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Abstract. To solve the problems of a no-core structure in the stator coil of the permanent-magnet spherical motor
(PMSM), low-effective output torque and low-power density, the paper proposes a novel flux-switching
permanent-magnet spherical motor (FSPMSM).A minimum flux-switching model is modeled, and the tangential
force of the rotor-pole tooth in the horizontal direction is analyzed in a one-dimensional space to reduce the
cogging torque and the arrangement of the stator and rotor pole tooth is determined. The one-dimensional
arrangement is extended to a structural design of a three-dimensional spherical motor and its parameters are
determined. According to the high-performance torque zone, the electrifying strategy of a single-coil succession
and multiple coil-combination is simulated. The simulation results demonstrate the feasibility of the electrifying

strategy and show that FSPMSM achieves a high torque output.
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Zasnova strukture in strategija elektrifikacije sfericnega
motorja s trajnim magnetom s preklapljanjem toka

V prispevku predlagamo nov sferiéni motor s trajnim
magnetom s preklapljanjem toka (FSPMSM) za reSitev tezav
pri strukturah brez jedra v statorski tuljavi sfericnega motorja s
trajnimi magneti (PMSM) zaradi nizkega efektivnega
izhodnega navora in nizke gostote mo¢i. Modelirali smo
preklapljanja toka in analizirali tangencialno silo rotorja v
vodoravni  smeri v enodimenzionalnem  prostoru.
Enodimenzionalno postavitev smo razsirili na konstrukcijsko
zasnovo tridimenzionalnega sfericnega motorja in dolocili
njegove parametre. Glede na visokozmogljivo navorno
obmoc¢je smo simulirali zaporedje ve¢ tuljav. Rezultati
simulacije potrjujejo izvedljivost predlagane zasnove in
kazejo, da FSPMSM dosega visok izhodni navor.

1 INTRODUCTION

Traditional multi-degree-of-freedom (multi-DOF) actu-
ators are mostly composed of two or more single-
degree-of-freedom motors and complex transmission
devices [1]. On the one hand, the redundancy in the
structure results in a large system volume. On the other
hand, complex transmission devices also make a low
control accuracy of the system, resulting in a weak
system stiffness [2]. The Spherical motor, as a kind of a
special motor developed rapidly in recent years, has
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many congenital advantages in realizing a multi-DOF
motion. Therefore, it has a strong substitution, and has a
broad application prospect in the fields of industrial
manipulators, robot joints, intelligent motion equipment
and so on [3-4].

Various spherical motor structures have been
proposed by researchers aiming at a large torque output
in order to improve the multi-DOF motion.[5] proposes
a new type of the PMSM structure in which two
different forms of the stator coil are designed to achieve
the spin and tilt motion and the output torque of approx.
0.12 Nm.[4] proposes a PMSM based on the Halbach
permanent magnet array.lt has a simple rotor
permanent-magnet arrangement and optimizes the
electromagnetic performance of the PMSM, but the
motor output torque is about 0.16 Nm.[7] proposes a
stepped PMSM in which the energized stator coil forms
an air-gap magnetic field. The rotor poles are permanent
magnets, and the poles are arranged in an equally
spaced scheme, but the motor output torque is only
0.25 Nm. [8] proposes an innovative two-rotor PMSM
and electromagnetic force and electromagnetic torque
models of the motor. Unlike the above motors, [9]
proposes a reluctance spherical motor where the
maximum torque is up to 0.6 Nm due to the fact that the
motor driving force is the torque generated by the
reluctance. [10] proposes a spherical induction motor
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with an axial flux. Compared with the radial flux
spherical motor, it reduces the coupling degree between
the magnetic fields of different degrees of freedom in
the motor and facilitates the decoupling control.

[11] presents to a PMSM which due to its coreless
structure, relies only on the hollow coil excitation to
interact with the permanent magnet whose shortcoming
is a small output torque and low power density. In [12],
to further increase the magnetic-field strength, the
reluctance spherical motor improves the magnetization
effect by introducing a core structure, thus effectively
increasing the output torque, but due to its nonlinearity,
it also poses certain difficulties for the torque modeling
and electromagnetic analysis of the motor.

In recent years,the flux-switching permanent magnet
motor (FSPMM), which combines the advantages of the
induction and reluctance motor mentioned above, has
been widely used in the marine industry and electric
drives.Its advantages are a high power, high torque
density, coils and permanent magnets are placed on the
stator, simple rotor structure without placing any other
coils or permanent magnets, and consisting of only a
magnetic conductive material, novel structure and good
mechanical characteristics [13].Therefore, in order to
increase the output torque of the spherical motor, the
paper introduces both the permanent magnet and core
structure into the structural design of the motor and
proposes FSPMSM. The coil and permanent magnet are
placed in the stator structure. The permanent magnet is
used as a constant excitation source to provide a
magnetic potential. The coil current is used to switch the
main flux path and change the position where the air-
gap magnetic field appears. The stator and rotor poles of
the motor interact electromagnetically to generate
tangential forces to drive the rotor motion [14]. The
combined structure of the permanent magnets and cores
inevitably brings about the problem of a cogging torque.
[15] reduces the cogging torque by changing the
magnetic-pole parameters and using a new structure
with a tooth ring core and multi-stage oblique
configuration [16] proposes a new auxiliary slot
structure that improves the slot torque amplitude in both
degrees of freedom, allowing the motor to obtain a
larger deflection angle.

The main contributions of the paper addressing the
above issues are:

1.The concept of the flux switching is introduced into
a spherical motor for the first time. The minimum flux
switching model is established in a one-dimensional
space. A tooth groove matching method to suppress the
tooth groove torque is proposed. Based on the analysis
of a spin motion and tilt motion mechanism, the one-
dimensional model is extended to the structure design of
the three-dimensional spherical motor. The FSPMM
parameters are determined.

2.Based on the analysis of the high torque
performance zone in one motion cycle, electrifying
strategies are designed and the electromagnetic torque
under the two strategies is measured and compared with
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the existing high torque reluctance spherical motor. The
results demonstrate the FSPMSM feasibility.

The rest of the paper is organized as follows. Section
2, a minimum model of the flux switch is modeled and
analyzed. Section 3 introduces a structure design of
FSPMSM. Section 4 proposes two driving strategies and
comments on the corresponding simulation experiments
are carried out to measure the motor torque and prove
the FSPMSM feasibility. Section 5 shows conclusions
of the performed work.

2 MODELING ANALYSIS OF THE
FLUX-SWITCHING MINIMUM
MODEL

2.1 Principle

When the rotor rotates, the main flux in the magnetic
circuit changes as the relative position between the
stator and rotor changes. Figure 1 shows the flux-path
diagram for a typical rotor position. The magnetic
circuit is composed of stator pole teeth, permanent
magnets, air gap and rotor.

Armature
coil

Stator

Permanent m agnet

Rotor

Direction of motion Direction of motion
@ b

Figure 1. Magnetic-flux path diagram of the rotor in a typical
position.

When the rotor is in the position of Figure 1(a), the
main flux in the magnetic circuit is closed in the
clockwise direction. The magnetic lines of the force
passing through the armature coil enter the rotor-pole
teeth from the stator pole teeth through the air gap.The
rotor-pole teeth are subjected to a leftward tangential
force in the horizontal direction.When the rotor is in the
position of Figure 1(b), the main flux is still closed in
the clockwise direction. The magnetic lines of the force
passing through the armature coil enter the stator pole
teeth from the rotor pole teeth up through the air gap.
The rotor pole teeth are subjected to a tangential force to
the right. The force between the stator and rotor teeth
during flux-switching is introduced into the design of
the spherical motor where the tangential force drives the
rotor rotation.

The header and footer on the title page will be set by
the editor during final preparation of the manuscript for
printing.
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2.2 Factors affection flux-switching

Factors  affecting  flux-switching include the
characteristics of the permanent magnet, its size, and the
magnitude of the winding coil current.

When no current is applied to the coil, the remanent
magnetic strength of the permanent magnet is B, and
the cross-sectional area in the magnetizing direction is
S,.

Then the internal magnetic flux of the permanent
magnet is:

p=Bds=BS, &

The effect of the magnetic leakage is ignored. Since
the permanent magnet is a constant excitation source,
the flux at any position in the magnetic circuit is ¢ .
Each U-shaped magnetic pole tooth contains two
magnetic pole teeth. Let the total cross-sectional area of
the two magnetic pole teeth be S, and the magnetic
induction intensity be B, .Then:

¢=BS, =B,S, 2

Bringing the remanent magnetic strength of the
permanent magnet and the critical saturation magnetic
induction strength of the stator pole teeth into the above
equation, we have:

1.2T .5, =1.8T S,
@)
5,:5,=3:2

(4)
Considering that the U-shaped magnetic pole tooth
contains two magnetic pole teeth, then:

S; =25, (®)
Finally we get:
S,:5,=1:3 (6)
W
E =
S P N
20 20

Figure 2. Effect of the permanent-magnet parameters on the
main magnetic-circuit flux.

In Figure 2, W is the variation of the thickness of the

permanent magnet, h is the variation of the height of the
permanent magnet, S, is the cross-section of the

magnetization direction of the permanent magnet, and
S, is the cross section of the magnetic pole tooth. By

changing the thickness of permanent magnet W, integral

®, of magnetic induction intensity B, in the permanent
magnet on the S, surface and integral ®, of the
magnetic induction intensity B, in the U-shaped pole
tooth on the S, surface are calculated. The thickness of

permanent magnet W varies from 5mm to 15mm with a
uniform interval of Imm.

<107
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g
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Figure 3. Fluxes in S1 and Sz for different permanent magnets
thicknesses.

As seen in Figure 3, when the thickness of the
permanent magnet increases, the flux change on the
surface increases slowly and in a small range, and the
rising trend of the curve gradually becomes slower. The
permanent magnet of a certain thickness for the
magnetic induction intensity and the flux change in the
magnetic circuit is not obvious. Considering the flux
change curve and the symmetry of the model structure,
the thickness of the permanent magnet is 10mm at the
center position and the width of the stator U-shaped
pole teeth is the same, which is convenient for the
symmetrical and uniform arrangement of the structure.

The remanent magnetic strength of the permanent
magnet is certain, and its internal magnetic flux is equal
to the product of the area vector and the magnetic
induction intensity vector. The change in the cross-
sectional area of the magnetizing direction of the
permanent magnet directly leads to a change in the
magnetic flux in the main magnetic circuit. As shown in
Figure 4, the thickness of the permanent magnet is
unchanged, the width is 10mm and the parameter is set
to calculate the magnitude of the horizontal tangential
force on the rotor U-shaped pole teeth after applying the
current to the coil at the heights of 10mm, 20mm,
25mm, 30mm, 35mm, and 40mm, respectively.
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Figure 4. Tangential force on the rotor pole teeth for different
permanent magnet heights.

Setting the coil current ampere turns range to O-
2000A-T(ampere-turn).Figure 4 shows the tangential
force curves for the permanent magnet heights h of
30mm, 35mm and 40mm, and the three curves almost
coincide when the number of the turns does not exceed
1000A-T. At smaller current turns (within 1000A-T),
when the permanent magnet height is greater than
30mm, the increase in the area is small because of the
change in the horizontal tangential force. Therefore, the
height of the permanent magnet is 30mm. Combined
with the above equation, the simulation parameters are
selected in accordance with the proportional
relationship, which provides the basis for the further
design of the motor structure.

3 STRUCTURAL DESIGN OF
FSPMSM

3.1 Cogging torque for the flux-switching model

Due to the presence of the permanent magnets, the
excitation flux generated by the permanent magnets
inevitably generates the cogging torque. Its presence
causes vibration and noise in the motor, torque pulsation
and affects the smooth operation of the motor. The
cogging torque is actually the negative derivative of
magnetic-field energy storage W with respect to the

deflection angle when the coil is not energized:

oW
Tcog é’O! (7)

Where is the relative position angle between the
upper pole pair and the rotor pole tooth.

In the analysis, the following assumptions are made:

(1) The magnetic permeability of the pole tooth core is
infinite;
(2) Neglecting the leakage phenomenon and edge effect
in the model, the air-gap magnetic density is assumed to
be O at the position where the stator and rotor pole teeth
do not overlap.
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Figure 5. Schematic diagram of the relative positions of the
stator pole pair and the rotor pole teeth.

Based on the above assumptions, the magnetic field
energy in the flux-switching model is approximately
equal to the energy stored in the air gap and permanent
magnets. The permanent magnet and the air gap
between the stator and rotor both have magnetic fields
in the model, and the permanent magnet can be
approximated it no change in the energy due to its
placement in the stator structure, i.e., only the change in
the magnetic-field storage in the air gap leading to the
generation of a slot torque is considered. Thus the

expression is transformed to:
oW OWg,, +W,,) . oW,

= 8
9 oo oo oa ®)
The magnetic-field energy in the air gap can be

expressed as:

Wzl

gap

j B,2(6)dV
248 7Y

2
- L (e )( h, (6) j 4V
2y 7Y h,(@)+5(6,a)

In equation 1, B4(¢)is the magnetic field of the air
gap between the stator and rotor; B, (¢) is the remanent
magnetization of the permanent magnet; (6, «) is the
effective air gap length; h, () is the distribution of the

magnetization length of the permanent magnet along the
circumferential direction; The 8 =0 position is set on the
centerline of the rotor pole teeth; Stator-rotor deflection
angle « is the angle between the centerline of the rotor
teeth and the centerline of the magnetic pole pair.

From equation 3, the Fourier expansion expressions

h,, (6)
h.(0)+46(6,a)
leads to the expression for the cogging torque.

The period of change of B,’(6) is one stator tooth

pitch.The fourier expansion of B,?(6) in one cycle of a
change:

©)

2
for B.?(6) and [ ] are obtained, which
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B?(0) =B, +> B, cosN,nd (10)
n=1
B’ . .
B, = BB, i B, :iBrzsmn—’Bsﬁ ; N, is the
7 nz 7

number of the stator poles; B, is the remanent magnetic
density of the permanent magnet; £, is the width of the

magnetic pole tooth above the model expressed in
angular radians; 7, is the angular radian indicating the

pole distance between the two magnetic pole teeth
above.

Without considering the edge effect and leakage
phenomenon, the length of the air gap between the rotor
pole teeth and the stator pole teeth is J .The length of
the air gap corresponding to the slot of the magnetic
pole is considered to be infinite.The Fourier expansion

of [—hm ©) J is
h,(0)+5(0,a)
hm (0)
h,(0)+5(6, )

Where N, is the number of the rotor tooth poles.

When changing the relative positions of the stator-pole
teeth and rotor-pole teeth in the model, it is equivalent
to the increase in the initial phase of the above equation.

LY CO R R
h, (0)+5(6,)

2
j=Go+ZGmCOSNr9 (11)
m=1

The Fourier expansion of [

can be expressed as follows:

2
h (6) .
— m 1 =G.+) G cosN (0+ 12
[hm(9)+5(t9,a)] 0 E m r( a) (12)
Gozﬂer s Gm: 2.GSSin.mﬂr.ﬂ' , Nr is the

r r

number of the rotor-pole tooth stages; g, is the width of
the rotor-pole teeth expressed in angular radians; z, is
the pole pitch of the stator pole expressed in angular

h Y
h,+5 )

Bring Eq.9~Eq.12 into Eq.8. Use the characteristics
of the trigonometric functions integrated in [OL 27]:

radians; G, :[

J'Z”cosmecosnade =0 mn=123.m=n
0 (13)

joz” cos? mAde =0 m=12,3..

Then the expression for the cogging torque of the
model is:

NI - _
T (@) = %(RZZ ~R?)Y.NG,B ,, sinnN, &

0 m=1 N

s

(14)

In Eq.14, |, is the axial length of the magnetic pole
tooth, R and R, are the radius of the rotor pole tooth

and the radius of the stator pole tooth, respectively.

Based on the above analysis, the analytical model of
the cogging torque is set up. By studying the formula
and changing some parameters, the method of reducing
the cogging torque is obtained which also provides a
certain theoretical basis.

3.2 One-dimensional spatial pole tooth arrange-
ment to reduce the tooth slot torque

To analyse and describe of the tooth slot torque, the
arrangement is first studied in a one-dimensional space
and then extended to a three-dimensional space
arrangement. The arrangement of the stator-pole pairs
in a one-dimensional space is shown in Figure 6:
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Figure 6. Arrangement of the stator-pole pairs in a one-
dimensional space.

The model in Figure 6 first places a stator pole pair,
and the parameters of the stator U-shaped pole teeth and
permanent magnets are consistent with the flux-
switching minimum model in Section 2. Next, in the
case of two-pole pairs as well as four-pole pairs, the
arrangement is studied in order to reduce the tangential
force causing the tooth slot torque through the interplay
between two and two.

8
[-=- single pair of poles

+ two pairs of poles
|—*four pairs of poles | ]

al force on rotor pole teeth (N)

0 5 10 15 20 25 30 35 40
Distance of lefiward movement of rotor pole teeth (mm)

Figure 7. Fitted curves of the magnetic pole pairs in a range of
the tooth pitch tangential forces.
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As seen in Figure 7, the peak tangential component is
7.8 N for a single-pole pair and only 2.1 N for a two-
pole pairs. The arrangement effectively offsets the
horizontal tangential component of the force between
the stator and rotor teeth and it reduces the torque of the
tooth groove. The tangential component of the force in
the four-pole pairs arrangement pulsates around 0. Its
value is much smaller than 2.1 N in the two-pole pair,
which is more effective in suppressing the tangential
component. Combined with the actual size of the
spherical motor, the current arrangement of four stator
pole pairs and 11 rotor pole teeth is more suitable, so the
arrangement in the one-dimensional space is determined
as this arrangement.

3.3 Stator-rotor structure of FSPMSM

The spin and tilt motion are the two basic types of the
motion for the three-dimensional space motion of the
spherical motors. Firstly, the spin motion mechanism of
FSPMSM is analyzed as shown in Figure 8:

Figure 8. Spin motion mechanism.

The mechanism of the rotor spin motion is illustrated
according to the stator arrangement in Figure 8. The
stator four-pole pairs are arranged in the XY plane and
11 rotor pole teeth are arranged along the circumference
of the rotor, and each parameter is consistent with the
structure in Figure 6.

Taking the a-phase pole pair as an example, the a-
phase is passed into the reverse direction current which
generates an air gap magnetic field in the stator one- and
three-pole teeth. The one- and three-pole teeth together
with their nearest rotor one- and two-pole teeth form a
magnetic flux circuit, and the magnetic lines of the force
are closed in the counter clockwise direction. The
clockwise tangential electromagnetic force on the rotor
teeth around the Z-axis drives the rotor in a clockwise
spin. (The current direction which is the same as the
magnetization direction of the permanent magnet is
specified as a forward current, and the opposite is a
reverse current.)

Figure 9 shows the same mechanism as for the spin
motion, the tilt direction using a similar arrangement
with the spin motion when the rotor attains the
characteristics of the tilt motion, and the arrangement of

the stator and rotor magnetic pole teeth:
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Figure 9. Tilt motion mechanism.

The tilt motion is defined as the rotor clockwise rotation
or the counter clockwise rotation around the Y-axis. In
Figure 9, three rotor pole teeth are evenly spaced on the
left side and four on the right side, with 32.72° between
each rotor pole tooth,1, 2, 3 rotor pole teeth and 4, 5, 6,
7 rotor-pole teeth are arranged along the circumference
of the XZ plane. Because each rotor pole tooth is
located in the latitude line, 11 pole teeth need to be
arranged along the circumference, when the dimension
is higher than 4, 7 pole teeth, there will be an
insufficient space between the pole teeth cross each
other. So due to its own structure, the pole teeth cannot
be arranged in a higher latitude considering the
maximum range of the motion in accordance with this
arrangement.

3.4 Layout scheme of the stator-rotor structure

Based on the arrangement scheme of the spin and tilt
motion, the motor structure scheme in Figure 10 is
obtained by combining the stator and rotor pole teeth.

T-shaped magnetic
pole teeth

WOutpul shaft " 3
.~ Stator pole pairgh’
B Permanent

y
/ lenf pole teeth
magnets { 4

@) b ©
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Figure 10. Schematic diagram of the motor stator and rotor
structure.

FSPMSM is divided into the stator and rotor body. As
shown in figure 10(b), the stator body consists of eight
magnetic pole pairs of which four equally spaced in the
equatorial plane complete the spin motion at an interval
of 90° and the remaining four vertically spaced along
the meridian in the circumference complete the tilt
motion. The rotor teeth are placed on the hollow
permeable sphere, and the 11 pole teeth are evenly
distributed along the equatorial plane, each two pole
teeth are separated by 32.72°. There are seven layers
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which are separated by 16.36°. The upper and lower
layers are arranged alternatively. The arrangement is
shown in a planar expansion diagram in Figure 10(d).

3.5 Structure parameters of FSPMSM

Based on the simulation analysis of the parameters
affecting the performance of the motor, the impact of
the rotor tooth radius, air gap width and coil current size
on the electromagnetic torque and slot torque of the
motor are analyzed and the structural parameters of the
motor are determined by the comprehensive simulation

results shown in Table 1:

Table 1. FSPMSM parameters

Parameters Value
Stator outer diameter /mm 110
Stator inner diameter / mm 70
Stator pole tooth width / mm 10
Stator pole tooth height / mm 30
Thickness of permanent magnets / mm 10
Length of permanent magnets / mm 30
Width of permanent magnets / mm 10
Rotor outer diameter / mm 69
Rotor pole tooth height / mm 10
Rotor pole tooth radius / mm 10

Air gap width / mm 1
Number of turns of coils 1000

4 ELECTROMAGETIC TORQUE OF
FSPMSM

The three-degree-of-freedom motion of the rotor can be
divided into three basic rotations: spin, pitch and yaw.
The spin motion of the rotor rotation around the Z-axis
and the pitch and yaw can be summarized as a tilt
motion which is the rotor rotation around the X- or Y-
axis.

Since the mechanism of the rotor spin motion is the
same as that of the tilt motion, only the rotor spin
motion and measure account of electromagnetic torque
will be discussed.

4.1 Moment-angle characterization

In order to operate the motor always in the high-torque
performance region, the moment angle characteristics
under one motion cycle are analysed. All the discussed
coil-current revolves are set to 1000 amp turns.

@ b ©

Figure 11. Schematic diagram of the motor single coil
energized to drive the rotor rotation.
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Figure 12. A-phase coil energized rotor spin-motion moment
characteristic angular distribution.

When the motor rotor is in the position shown in Figure
11(a), the a-phase coil is passed into the forward current
(the current is counter clockwise in the positive
direction and clockwise in the opposite direction when
viewed from the outside of the motor), the equatorial
surface magnetic-field distribution cloud of the motor is
shown in Figure 11(c), and the rotor pole teeth are
subjected to a positive electromagnetic torque of the Z-
axis under the action of the air-gap magnetic field below
the stator pole teeth, and can be turned to the position
shown in Figure 11(b), and the angle is turned by 6 (i.e.
about 8°). When the rotation exceeds 8°, the
electromagnetic torque decreases to a lower value as
shown in Figure 12 of the a-phase coil electromagnetic
torque distribution. This happens when the stator teeth
are completely above the rotor pole teeth and the
tangential force on the rotor teeth at this point is much
lower. When the rotor is about to enter the low-torque
region of this phase coil, switching to the next phase
energizes the rotor so that the rotor remains in the
higher torque region.

4.2 Single-coil electrifying strategy

An electrifying strategy is used to energize the single
coil to complete the continuous rotation of the motor
rotor.
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Position 3

Position 4

Figure 13. Single coil continuously energized to drive the
rotor continuous spin rotation scheme.

The phase change is illustrated in relation to Figure 11,
taking position 1 and position 2 as examples. When the
motor rotor is in position 1, the a-phase is energized
with a positive current and the rotor is rotated by the
electromagnetic force in the positive direction around
the Z-axis. When the rotor rotates to position 2 and the
a-phase continues to be energized, the rotor enters the
low torque region and the effective electromagnetic
torque generated by the current is low. Take the way to
switch to the b-phase coil energized, in position 2 of the
b-phase coil energized into the reverse current, the rotor
in the b-phase coil of the high torque region to continue
to move to position 3, and so on, to c-phase, d-phase, in
re-return to a-phase, continue the cycle, completes the
continuous spin rotation.

Table 2. Spin-motion single-coil electrified mode current

direction
Coils a b c d
Position 1 +
Position 2 -
Position 3 +
Position 4 -

Table 2 shows the direction of the coil currents when
the rotor is in different positions. The corresponding
torque when the rotor is in different positions is shown
in Figure 14.
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Figure 14. Schematic diagram of the corresponding torque
when the rotor spins through different angles in a single-coil
electrified mode.

The above figure shows the electromagnetic torque
distribution of the rotor rotating one tooth pitch range.
The peak torque is about 750mNM. According to the
above electrifying strategy, continue to cycle the
electrified of the a,b,c,d phase coils until it completes
the continuous rotation of the rotor.

4.3 Multi-coils electrifying strategy

To achieve the maximum torque output for the motor
spin  motion, multiple coils are simultaneously
connected to the current so that the electromagnetic
torque generated by each coil is in the same direction as
the required torque and the torque is superimposed to
achieve a maximum electromagnetic torque output. The
number of the Ampere turns of each coil is set to
1000A-T. When at the current position shown in Figure
15, the phase a coil is connected to a forward current,
the phase b coil is connected to a forward current, the
phase ¢ coil is connected to a reverse current, and the
phase d coil is connected to a reverse current, all four
coils produce a positive Z-axis torque.

Position 4

Position 3

Figure 15. Multi-coil energized rotor spin schematic.

Table 3 shows the direction of the coil current at
different positions.
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Table 3. Spin motion multi-coils electrified mode current
direction

Coils a b c d

Position 1 + + - -

Position 2 + - - +
Position 3 - - + +
Position 4 - + + -

Figure 16 shows different angles at a spin motion :
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Figure 16. Torque at different angles.

Figure 16 shows that the electromagnetic torque
generated at a spin motion with multiple electrified coils
is higher. The peak torque is about 1.9 N-m. Compared
to the reluctance spherical motor, the output
electromagnetic torque of the flux-switching spherical
motor is increased by about 130%.

5 CONCLUSION

The paper presents the design of a multi-freedom
FSPMSM structure and describes the basic principle of
flux switching and the factors affecting it. By
determining the motor layout in a one-dimensional
space, a minimum-flux switching model is established
to reduce the slot torque and increase the output
electromagnetic torque. Two electrifying strategies
are designed and based on the simulation results, the
FSPMSM feasibility is verified. In future, FSPMSM
will be applied in the field of the robot joint wrist,
multi-DOF robot arm for the space station, bionic eye,
etc.
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