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Electromagnetic Characteristic Analysis of Bidirec-
tional Improved Flux Switching Linear-Rotary Motor
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Abstract— Flux concentrated structure is adopted in the design
of bidirectional flux switching linear-rotary motor, which not on-
ly brings high torque/thrust density, but also increases stator iron
material magnetic saturation. In order to decrease the magnetic
maturation level of the motor, the stator pole width, stator pole
axial length, permanent magnet (PM) width, PM axial length and
stator yoke height are selected as the analysis variables, which
are closely related to the two magnetic saturation regions of the
stator section based on the initial analysis. The expressions of flux
density in the two magnetically saturated regions of the stator
core related with the selected five structure variables are derived
by numerical fitting method based on the initial simulation result
calculated by finite element method. Then the optimization struc-
ture variable values are achieved, a prototype and its test exper-
iment are carried out, which verifies that the torque and thrust
densities are improved and the numerical fitting method is effi-
cient and accurate for magnetic saturation calculation.

Index Terms—flux concentrated; finite element method; bidi-
rectional flux switching linear rotary machine

I. INTRODUCTION

HE torque and thrust density can be improved by the de-
Tsign of flux concentrated (FC) structure, which has been

widely used in the machine design. Many different motor
topologies are proposed in [1-8]. The force density, efficiency
and power factor of a linear vernier machine were improved
with V-shaped FC consequent pole [1]. FC permanent magnet
(PM) synchronous machines with ferrite PMs were investigat-
ed by finite element method (FEM) [2][3]. The optimization
design of an FC structure transverse flux machine (TFM) was
conducted by Taguchi and genetic algorithm methods in
[4]1[5], respectively. An E-core TFM with FC ferrite PMs and
pole windings was presented, and its PM utilization and torque
density were improved in [6]. The air-gap flux density of a
doubly salient linear PM machine was improved thanks to the
V-shape FC PM arrays in [7]. The flux density radial and tan-
gential components of a coaxial magnetic gear with an FC ro-
tor were studied by the 2-D space harmonic analysis method in
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[8]. Linear rotary motor (LRM) can be widely used in many
fields, such as robots, screwing machines and drilling machines.
The improvement of the torque/thrust density of LRM is still
worth studying deeply, which has attract many scholars’ atten-
tions. The topologies, coupling effect, optimization design and
decoupling control algorithm of many 2-DOF LRMs were in-
troduced in [9]. The electromagnetic analysis of three different
PM type LRMs including independent magnetic circuit LRM,
flux reversal LRM, HTS LRM were calculated in [10-12].The
design of a decoupled LRM was introduced based on magnetic
circuit FEM, and the linear and rotary motions were achieved
independently by a two proportional-integral-derivation con-
trollers [13]. A multiphase magnetically levitated LRM was in-
vestigated and the control model was defined by the space vec-
tor model approach [14].

The bidirectional improved flux switching structure is
adopted in the proposed motor, which can has FC effect
whether it is in linear and rotary motions. Then the flux density
of the motor is improved and the magnetic saturation of ferro-
magnetic material also becomes the key element to limit the
torque and thrust density. In order to avoid the magnetic satura-
tion and improve torque/thrust density, the electromagnetic
characteristics of bidirectional flux switching (BFS) LRM are
analyzed, the NdFeB/ferrite PM materials are selected accord-
ing to the FC characteristic analysis, and the expressions of
flux density in the two magnetically saturated regions of the
stator section are derived by numerical fitting method based on
the initial simulation results analyzed by FEM, which are relat-
ed with PM circumferential and axial widths, stator pole cir-
cumferential and axial widths, and stator yoke height. Then the
optimum values of electromagnetic and structure variables are
obtained, a prototype is made and its test platform is set up.

II. ToPOLOGY OF BFSLRM

Fig. 1 illustrates the topology of BFSLRM. The stator sec-
tion consists three independent stator units. The main feature is
that the magnetized directions of the PM material embedded in
the stator pole and U-shaped PM material embedded in the sta-
tor pole and stator yoke can form dual levels flux switching
structure in the stator sections, and the magnetization directions
of PMs arrayed in the same position in adjacent stator units are
opposite. The mover salient poles are interlaced one mover
pole pitch in the circumferential and axial directions, which has
FC effect whether it works in linear or rotary motion. Fig. 2 il-
lustrates the FC structure of BFSLRM. The PM material em-
bedded in the stator pole and U-shape PM material are the
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main and auxiliary magnetomotive force sources of the main
magnetic circuit, respectively. The BFC structure can enhance
the reliability of the machine and improve the air gap flux den-
sity.
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Fig. 1. The topology of BFESLRM.
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Fig. 2. The stator magnetic circuit of BFSL

III. FLUX CONCENTRATION ANALYSIS

A. Magnetic Saturation Analysis

Fig. 3 illustrates the flux density distributions of BFSLRM.
It is noticed that the flux concentrations in positions (4, B) of
the stator section are obvious. The stator inner radius (R,;) and
the initial stator pole height (4,) are 24 mm and 20 mm, re-
spectively. When the stator saturation area is less than 5%, the
magnetic saturation of ferromagnetic material has little influ-
ence on the performance of the motor, then the maximum val-
ues of the flux densities in positions (4, B) are less than 2.1 T
at the position when the radial dimensions are 26 mm and 45
mm as shown in Fig. 2, respectively, and then the material can
be taken as unsaturated. Namely, Ry + hy,/20 ¥2=26 mm; Ry; +
hgpt1 mm= 45 mm.

Magnetic flux density (T)

@ (®)
Fig. 3. Flux distribution of BFSLRM, (a) magnetic contour plot, and (b) mag-
netic vector plot.

B. Calculation of Flux Concentration

Fig. 4 illustrates the magnetic field distribution of a single
stator pole. Compared with the flux densities at positions a, b
and c, it is noticed that the FC effect in position ¢ is obvious,

which is also the cause of the stator local saturation. In Fig.
4(a), W56, Wy, Wpmo and wy,. are the circumferential and axial
stator pole widths, PM pole widths, respectively. A, is the sta-
tor yoke height. wsa, Wg:, Wpmo, Wpm: and hy, are selected as the
analysis parameters. The selected parameter contains the basic
value and changing value. The basic values of the selected
variables are 3 mm. Table I lists the initial values of the se-
lected parameters.
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Fig. 4. Magnetic flux density, (a) magnetic field distribution of single stator
pole, and (b) flux densities with different currents.

TABLEI
INITIAL VALUES

Fixed variables

Variable Basic value
Womo  Wso  hy  We Wy
Wpyme (Mm) 3 / 525 35 55 55
Wyo (Mmm) 3 2.75 / 35 55 55
hy, (mm) 3 275 525 /55 55
W, (mm) 3 275 525 35 / 5.5
Wy (M) 3 275 525 35 55 /

Fig. 5(a) describes the air-gap flux density waveforms of
the topology without mover slots and with mover slots. It is
seen that the FC effect of the topology without mover slots is
more obvious than that of the topology with mover slots. The
PM embedded in the stator tooth and U-shape PM material can
be taken as the main PM and auxiliary PM, respectively.
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Fig. 5. Air-gap flux density waveforms, (a) comparison between without mover
slot and with mover slot, and (b) with different PM material combinations.

Fig. 5(b) describes the air-gap flux density waveforms when
the main and auxiliary PM materials are NdFeBair,
NdFeB/ferrite, NdFeB/NdFeB, ferrite/air, ferrite/ferrite, and
ferrite/NdFeB, respectively. It is noticed that the average flux
density values of the six combinations are 0.95 T, 1.35 T, 1.89
T, 0.31 T, 0.73 T and 1.57 T, respectively. Although the flux
densities of NdFeB/NdFeB and ferrite/NdFeB are larger than
the results of NdFeB/ferrite, the torque densities of



NdFeB/NdFeB and ferrite/NdFeB are lower than that of
NdFeB/ferrite when the stator saturation is considered, so the
PM combined form of NdFeB/ferrite materials are taken as the
PM materials when the load condition is considered. Fig. 6 il-
lustrates the magnetic flux density waveforms with the select-
ed five structure parameters at positions 4 and B when the cur-
rent is 8 A. The flux density of the stator pole is analyzed by
the numerical fitting method.
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Fig. 6. Magnetic flux density waveforms with the selected five structure pa-
rameters when the current is 8 A, (a) position 4, and (b) position B.

The expressions of flux density in the ferromagnetic material
are

B, (x,n)=B,(a,,a,,b,,w,x,n)=a, +Z a, coskwx +b, sinkwx (1)

k=1

B, (x,n)=B, (pl,pQ,p3,p4,...x,n)=plx+p2x2 + P3x3 .. (2

According to Table I, Fig. 6, (1) and (2), the expressions of
flux density at positions 4 and B in the stator section related
with the selected five variables are
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C. Calculation of Air-gap Flux Density

Taking cogging torque and detent force as analyzed objec-
tives, the optimization design is calculated by 3-D FEM, and
multiple sets of structural parameters are achieved. Table II
are the main structural parameters of three different topologies,
which are obtained without considering magnetic saturation.
According to (3) and (4), the flux density in the positions 4
and B can be calculated. Fig. 7 illustrates the basic model of
stator I and air-gap flux density waveforms of the three topol-
ogies. It is noticed that the average values of the air-gap flux

density corresponding to the stator pole are 1.25 T, 1.13 T and
1.2 T, respectively.

TABLE II
MAIN STRUCTURAL PARAMETERS OF BFSLRM

Parameters (mm)

B(T) B(T)
Weno Ws6 hsy Wz Womz
Topologyl 5.5 55 5 55 55 157 165
Topology IT 4 5.5 5 7.5625 5.5 1.54 1.54
Topology II 5.5 7.5625 5 5.5 4 1.42 1.58
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Fig. 7. Air-gap flux density distribution of stator I, (a) basic model, (b) topol-
ogy L, (¢) 1L, and (d) IIL.
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Fig. 8. Air-gap magnetic flux density distributions of topology I, II and III, (a)
waveforms, and (b) main harmonics.

TABLE Il
MAIN STRUCTURAL VARIABLES OF TOPOLOGY 1

Parameters Value Parameters Value
Outer stator radius (mm) 47 Inner stator radius (mm) 24
Stator yoke height (mm) 3.5 Stator pole pitch(mm, z) 35.7
Mover diameter (mm) 23.4 Mover pole height (mm) 5.8
PM width (mm, 6) 5.5 PM with (mm, z) 5.5
Mover pole width (mm, ) 7.6 Stator pole width (mm, ) 16.5
Stator pole width (mm, z) 6 Stator pole width (mm, z)  16.5

Fig. 8 illustrates the air-gap flux density in the middle of the
stator ferromagnetic pole region and harmonic analysis results.
It is seen that the fundamental values of the air-gap flux densi-
ty waveform of the three topologies are 0.65 T, 0.63 T and
0.565 T, respectively. According to Figs. 7 and 8, topology I
has the highest air-gap flux density, which is selected as the



analysis object. Table III lists the main structural variables of
topology I. Fig. 9 (a) shows the air-gap flux density wave-
forms of topology I. It is seen that the average values of the air
gap flux density in the maximum value region is 1.54 T.
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Fig. 9. Air-gap flux density waveform of the single stator pole region at no
load condition, (a) air-gap flux density, and (b) single stator pole region.

IV. EXPERIMENTAL VERIFICATION

The prototype and experimental platform of BFSLRM are
shown in Fig. 10. Table IV lists the main specifications of the

prototype.

Fig. 10. Prototype of BFSLRM: (a) stator section, (b) mover section, (c) the
prototype of BFSLRM, (d) testing platform of rotary motion, and (e) testing
platform of linear motion.

TABLE IV
SPECIFICATION OF THE PROTOTYPE

Parameters Value Parameters Value
Rated power (W) 200 Rated voltage (V) 30
Rated current (A) 10 Rated frequency (Hz) 80
Stator resistance () 5.5 Rated speed (r/min) 1200
Axial stroke (mm) 44 Mover weight (kg) 1.701

Stator inductance (mH)  16.5 Stator winding number (turns) 90

The test bench of BFSLRM consists of the prototype, hard-
ware driver, torque and speed sensor, pull pressure sensor and
oscilloscope. The hardware driver contains the DSP controller,
data collecting module, and drive module. The DSP controller
can mainly complete signal processing, algorithmic calcula-
tions and communicate with the host computer. The data col-
lecting module mainly includes the sample of the current sig-
nals from the current sensor (CSMOO6NPT3.3), the voltage

signals from the voltage sensor (VSMO025A), axial position
signal from linear resistance ruler (BW-75 mm), and the rotary
speed signal from the resolver (TS2540N321E64). The drive
module containsighteen metal-oxide-semiconductor field-effect
transistors (IRFP 460) and optocoupler device (TLP250).

Fig. 11 shows the winding arrangements of rotary and linear
motions. The homonymous end of phases D, E and F is differ-
ent when BFSLRM works in rotational or rectilinear motion.
Fig. 12 illustrates the back EMF waveforms when the motor is
in rotational or rectilinear motion. Since there are some manu-
facturing errors in the prototype, the magnetic flux leakage is
increased, and the amplitude of back EMF measured by the

experiment is slightly less than simulation result.
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Fig. 11. Winding arrangement, (a) rotation, and (b) linear motion
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Fig. 12. Back EMF waveforms, (a) simulation result of rotary motion, (b) test
result of rotary motion, (c) simulation result of linear motion, and (d) test result
of linear motion.

Fig. 13 shows the ripples and maximum values of cogging
torque and detent force when the mover is in different posi-
tions. The ripple and maximum values are different, but the
changing trend is similar. Fig. 14 illustrates the torque and
thrust waveforms of the motor under different currents and
angles. It is noticed that when the current is 10 A, the maxi-
mum value of torque is 5.47 Nm when the initial phase angle
is 130 deg., and the maximum value of thrust is 32.4 N when
the initial phase angle is 120 deg. When the initial phase is
less than 30 deg., the motor is hard to start.



. 0.5 [ —=— Max value 0.25
g I ) _
%0.4 } =—o—TRipple 2 0.15
|51 | |51
503 2 0.05
202 [;'—E\E/E\E/E—E' §
g £0-0.05
50.1 F 5
X 80
O 0 L L L L L ] 8 -015
1 1.5 2 25 3 35 4
z-length(mm) -0.25 Angle(deg")
® 40 ®© 7.5
75 R— - - 15 «4‘
—~ 5 27.5\
z% MW z2 t /[ ii\
Q
g 3 === Max value g ’I ™~ ‘ \
45 —o— Ripple < 0 = i ‘_,‘_r'
% = ,l % \ . o)
2 |5} 1 iS
2% mPePPomeePsa 8,0 f ¥\
25 L L L L ) -20 "u‘
0 7 14 21 28 35 o
Angle(deg.) 40 b z-length(mm)
© (d)

Fig. 13. Cogging torque and detent force when the mover is in different posi-
tions, (a) ripple and amplitude of cogging torque, (b) cogging torque when the
mover is in different axial positions, (c) ripple and amplitude of detent force,
and (d) detent force when the mover is in different circumferential positions.
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Fig. 14. Torque and thrust waveforms of the motor under different currents and

angles, (a) torque, and (b) thrust force.
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Fig. 15 and 16 show the cogging torque/detent force,
torque/thrust waveforms analyzed by 3-D FEM and experi-
ment test. Since the magnetic circuit of BFSLRM forms a
closed loop in the circumferential direction, the machining er-
rors of the stator pole and PM pole close to the air gap can
bring larger effect on the detent force/thrust than cogging
torque/torque, then the discrepancy between the simulation
and test results of detent force/thrust is larger than that of cog-
ging torque/torque. Then the measured torque and thrust val-
ues are slightly smaller than the simulation results, which are
within the acceptable range. The measured torque and thrust
are 5.15 Nm, 29.64N, respectively.
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Fig. 15. Comparison of the cogging torque and detent force, (a) cogging
torque, and (b) detent force.
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Fig. 16. Comparison of torque/thrust, (a) torque waveforms, and (b) thrust
waveforms.

V. CONCLUSIONS

The rotary and linear motions of BFSLRM with the im-
proved flux switching structure are achieved, which can im-
prove the torque/thrust density and air gap flux density, and it
also bring the magnetic saturation of ferromagnetic materials,
which is the key factor to limit the torque/thrust density. In or-
der to avoid the magnetic saturation level of stator ferromag-
netic materials under the load condition, the FC effect of
BFSLRM is analyzed in the paper. The NdFeB/ferrite are se-
lected as the PM materials. The expressions of the flux densi-
ties of position 4 and B related with the selected five variables
are derived by numerical fitting method. Then the optimiza-
tion structure variables are obtained. A prototype of BFSLRM
is manufactured, and its test platform is established. The elec-
tromagnetic characteristics of BFSLRM are analyzed by 3-D
FEM and verified by the experiment. And it also verified that
numerical fitting method is an effective method to avoid the
magnetic saturation of 3-D motor.
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