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Abstract— In this paper, novel electrical machines having a separate permanent magnet (PM) excitation stator are proposed based
on a partitioned stator (PS) flux reversal (FR) PM (FRPM) machine. Different from the conventional FRPM machines with single
stator, the PS-FRPM machines have two stators with PMs surface-mounted in one stator and the armature windings located in
another stator. This paper investigates the electromagnetic performance of PS-FRPM machines with 12/10, 12/11, 12/13 and 12/14
stator/rotor-pole, together with the influence of leading design parameters. The torque characteristics of PS-FRPM machines are
quantitatively compared with the conventional FRPM machines based on their globally optimized designs. It shows that the PS-FRPM
machines can generally produce higher torque when the PMs are thicker and exhibit > 56% higher torque density than that of the
conventional FRPM machines. Even compared under the same PM volume, the proposed PS-FRPM machines can have larger torque
due to better utilization of the inner space. The investigation is validated by both finite element and experimental results.

Index Terms— Flux reversal, partitioned stator, permanent magnet, surface-mounted, torque density.

1. INTRODUCTION

hanks to developments of permanent magnet (PM)

materials, electrical machines equipped with PM
excitation exhibit high efficiency due to elimination of
excitation copper loss and high torque density especially when
high energy product PMs, e.g. NdFeB, is employed [1].
Compared with rotor-PM brushless machines in which the
PMs are located in the rotor, stator-PM brushless machines
having PMs placed in the stator offer advantages such as
easier management of PM temperature as well as simple and
robust rotor [2][3]. However, stator-PM machines also have
drawbacks. One of the drawbacks is manufacturing challenge.
For doubly-salient [4], biased flux [5] and switched flux [6]
PM machines with PMs placed in the stator yoke or between
stator teeth, their stator core is not one piece but consisted of
several pieces. Hence, it is more difficult to make and
assemble [7]. The large repulsive force between adjacent PMs
makes the assembly even more challenging. For flux reversal
(FR) PM (FRPM) machines [8], although it is easier to make
the stator core, it is hard to mount PMs on the tooth surfaces
due to repulsive force between the adjacent PMs having same
polarities, as shown in Fig. 1(a). More importantly, in all the
stator-PM machines, both PMs and armature windings are
located in the stator. The introduction of PMs on the stator
causes consequent reduction of the slot area for armature
windings when the air-gap diameter is fixed. Hence, the torque
density may be compromised.

One of the methods to increase the torque density is to
employ a double-stator configuration [9]-[12], which utilizes
the inner space to accommodate an inner stator. The outer and
inner stators are similar in [12]. Thus, the manufacturing
challenges and the geometric confliction between the PMs and
armature windings remain the same in stator-PM machines
having double stators.

In this paper, a novel electrical machine having a separate
PM excitation stator is proposed based on the concept of a
partitioned stator (PS) FRPM (PS-FRPM) machine, as shown

in Fig. 1(b). The proposed PS-FRPM machine has two stators,
i.e. one stator having the armature windings and another stator
having the PMs. In Fig. 1(b), the armature windings are on the
outer stator, while the PMs are on the inner stator. Compared
with the conventional double-stator configuration, the PMs
and the armature windings in PS-FRPM machines are
geometrically separated. The inner stator of PS-FRPM
machine become a typical surface-mounted PM configuration
and is much easier to make and cool since the PMs are
physically separately from the armature windings but remain
stationary.

This paper is organized as follows. The operation principle
of the proposed PS-FRPM machine will be introduced in
section II. In section III, the PS-FRPM machines are globally
optimized and the influence of stator and rotor pole number
combination as well as the other leading design parameters on
the torque density is highlighted. In section IV, PS-FRPM
machines are quantitatively compared with the conventional
FRPM machine in terms of torque characteristics when both
types of machines are globally optimized. The experimental
validation based on two prototype machines is presented in
section V followed by the conclusions.

II. OPERATION PRINCIPLE

The proposed 12/10-stator/rotor-pole PS-FRPM machine is
illustrated in Fig. 1(b). The 3-phase non-overlapping
concentrated armature windings are wound on the outer stator
and the PMs are surface-mounted in the inner stator. Hence,
PMs and armature windings are physically separated. The
inner stator with surface-mounted PMs is similar to the rotor
of a conventional surface-mounted PM machine [1]. Therefore,
it is easy to mount the PMs in PS-FRPM machine.
Furthermore, the number of magnets in PS-FRPM machine is
half of the magnet number in conventional FRPM machines,
since the adjacent two PMs having the same polarity become
one single piece. This further eases the manufacturing.
Between the outer stator and the inner stator, the rotor iron
pieces are sandwiched.
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Despite various differences between the PS-FRPM and
conventional FRPM machines, they still share the same
operation principle. In PS-FRPM machine, the rotor position
0, in electric degrees can be given by (1), where N, is rotor
pole number and 6,, is rotor position in mechanical degrees.

e = Ny-6r, (1)

Inner stator
Outer stator

A4
(b) Proposed PS-FRPM machine
Fig. 1 Cross-section of 12/10-pole conventional FRPM and proposed PS-
FRPM machines.
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Fig. 2 Open-circuit flux distributions of 12/10 stator/rotor-pole PS-FRPM
machine at four typical rotor positions.

For a 12/10 stator/rotor pole PS-FRPM machine, as shown

in Fig. 2(a), when 6,~0, the phase A flux-linkage of @,

(d) 0=270°

reaches positive maximum. After the rotor rotates to 90°
electric degrees, Fig. 2(b), the PM flux is short-circuited and
@,=0. When 6,~=180°, Fig. 2(c), @, becomes negative
maximum. @, is 0 again when 6,=270°, Fig. 2(d). Therefore, a
bipolar phase flux-linkage can be obtained in a PS-FRPM
machine.

The flux-linkage waveforms and spectra of coils Al, A2
and their sum (half of phase A) of the 12/10-pole PS-FRPM
machine are shown in Fig. 3. N, is the number of turns in each
armature coil. Although there are even flux-linkage harmonics
in coils Al and A2, they will be cancelled when Al and A2
are connected in series.
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Fig. 3 Flux-linkages of coils A1, A2 and their sum (half of phase A) in
12/10-pole PS-FRPM machine, N=1.

III. OPTIMAL DESIGNS AND INFLUENCE OF LEADING DESIGN
PARAMETERS

The influence of stator and rotor pole number combinations
on electromagnetic performance is investigated based on 12-
stator-pole PS-FRPM machines. Theoretically, for a 3-phase
machine, there are a lot of feasible combinations of stator and
rotor pole numbers in PS-FRPM machines. For N(/N,-
stator/rotor-pole PS-FRPM machine, the pitch factor of each
coil can be given by (2), in which the fundamental pitch factor
k,, increases when the stator and rotor pole numbers differ less.
Therefore, to obtain a larger fundamental pitch factor, 12-
stator-pole PS-FRPM machines having 10-, 11-, 13- and 14-
rotor-pole are selected for analysis in this section.

N,
kpy = cos[vn(ﬁ - 1)] 2)

N
where v is the harmonic order. N, is the stator pole number.
In order to connect the armature coils belong to the same

0018-9464 (c) 2013 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TMAG.2014.2358199, | EEE Transactions on Magnetics

phase appropriately, coil back-EMF vectors of these four PS-
FRPM machines are obtained and shown in Fig. 4. The open-
circuit flux distributions of these optimal designs are given in
Fig. 5.

All these four I12-stator-pole PS-FRPM machines are
globally optimized for the maximum torque when having
45mm outer radius, 10.4mm inner radius, 25mm effective
axial length, 20W rated copper loss. It should be noted that for
a fair comparison, the PM volume of PS-SPM machines are
set to be the same with the conventional 12/10-pole FRPM
machine. The parameters of the conventional 12/10-pole
FRPM machine will be given later.

3,6,9,12

Phase\C 6, 12
Phase A
1,4,7,10
Phas
2,5,8,11 4,10
(a) 10-rotor-pole (b) 11-rotor-pole
4, 10’ 2,5,8, 11

Phase\C

Phase A
1,4,7,10

5,11
(c) 13-rotor-pole
Fig. 4. Coil back-EMF vectors for 12-stator-pole PS-FRPM machines with
different rotor pole numbers.

3,6,9,12
(d) 14-rotor-pole

(c) 13-rotor-pole (b) 14-rotor-pole
Fig. 5. Open-circuit flux distributions of 12-stator-pole PS-FRPM machines
with different rotor pole numbers (6,=0°).

The design parameters of the PS-FRPM machines are

illustrated in Fig. 6 while their optimal values are listed in
TABLE 1. In TABLE I, the parameters from L. to /,,, are fixed,
as well as 0p)~=30°, whilst those from R, to 0,; are globally
optimized parameters. The influence of leading design
parameters, such as air-gap radius, rotor pole radial thickness
and pole arcs, on the electromagnetic torques in 12-stator-pole
PS-FRPM machines with 10-, 11-, 13- and 14-rotor-poles are
illustrated and analyzed as follows.

R

Fig. 6 Illustration of design parameters in PS-FRPM machine.

TABLE I
DESIGN PARAMETERS OF 12-STATOR-POLE PS-FRPM MACHINES
Parameters Unit Value
Rotor pole number, N, - 10 11 13 14
Effective axial length, L., mm 25
Outer stator outer radius, R, mm 45
Inner stator inner radius, R mm 10.4
Outer air-gap width, g, mm 0.5
Inner air-gap width, g; mm 0.5
Outer stator tip top length, /,, mm 0.5
Outer stator tip bottom length, 7, mm 2
PM arc, Opy °© 30
Outer stator yoke radius, Ry, mm 43 43 43 435
Outer stator inner radius, R,; mm 31 31 32 32.5
Rotor inner edge radius, R,; mm 26.5 27 28.5 29
Outer stator tooth arc, 0, ° 7 7 6 5
Outer stator tip arc, 6, ° 3 3 3 3
Rotor piece outer edge arc, 6,, ° 23 22 20 20
Rotor piece inner edge arc, 6,; ° 24 21 16 13

The influence of split ratio, which is defined in (3), on the

torque of PS-FRPM machines is shown in Fig. 7.

Rgo

Roso (3)
where R,, is the radius of outer air-gap.

A larger split ratio will reduce the armature slot area and
hence the electrical load but increase the air-gap diameter and
PM flux. Hence, for all the combinations, the torque increases
first and then decreases with the split ratio, as shown in Fig. 7.
The optimal split ratio increases slightly with the rotor pole
number. However, for all the four machines, the optimal split
ratios are close to 0.7.
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Fig. 7 Average electromagnetic torque variation with split ratio.

Fig. 8 shows the relationship between the average
electromagnetic torque and the rotor radial thickness in PS-
FRPM machines. It can be observed that the optimal rotor
radial thickness is smaller when the rotor pole number is
higher. The optimal rotor radial thickness is 4 mm for the 10-
pole machine, 3.5 mm for the 11-pole machine, and 3 mm for
the 13- and 14-pole machines.
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Fig. 8 Average electromagnetic torque variation and rotor radial thickness.

In PS-FRPM machines, the flux leakage between outer
stator teeth is higher if the slot opening is smaller. However,
the flux focusing effect will be less if the slot opening is
bigger. As shown in Fig. 9, for 12-stator-pole with 10-, 11-,
13- and 14-rotor-pole PS-FRPM machines, the optimal outer
stator slot opening ratio, which is defined as the the ratio of
the slot opening to the stator pitch of the outer stator, is ~0.6.
This optimal slot opening in PS-FRPM machines are
significantly larger than the optimal slot opening in the
conventional 12/10-pole FRPM machine shown in Fig. 1(a)
since the PM width in conventional FRPM machine is linked
to the slot opening whilst it is independent in PS-FRPM
machine.
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Fig. 9 Average electromagnetic torque against slot opening in outer stator.
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Fig. 10 Average electromagnetic torque variation with rotor outer iron pole

arc ratio.

Figs. 10 and 11 show the relationships between the
electromagnetic torque and the rotor outer and inner iron pole
arc ratios which are defined as the ratio of rotor pole arc to the
rotor pitch, respectively. Obviously, flux focusing effect will
be less with smaller iron pole arc ratios, whilst larger iron pole
arc ratios will result in more flux leakage between rotor iron
pieces. As shown in Fig. 10, the optimal rotor outer iron pole
arc ratio increases with the rotor pole number, viz. 0.64, 0.67,
0.72, and 0.78 for 10-, 11-, 13- and 14-rotor pole machines,
respectively. For the rotor inner iron pole arc ratios, they are
0.67, 0.67, 0.57 and 0.51, respectively.
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Fig. 12 Phase back-EMF of PS-FRPM machines, N=1 @400rpm.

With all the PS-FRPM machines globally optimized, Figs.
12 and 13 show the phase back-EMF and cogging torque of
the optimal designs. As shown in Fig. 12(b), the 12/11-pole
and 12/13-pole PS-FRPM machines exhibit larger
fundamental back EMF, which implies that the 12/11- and
12/13-pole machines will potentially generate larger torque
since as in the conventional FRPM machines the reluctance
torque is negligible in PS-FRPM machines. Although 12/11-
and 12/13-pole PS-FRPM machines have a 3™ harmonic, it
will be eliminated in the line back-EMFs when Y-type
winding connection is employed. For the 12/10- and 12/14-
pole PS-FRPM machines, they have larger 5" and 7"
harmonics, which implies larger torque ripples, than 11- and
13-pole machines. The PMs in PS-FRPM machines result in
cogging torque which will cause torque ripple, acoustic noise
and vibration. As shown in Fig. 13, the cogging torques in 10-
and 14-pole machines are larger than those of 11- and 13-
rotor-pole PS-FRPM machines. The reason is the larger
‘goodness’ factor, which is defined as the greatest common
divisor of the stator slot number N, and the rotor pole number

N, [13], in 10- and 14-pole machines.
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Fig. 13 Cogging torque of PS-FRPM machines.

IV. COMPARISON OF TORQUE CHARACTERISTICS BETWEEN
PROPOSED PS-FRPM AND CONVENTIONAL FRPM MACHINES

In this section, the torque characteristics of the proposed 12-
stator-pole PS-FRPM machines and the conventional 12/10-
pole FRPM machine with single stator will be
comprehensively compared. The 12/10-pole FRPM machine is
also globally optimized for the largest average torque with the
same outer radius 45mm, inner radius 10.4mm, effective axial
length 25mm and rated copper loss 20W as PS-FRPM
machines. It should be noted that for the 12/10-pole
conventional FRPM machine, the optimal PM thickness
should be 1.5mm and the average torque is 1.89Nm if the
design parameters are globally optimized, which will be
shown later. However, the 1.5mm thick PMs will be
irreversibly demagnetized and also are mechanically too
fragile. In order to avoid these, the PM thickness is chosen to
be 3mm (13414.6 mm® PM volume) to avoid these problems
while other parameters are globally optimized. The globally
optimised parameters based on 3mm PM thickness are stator
yoke radius R,=43mm, stator inner radius R;=32mm, stator
tooth arc 0,=8°, stator tip arc 6,,,=10° and rotor pole arc
0,,=10°.
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Fig. 14 Rated electromagnetic torque waveforms.
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TABLE I

TORQUE CHARACTERISTICS OF 12-STATOR-POLE PS-FRPM AND 12/10-POLE
FRPM MACHINES

o

Item 12-stator-pole PS-FRPM FRPM
N, 10 11 13 14 10
Tax (NM) 3.10 2.96 2.90 2.90 1.72
Tin (NmM) 2.56 2.91 2.88 2.71 1.31
Tig (Nm) 2.83 2.94 2.89 2.81 1.51
T, (%) 18.95 1.87 0.62 6.96 27.65
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Fig. 15 Variation of average electromagnetic torque against current angle
in 12-stator-pole PS-FRPM machines with different rotor pole numbers and
12/10-pole FRPM machine.

In order to compare the torque ripple of the four analyzed
PS-FRPM machines and the conventional FRPM machine, the
torque ripple coefficient is given by,

Tnax — Ti
T, = Jmax T . 100% 4)
avg
where T4, T, and T,,, are maximum, minimum and average
electromagnetic torques, respectively.
In Fig. 14 and TABLE II, 11- and 13-rotor-pole PS-FRPM

machines exhibit larger torque density, due to the larger

fundamental back-EMF values as aforementioned in Fig. 12(a).

The 10- and 14-pole PS-FRPM machines have larger torque
ripple than 11- and 13-pole PS-FRPM machines since the 10-
and 14-pole machines have larger 5" and 7" back-EMF
harmonics, Fig. 12(b), as well as higher cogging torque, Fig.
13(a). As shown in Fig. 15, all PS-FRPM and FRPM machines
in this paper reach the maximum torque when the current
angle is approximately 90 degrees, i.e. zero d-axis current due
to negligible reluctance torque. Hence, all the machines are
optimized at i,=0. The variation of average electromagnetic
torque with the copper loss is shown in Fig. 16. Over the
whole investigated copper loss range, the 11- and 13-rotor
pole PS-FRPM  machines always exhibit larger
electromagnetic torque than the 10- and 14-rotor pole PS-
FRPM machines. More importantly, all the PS-FRPM
machines exhibit much larger torque density than the
conventional 12/10-pole FRPM machine having single stator
and the same PM volume.
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Fig. 16 Variation of electromagnetic torque against copper loss in 12-
stator-pole PS-FRPM machines with different rotor pole numbers and 12/10-

pole FRPM machine.
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Fig. 17 Electromagnetic torque against PM thickness in 12-stator-pole PS-
FRPM machines with different rotor pole numbers and 12/10-pole FRPM
machine.

As aforementioned, in the conventional 12/10-pole FRPM
machine, the PM thickness is not the optimal value in terms of
the torque density. In this part, the influence of PM thickness
on the torque density is also investigated in both the PS-FRPM
and conventional FRPM machines when all the other
parameters remain the same as the optimal values listed in
TABLE I. The variation of the average torque with the PM
thickness is shown in Fig. 17. It shows that the average
electromagnetic torque in PS-FRPM machines increases and
then saturates with the PM thickness. However, for the
conventional FRPM machine, the torque first increases and
then decreases when the PM thickness is higher since the PMs
will directly affect the stator slot area and the rotor outer
diameter, however these have been overcome in the proposed
PS-FRPM machines due to partitioned stator and physical
separation of armature windings and PMs. In order to further
numerically explain these phenomena, the flux density
variation on the outer stator tooth surface of the 12/10-pole
conventional FRPM and PS-FRPM machines are obtained and
analyzed when the rotor is at the position for the maximum A-
phase flux linkage. As shown in Fig. 18, in order to illustrate
the variation more clearly, the two tooth edges are designated
as -1 and 1, respectively. For the conventional FRPM machine,
both positive and negative parts of the radial flux density
increase with the PM thickness. However, the negative part
rises more quickly than positive part when the PM thickness is
larger than 1mm. Therefore, the phase flux-linkage and hence
the back-EMF fundamental magnitude will exhibit a
maximum when the PM thickness varies. As shown in Fig. 17,
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when the PM thickness is 1.5mm, the conventional 12/10-pole
FRPM machine exhibits the largest torque. However, taking
mechanical strength and irreversible demagnetization into
consideration, the PM thickness is designed to be 3mm as
aforementioned. Different from the conventional FRPM
machine with opposite polarity PMs mounted on teeth surface,
the PMs in PS-FRPM machines are moved onto the inner
stator. The radial flux density of the teeth surface and hence
the torque always increase with PM thickness, as shown in
Figs. 18 and 20.

1 i
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/]
= o
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Fig. 18 Illustration of the radial flux density paths in 12/10-pole FRPM and
PS-FRPM machines.
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Fig. 19 Radial flux density waveforms on the surface of tooth
corresponding to coil Al in 12/10-pole FRPM machine (6,=0°).
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Fig. 20 Radial flux density waveforms on the surface of tooth
corresponding of coil Al in 12/10-pole PS-FRPM machine (6,=0°).

Since PMs in PS-FRPM machines have smaller radius than
the one of the FRPM machine, PM thickness in PS-FRPM
machines is larger than 3mm as shown in TABLE I when the
PM volume is the same. As given in Fig. 17, the conventional
12/10-pole FRPM machine having 3mm thick PMs produces
1.55Nm torque. However, the proposed PS-FRPM machines
having the same PM volume can produce more than 2.81Nm
torque, which is ~181% of that in the conventional 12/10-pole

FRPM machine. Without considering the mechanical stress
and demagnetization, as shown in Fig. 17, the conventional
12/10-pole FRPM machine has the largest torque 1.89Nm
when the PM thickness is 1.5mm. However, the proposed
12/10-pole PS-FRPM machines can produce more than
2.95Nm as shown in Fig. 17. Therefore, it can also be
concluded the torque density of PS-FRPM machine can be 56%
higher than that of the conventional FRPM machine.

V. EXPERIMENTAL VALIDATION

Two PS-FRPM prototype machines are manufactured to
verify the above analyses and shown in Fig. 21. Both
prototype machines share the same partitioned stators, i.e.
outer and inner stators. The dimensions of the prototype
machines are listed in TABLE III. In order to ease the
prototyping, additional lamination bridges between rotor poles
are employed adjacent to the inner surface. 7},; in TABLE III
is the thickness of the lamination bridges between rotor iron
pieces. Thus, all the rotor poles are mechanically connected to
obtain enough mechanical strength and relieve the tolerance
requirement. The PM thickness is also rounded to 4mm.
Electromagnetic performance of the prototype machines are
predicted by 2D FE analysis and compared with the measures
results including the back-EMFs and the static torques.

- |

(c) 10-pole rotor (d) 11-pole rotor
Fig. 21 12/10-pole and 12/11-pole prototype PS-FRPM machines.

As shown in Fig. 22, although the phase back-EMFs
calculated by 2D FE are slightly higher than those of
measurements due to the end effect, good agreements are
achieved. The variation of static torque with the rotor position
for PS-FRPM prototype machines is shown in Fig. 23. In
12/10-pole PS-FRPM prototype machine, good agreements
between the 2D FE predicted and measured static torques
under 7,=5A can be achieved. The difference slight increases
when I,=10A and /,=15A due to stronger end effects. For the
12/11-pole PS-FRPM prototype machine, there is a 3™ torque
harmonic in measured static torque, which is caused by the
imperfect manufacturing. Fig. 24 shows the variation of 2D
FE predicted and measured peak torques with the armature
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current. Again, good agreements are obtained despite of
slightly difference due to the end effect in the 12/10-pole PS-
FRPM machine. For the 12/11-pole PS-FRPM machine, the
measured and 2D FE predicted peak torques are nearly the
same. Although the end effect may lead to a slightly smaller
measured peak torque than the 2D FE predicted one. However,
the measured 3™ torque harmonic which is caused by
imperfect manufacturing of the 11-pole rotor causes a higher
measured peak torque, as shown in Fig. 23. Consequently, the

This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

A

w

o

10-rotor-pole, 2D FE

10-rotor-pole, Measured

[|-=== 11-rotor-pole, 2D FE

11-rotor-pole, Measured

Static Torque (Nm)
- N

measured and 2D FE predicted peak torques are ) ) ) ) ) )
approximately same as in the 12/11-pole PS-FRPM machine. 0 5 0015 20 25 30
It should be noted that as shown in Fig. 24, 2D FE predicted Q-axis current (A)

peak torque in the 10-pole PS-FRPM prototype machine is
higher than the 11-pole one. This is because the values of

Fig. 24 Variation of 2D FE predicted and measured peak torque with
armature current of the prototype machines.

TABLE III

design parameters of the prototype machine are not the same
as the globally optimized ones, for easing the prototyping.

DESIGN PARAMETERS OF 12-STATOR-POLE PS-FRPM PROTOTYPE MACHINES

: Parameters ﬁz&iﬁiz Parameters i}z;%ti?;z
S N, 10 11 N, 10 11
o2 L, (mm) 25 g, (mm) 0.5
E 1 R,5, (mm) 45 g; (mm) 0.5
% o R,;, (mm) 42 Ot (°) 8.12
s Rysi (mm) 31.75 Gy (°) 6.14
@ -1 o 10-rotor-pole, 2D FE R,, (mm) 31.25 00t (°) 4.94
ﬁ 2 10-rotor-pole, Measured R,; (mm) 26.15 1, (mm) 1
o A 11-rotor-pole, 2D FE Riy, (mm) 25.75 Loy (Mmm) 3
-3 11-rotor-pole, Measured Risy (mm) 21.75 6, (°) 18 20
4 . . . . . R;;; (mm) 104 6, (°) 24 22.7
0 60 120 . .180 240 300 360 Tpp (mm) 4 Oprr ©) 30
Rotor position (elec. deg.) T,: (mm) 03
Fig. 22 Variation of 2D FE predicted and measured phase back-EMFs with

rotor position in the prototype machines.

VI. CONCLUSIONS

:::22 ;B EE z :Z:g’i m:z:a::j In this paper, a novel type of PS-FRPM machine with
T la=5A, 2D FE O la=5A, Measured partitioned stator is proposed, in which PMs and armature
2, = windings are separately located in the inner and outer stators,
% respectively. Compared with the conventional FRPM machine
|§ o A ° . having single stator, the proposed PS-FRPM machines can
o g ° a7 AN exhibit ~56% higher torque capability. The influence of rotor
§ “ - RN pole numbers in a 12-stator-pole PS-FRPM machine is
g o g o N0 investigated. It shows that amongst 12/10, 12/11, 12/13 and
0 d . . . . . 12/14 stator/rotor-pole PS-FRPM machines, 11-pole and 13-
0 30 60 .90 120 150 180 pole machines exhibit larger back-EMF and hence
Rotor position (elec. deg.) electromagnetic torque as well as lower cogging torque and
, (a) 10-rotor-pole torque ripple, albeit with potentially higher unbalanced
la=15A. 2D FE o a=15A. Measured magnetic force due to odd rotor pole numbers. In addition, the
_ la=10A, 2D FE A 1a=10A, Measured influence of leading design parameters is also investigated. It
£ 1a=5A, 2D FE 0 1a=5A, Measured shows that in PS-FRPM machines electromagnetic torque
° 2 increases and saturates with the PM thickness, whilst for the
g' % ° 5 conventional FRPM machines, there will be an optimal PM
% 1 £ © — © thickness for maximum torque.
E R A SN \
n 7 a - e 5 Acknowledgement
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Rotor position (elec. deg.)
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Fig. 23 Variation of 2D FE predicted and measured static torque with rotor
position (I,=-21,=-21.).
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