LPMM) is a popular alternative which easily achieves pre-
cision control. But it has some shortcomings such as heat,
maintenance and manufacture cost problems. The linear
switched reluctance motor (LSRM) is also a hotspot in this
field due to its simple structure and low cost, but there are
many disadvantages, such as low force density, control dif-
ficulties and large force ripples. Fortunately, the linear flux-
switching permanent magnet ( LFSPM) machine combines
the advantages and is expected to be a good prospect in this
field.

The concept of the rotary flux-switching permanent mag-
net (FSPM) machine was first proposed in 1955"". So far,
the design procedure and optimization of the FSPM machine
have been investigated”. Novel linear FSPM machines
with varieties of mover slot/stator poles were proposed in
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Refs. [3 —4]. However, the LFSPM machines used for the
direct-drive applications of precision machine tools have sel-
dom been investigated. In this paper, an LFSPM machine
with armature windings and magnets on the short mover,
which combines the merits of both the LPMM machine and
the LSRM machine, is analyzed. It is suitable for the direct-
drive applications of precision machine tools because of its
robustness and controllability. Analysis shows that the phase
flux linkage and back EMF of the LESPM are essentially si-
nusoidal and the force density is high. Therefore, the pro-
posed LFSPM machine is a competitive candidate for high-
precision AC drives'”™ .

1 Construction and Operation Principle

As shown in Fig. 1, the LFSPM machine comprises a
mover and a stator. The mover has a plurality of stacks,
permanent magnets, and coils, which form a three-phase
linear motor, and the stator has a low cost ferromagnetic
steel plate which is similar to that of a linear switched reluc-
tance machine. The mover cores are made up of 2 U-shaped
cores and 5 E-shaped cores, and each of the E-shaped cores
is used to physically couple with two phases to substantially
minimize the unexpected cogging force and the force ripple.
A permanent magnet is sandwiched between two adjacent
cores with alternate magnetic polarities. The mover employs
concentrated windings, which consist of two coils in each
phase. A suitable design for the LFSPM can achieve optimal
electromagnetic coupling between the mover and the stator
to obtain high force density "',

Fig.1 Schematic of LFSPM machine

Fig. 2 shows the no-load magnetic flux distribution of Al,
one of the coils of phase A, in different mover positions.

Assume that the direction of the flux passing through the
gap from the mover to the stator is positive and the mover
moves to the right. Fig.2(a) is the initial position where
the flux of the Al coil is the negative maximum. As the
mover moves 1/4 stator pole pitch in the right direction, the
flux of the coil is zero as shown in Fig.2(b). Again, the
mover moves 1/4 pole pitch, as shown in Fig. 2(c), the
flux of the coil at this position is the positive maximum. If
the mover moves 1/4 pole pitch further, the mover’s posi-
tion is identical to the initial position. Thus, the machine
operates for one whole period.
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Fig.2 Flux distribution of LESPM. (a) 0°; (b) 90°; (c) 180°;

(d) 270°

The phase flux linkage waveform of the FSPM machine is
bipolar, and the number of pole pairs is equivalent to that of
the stator poles. The 3-phase flux-linkage waveform predic-
ted with 2-D finite-element analysis indicates that the wave-
form is not an ideal sinusoidal waveform and the distortion
is mainly induced by end effects. The span of two adjacent
phases is equivalent to a (6 — 1/3) stator pole pitch, i.e., a
phase difference of 120° in electrical degree. When the di-
mensions of the teeth and slots are adjusted properly, the
back EMF of the three phases is changed into nearly perfect
sinusoidal waveforms after the superposition of the two sets
of coils as shown in Fig.3. The calculated results of the 3-
phase back EMF are compared with the measured ones as
shown in Fig. 4, which indicates that a good agreement be-
tween them is obtained and nearly perfect sinusoidal wave-
forms are achieved.
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Fig.4 Measured phase A back EMF at 0.5 m/s

2 Modeling

For an LFSPM machine, the permanent magnet field is
changed twice while the mover moves a distance of one sta-
tor pole pitch, that is, 360° in electrical degree. The dq ax-
is of the permanent magnet field is distinguished using the
FEM as follows: The d-axis is located on the stator position
where the permanent magnet (PM) flux linkage of phase A
is maximum (as shown in Fig. 2 (a)) and the g-axis ad-
vances d-axis by 90° in electrical degree (a quarter of one
stator pole pitch), as shown in Fig.5(a). The d-axis com-
ponent of the synthesis magnetic-motive force( MMF) pro-
duced by a 3-phase current can be aligned with the direction
of the PM field by controlling the armature current, and the
MMF g-axis component is perpendicular to the d-axis com-
ponent. Besides, for the optimal force related to the arma-
ture current, we set i, =0, and i ,to be equivalent to the ar-
mature current. Therefore, the armature current can be
changed to directly control the amplitude of the output
force. This control strategy is called as the i, =0 vector con-
trol method based on the PM field orientation. The above a-
nalysis shows that the LFSPM electromagnetic characteristic
is equivalent to that of sinusoidal surface magnet machines
(SPM), and the i, =0 vector control strategy is equivalent
to that of SPM based on the rotor field orientation. The
comparisons of the topologies and the 3-phase flux wave-
forms of the two machines are shown in Fig. 5.
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Fig.5 Comparison of LFSPM machine and LSPM machine.
(a) Topology of LFSPM machine; (b) Topology of LSPM machine;
(c) PM flux linkage of LFSPM machine; (d) PM flux of LSPM ma-
chine
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Thus, the FSPM machine can be modeled as follows.
The d-axis and g-axis flux linkage equations and the voltage
equation are derived as

by =, + L, } (@)
dj‘l = L‘Ii‘l
dip, 27 .
A =uy t Tved’q - R, 2)
dys 21 .
T; = u’q - T’Ucwd - Rslq
The thrust force equation is
3 27 ) ..
Fo=5 T, + (Ly = L)1y} (3)

where 7 is the stator pole pitch; L, and L, are the d-axis and
g-axis inductances of the FSPM machine; ¢ is the flux
linkage of PM.

The parameters ¢,,, L, and L, are determined by FEM
and tests. ¢, can be easily calculated, and the calculation of
L, and L_ is described in the following sections'”™"'.

According to the previous method of determining the di-
rection of the PM field, the d-axis and g-axis of the pro-
posed LFSPM machine are determined. Assume that the 3-
phase coils are powered with current sources according to 3-
phase currents i, =i. = —0.5i,, then the inductance param-
eters L, and L, can be calculated using Maxwell 2D when
the mover is fixed on the positions of the d-axis and the q-
axis, respectively. Moreover, the relationship between the
inductances of the dq-axis and the armature current can be
analyzed while the current is changed.

Half of the prototyped machine is used in simulation be-
cause of the symmetry. The number of A-phase turns is half
those of the actual number of turns. The calculated flux
linkage is also half that of the actual one. The calculation e-
quations of inductance on the d-axis and the g-axis are ob-
tained as follows:

m

2‘!’% B lr//m

L, = —F—17— 4

PN W
2,

L = 5

© T i /N )

where i, is MMF generated by i,; N denotes the turns of
coils; and ¢, is the flux linkage in phase A where the mover
is located on the position of the d-axis or the g-axis. The
predicted profiles of L, and L, versus the armature current
are shown in Fig. 6.
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Fig.6 Predicted d-axis and g-axis inductances

3 Simulation and Test

The simulation model of the proposed control system is
presented according to the forgoing control method. The
mathematical model of the LFSPM machine uses the model
proposed in section 2 and the block diagram of the control
system for the LFSPM motor is presented in Fig. 7. The
feedback signal which can determine the position of the PM
field and the speed of the mover is the displacement of the
mover. The position signal 6 directly generates unit vector
signals (cos@, and sinf,). The control system consists of a
velocity loop and a current loop. The velocity loop gener-
ates the reference current iys but i, equals zero. The refer-
ence of 3-phase current is obtained and transformed by 2/3
coordinate transformation. The reference current is com-
pared with the 3-phase measured current through the hystere-
sis; thus, the actual output current wave is forced to track
the sine reference wave within the hysteresis band. Finally,

the LFSPM machine can stably operate at the reference
d[IHS].
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Fig.7 Overall control block diagram for the LFSPM motor

The test platform includes a controller and a prototyped
LFSPM machine. The control method is successfully imple-
mented on the control platform based on TMS320F2812
DSP. A Renishaw optical linear encoder is used for the col-
lection of the velocity and the position of the mover. LEM
LTSR 6-NP current transducers are used to measure the
phase currents, and intelligent power modules ( IPMs)
PM75CSDI120 are also installed for power output '°7*. The
calculated and measured plots of the A-phase current when
the velocity of the mover changes from 0.1 to 0.2 m/s are
shown in Fig. 8(a) and Fig.9(a). Fig.8(b) and Fig.9(b)
show the plots of predicted and measured current waveforms
when the load is changed from 10 to 30 N. As can be seen
from the profiles, the predicted and measured waveforms are
both in nearly perfect sinusoidal distributions, and good a-
greements are achieved between them. It is demonstrated
that the motor model is correct and effective, and it can be
used for performance evaluation and simulation analysis.

4 Conclusion

LFSPM machines have a doubly salient mover and stator
topology, with concentrated winding and permanent magnet
in the short mover. Unlike the LSRM, the back EMF of the
LFSPM machine is essentially sinusoidal, which enables the
motor to be easily controlled. The long stator is made of sil-
icon steel; therefore, the heat, maintenance and manufac-
ture cost problems are eliminated. The pole pitch of the LF-
SPM machine can be changed easily by selecting stators
with different pole numbers, which can affect the motor
synchronous speed accordingly. So the LFSPM machine has
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Fig.8 Simulated current waveforms. (a) Current waveform of ve-
locity changes; (b) Current waveform of load changes
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Fig.9 Measured current waveform. (a) Current waveform of veloci-
ty changes; (b) Current waveform of load changes

great potential for the fields of high-precision and high-
speed motion control. This paper proposes a transient model
for the LFSPM machine and provides a magnetic field orien-
tation method for finding dq axis inductance. Simulations
and tests of the control system validate that the proposed
model and the theory analysis are correct and that the LF-
SPM machine is applicable to high-precision AC servo con-
trol drives.
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