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ABSTRACT In this paper, the dual-stator axial-field flux-switching permanent magnet (DSAFFSPM)
motors with E- and U-core stator modular segments, as well as different stator/rotor-pole combinations
are compared. The operation performance of the DSAFFSPM machines are explored by using the MMF-
permeance model method. A more comprehensive theoretical analysis, no more limited to numerical
calculation, is presented. This reveals directly the relations between the operation performance and design
parameters of the machine. The performance comparisons between the E-shaped and U-shaped teeth
DSAFFSPM machines are given, including the effects of the structural parameters on the electromagnetic
torque, different stator/rotor-pole combinations on the winding factor and gear ratio, the differences of the
average torque and the torque density and the efficiency in the 12/10 U-core and 6/10 E-core topology.
These are the basis of the DSAFFSPM machine design and optimization. Finally, the experiments on the
two prototype, 6/10 E-core and 12/10 U-core DSAFFSPM machines are carried out. The results show that
the average torque of the 12/10 U-core prototype is higher than that of the 6/10 E-core prototype, while the
torque density and the efficiency of 6/10 E-core DSAFFSPM machines are much higher.

INDEX TERMS Dual-stator axial-field flux-switching permanent magnet (DSAFFSPM), E-core and U-
core, flux modulation principle, magnetomotive force (MMF)-permeance-model.

I. INTRODUCTION
With the merits of high torque density and high efficiency,
the permanent magnet (PM) machines have attracted much
more attention and thus have been widely used in industrial
applications, including the servo systems, direct-drive sys-
tems and wind power generations [1]–[5], etc. Since PMs of
conventional PM machines are always aligned in the rotor,
the eddy current loss of the permanent magnet will cause the
rotor heat difficult to dissipate, thus affecting the performance
of the motor. A growing number of scholars have made great
efforts on a new topology in which the PMs are located
in the stator instead of the rotor. Among those stator-PM
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machines, namely flux-reversal PM machines (FRPM) [6],
flux-switching PM machines (FSPM) and double salient
PM (DSPM) machines [7], the FSPM machines have been
of great interest these years.

The FSPMmachine was first proposed in 1995 [8]. In [9]–
[12], the comparison of FSPM machines and convention PM
motors were presented in details and FSPM machines have
more sinusoidal back-EMF and thus smaller torque ripple.
Most studies on FSPM machines have been concentrated
on proposing new topologies [13]–[18]. According to the
direction of the magnetic flux circuit, it could be divided
into radial flux type [13], axial flux type [14], [16], [17] and
linear type [15]. Then, based on the number of stator and
rotor, it can be classified by: dual-rotors-single-stator [16] and
dual-stators-single-rotor [17]. Further, these researches can
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be grouped by: 1) different stator topologies, i.e., E-core and
U-core stator modules [14], [15], [27]; 2) different winding
configurations, i.e., concentrated winding, distributed wind-
ing and toroidal winding [18]; 3) different PM magnetization
directions, i.e., adjacent PMs with same and with opposite
magnetizing direction. What’s more, some theoretical analy-
sis on the electromagnetic performance of FSPM have been
presented, such as MMF-permeance-model method [13],
permeance and inductance modeling [19], magnetic cir-
cuit modeling [20], non-linear analytical modelling [21],
doubly-salient relative permeance method [22].

Among the AFFSPM machines, double-stator or double-
rotor axial-field flux-switching PMmotors are widely studied
due to their compact structure, small size, stable operation,
great thermal management, high torque density and high
efficiency [16], [23], [24], which is especially suitable for
the wheel hub drive. However, it is easy to find from the
previous literatures that although the axial structure has been
used in the previous literature, the description of the axial
flux switching motor was more limited to numerical analysis.
A more comprehensive analysis is needed for the axial flux
switching motor. The influence of different stator modules,
i.e., E-core and U-core has just been given by simulation
analysis while not validated theoretically by establishing
an explicit mathematical model as well. In the meanwhile,
the characteristics of DSAFFSPM machines with different
stator/rotor-pole combinations have not been quantified with
detailed parameters, such as the winding factor and the gear
ratio.

In this paper, with the purpose of obtaining the opti-
mal design parameters, DSAFFSPM machines with different
modular stator topologies such as E-core and U-core with
concentrated tooth-coil windings are analyzed based on the
fluxmodulation principle, using the air-gapMMF-permeance
model. In section II, the unified MMF-permeance model
considering different modular stators of the machine is intro-
duced. The principle of airgap flux density distribution,
the working harmonics and the influence of stator core type
of DSAFFSPMmachines are revealed with analytical expres-
sions. In section III, the influence of E-core and U-core
modular stators on air-gap field harmonics is investigated,
together with different modular stator design parameters and
different stator/rotor pole-number combinations. In addition,
the contribution of working harmonics to flux density, EMF
and electromagnetic torque is analyzed, taking advantage of
FEA. In section IV, two topologies, i.e.,12/10U-core and 6/10
E-core DSAFFSPMmachines are built andmeasured in order
to verify the FEA results and the above analysis based on the
flux modulation.

II. TOPOLOGY AND MODULATION PRINCIPLE
The basic structure of DSAFFSPM machines with concen-
trated tooth-wound windings and U-core/E-core stator mod-
ules are presented in Fig. 1(a) and Fig. 1(b), respectively.

FIGURE 1. Configurations of two DSAFFSPM machines. (a) 12/10 U-core.
(b) 6/10 E-core.

FIGURE 2. Configurations of two different stator modules. (a) U-core.
(b) E-core.

They contain three parts, namely dual stators and one rotor
sandwiched in between. The stator is constituted by the
several identical modules, which can be seen in Fig. 2.
Stator-side PMs are all circumferentially magnetized in the
opposite direction, and circumferentially aligned between
adjacent modules. It can be observed that the rotor has salient
poles and the rotor-PMs are removed.

The stator-side PMs provide a stationary PM MMF,
which is modulated by the uneven permeance distribution
of the rotatory salient poles. Then, the stationary MMF
can be modulated into an air-gap magnetic field composed
of abundant harmonics based on the flux modulation prin-
ciple. To investigate the field flux modulation effect of
DSAFFSPM machines, the MMF-permeance model consid-
ering the uneven air-gap permeance distribution due to the
rotor slotting is utilized. In the following analysis, pm, pr , pa
represent the pole-pair-number of PMs, rotors and armature
windings, respectively.
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FIGURE 3. Diagram and MMF-permeance model of stator and rotor.
(a) Stator diagram and corresponding PM MMF. (b) rotor diagram and
corresponding permeance.

A. NO-LOAD AIR-GAP FLUX DENSITY
It can be seen, Fig.3(a) shows the air-gap PMMMF generated
by stator-side PMs, whilst Fig.3(b) illustrates the air-gap per-
meance model accounting for rotor iron pieces, respectively.
Since the MMF-permeance model has been proven to be
valid, the no-load air-gap flux density can be deduced by
multiplying Fpm(θs) and Pr (θs, t) as [25]

B(θs, t) = Fpm(θs)× Pr (θs, t) (1)

whereFpm(θs) is the PMMMF,Pr (θs, t) is the specific air-gap
permeance function. The first term in (1) is static while the
latter one is rotary under the same stator reference frame, θs
is the angle along the stator circumference.

The stationary PM MMF can be derived according to
Fig. 2(a) in Fourier series as (2):

FPM (θs) =
∞∑

i=1,3,5

Fi sin(ipmθs)

Fi =
8F
π i

sin(ipm
βs

2
) sin(ipm

θs

2
)

F =
Brhpm
µrµ0

(2)

where i is the order of Fourier Series, Fi denotes the Fourier
coefficient of FPM (θs) waveform related to i,F is the ampli-
tude of PM MMF, βs refers to the width of PMs, θs indicates
the sum of the width of PM and stator tooth, Br , hpm, µr are

the remanence, the height and the relative permeability of
PMs respectively.

The air-gap permeance function Pr (θs, t) is a relatively
complex function about the shape of stator and rotor. In this
paper, Pr (θs, t) is calculated without considering the slot
shape and displayed as the configuration of Fig. 3(b).Pr (θs, t)
in accordance with Fig. 3(b) could be expressed in Fourier
series as (3):

Pr (θs, t)=
∞∑

k=0,1,2

Pk cos kprθr=
∞∑

k=0,1,2

Pk cos(kprθs−prωt)

(3)

where k is the order of Fourier Series, Pk denotes the Fourier
coefficient of Pr (θs, t) waveform connected with k and ω is
the angular speed of the rotor.

Substituting (2)-(3) into (1), the no-load air-gap flux den-
sity B(θs, t) can expressed as below.

B(θs, t)=
1
2

∞∑
k=0,1,2

∞∑
i=1,3,5

FiPk sin[(ipm ± kpr )θs ∓ prωt]

(4)

As shown in (4), (ipm ± kpr )th flux density harmonics
are generated owing to the modulation of the stator-side
PM MMF and rotating rotor iron pieces. The order of
DSAFFSPM machines’ working harmonics are extended
from only pr pole-pair to (ipm ± kpr ) pole-pair, and the
higher utilization of PMs can be obtained. These predicted
filed harmonics can be classified into two types, 1) station-
ary, 2) rotating. When k = 0, only pm pole-pair stationary
harmonic flux density exists because PMs are mounted in the
stator. On the other hand, when k 6= 0, the (ipm ± kpr )th
rotatory flux density is induced due to the flux modulation of
rotor iron pieces.

B. BACK-EMF AND TORQUE
Different from those rotor-side PM-excited machines such as
the magnetic gear machine and the vernier machine, the ana-
lytical expression of flux density of DSAFFSPMmachines is
much less affected by the stator profile since the PMMMF is
modulated mostly by rotor salient iron pieces [26]. However,
when it comes to the back-EMF and the electromagnetic
torque, the different stator modular profiles could be of criti-
cal impact. The influence and its theoretical derivation of E-
core and U-core stator modular will be explained as follows.

1) U-CORE
Given that the permeance P0 and P1 have a much larger
magnitude than the other order of air-gap permeance [27],
the high-order permeance harmonics are neglected and the
air-gap permeance function Pr (θs, t) can be rewritten as (5):

Pr (θs, t) = P0 + P1 cos(prθs − prωt)

P0 =
P
2π

prβr , P1 =
2P
π

sin pr
βr

2
(5)
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FIGURE 4. Cross sections of two different stator modules with schematic
dimensions. (a) U-core. (b) E-core.

where P is the amplitude of the air-gap permeance and βr is
the width of a rotor iron piece.

Substituting (2) and (5) into (1), the no-load air-gap flux
density can be represented as (6):

B(θs, t) =
∞∑

i=1,3,5

Fi sin(ipmθs)× P0

+
1
2

∞∑
i=1,3,5

FiP1 sin[(ipm ± pr )θs ∓ prωt] (6)

Benefiting from the stator modular structure and the con-
centrated tooth-coil, the simple superposition of B(θs, t) can
be adopted, instead of the winding function, to calculate flux
through coil A. Since ipm ± pr th flux density harmonics
are generation by the modulation of rotor poles, just define
pmo = ipm ± pr . According to Fig.4(a), the flux through coil
A is displayed as (7), as shown at the bottom of the next page:
where npc denotes the number of turns per coil, lstk shows the
active length, rsi is the diameter of the air gap, θ0 indicates
the initial position of the stator, ωpm is the width between
adjacent two stator modules in which PMs are placed, ωs and
ωt represent the width of the stator slot and teeth, respectively,
and τs is the stator pole pitch.
Thus, the induced back-EMF in coil A can be derived

as (8):

EA = −
dϕA
dt

=

∞∑
i=1,3,5

KAi cos
(ipm ± pr )(θcons ∓ 2prωt)

2

KAi = ∓4npclstkrsiFiP1prωωtsωpms
θcons = 2θ0 + ωs + ωpm + ωt

ωts = cos(ipm ± pr )ωt

ωpms = cos(ipm ± pr )
ωpm

2
(8)

It is found that the fundamental PM MMF F1 has much
higher magnitude than other orders of PM MMF harmonics,
and contributes mostly to the back-EMF, so the other order
harmonics can be neglected and the back-EMF can be rewrit-
ten as (9):

EA = −
dϕA
dt

= KA cos
pmo(2θ0 + ωs + ωpm + ωt ∓ 2prωt)

2
KA = ∓4npclstkrsiF1P1prω cos(pmoωt ) cos pmo

ωpm

2
(9)

Considering the machine current is of sinusoidal wave,
the average torque can be obtained as (10):

Te =
3
2
nphkwIAEA

= KT cos
pmo(θcons ∓ 2prωt)

2
KT = 6nphnpckwIAlstkrsiF1P1prωωtsωpms
θcons = 2θ0 + ωs + ωpm + ωt
ωts = cos pmoωt

ωpms = cos pmo
ωpm

2
(10)

where nph denotes the number of series turns per phase and
kw indicates the winding factor of the armature related to the
configuration of windings.

2) E-CORE
Because of the same rotor topology, it does not make sense
for the analytical expression of no-load airgap flux density
whether E-core and U-core stator modules are chosen. How-
ever, the E-core stator module has one more auxiliary tooth
in the middle of every stator module. The auxiliary tooth
influences the effective area of the air-gap flux density facing
to the rotor salient poles.

Therefore, the flux through coil A can be derived as (11):

ϕA(t) = npc

∫
B(θs, t)ds

= npclstkrsi

× [
∫ θ0+

ωt1
2

θ0

B(θs, t)dθs +
∫ θ0+

ωt1
2 +ωs+ωt2

θ0+
ωt1
2 +ωs

×B(θs, t)dθs

+

∫ θ0+
ωt1
2 +ωs+ωpm+2ωt2

θ0+
ωt1
2 +ωs+ωpm+ωt2

B(θs, t)dθs

+

∫ θ0+ωt1+2ωs+ωpm+2ωt2

θ0+
ωt1
2 +2ωs+ωpm+2ωt2

B(θs, t)dθs] (11)

where ωt1 and ωt2 denotes the width of the auxiliary tooth,
the marginal tooth, respectively. To simplify the calculation
the model, just supposing that ωt1 = ωt2 = ωt , the flux
through coil A is expressed as (12), as shown at the bottom
of the next page
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The back-EMF is derived as (13):

EA =
∞∑

i=1,3,5

 KA1 cos
pmoθ1ω

2
+KA2 cos

pmoθ2ω
2


KA1 = ∓2npclstkrsiFiP1prω cos(pmo

ωt

2
) cos pmoωA1

KA2 = ∓2npclstkrsiFiP1prω cos(pmoωt ) cos pmoωA2

ωA1 =
5
4
ωt + ωpm + ωs

ωA2 =
1
4
ωt +

1
2
ωpm (13)

The average torque can be obtained (14), as shown at the
bottom of the next page,

It should be pointed that the aim is to investigate how
stator module type and some critical design parameters affect
the machine performance, rather than deriving an explicit
mathematical expression. Thus, the PM width is assumed to
be equal to the width between two modules and the width of
all three teeth under one stator module is the same.

III. FINITE-ELEMENT VERIFICATION
In order to validate the foregoing analytical expressions of
DSAFFSPM machines, the 12/10 U-core and 6/10 E-core
DSAFFSPMmachines have been designedwith the same vol-
ume and same air-gap length for a fair comparison. Detailed
design parameters of the twomachines are listed in TABLE 1.

ϕA(t) = npc

∫
B(θs, t)ds

= npclstkrsi[
∫ θ0+

ωs
2 +ωt

θ0+
ωs
2

B(θs, t)dθs

+

∫ θ0+
ωs
2 +ωpm+2ωt

θ0+
ωs
2 +ωpm+ωt

B(θs, t)dθs]

= npclstkrsi

×

∞∑
i=1,3,5

∫ θ0+ ωs2 +ωt
θ0+

ωs
2

 Fi sin(ipmθs)× P0

+
1
2
FiP1 sin[pmoθs ∓ prωt]

dθs

+
∫ θ0+ ωs2 +ωpm+2ωt
θ0+

ωs
2 +ωpm+ωt

 Fi sin(ipmθs)× P0

+
1
2
FiP1 sin[pmoθs ∓ prωt]

 dθs

= −npclstkrsi

×

∞∑
i=1,3,5

{
4FiP0
ipm

cos[(ipm)ωt ] sin
ipmθcons

2 cos ipm
ωpm
2

+
4FiP1
−pmo

cos[pmoωt ]

sin pmo(θcons∓2prωt)
2 cos(pmo

ωpm
2 )}

θcons = 2θ0 + ωs + ωpm + ωt (7)

ϕA(t) = −npclstkrsi

×

∞∑
i=1,3,5



4FiP0
ipm

 cos[(ipm)
ωt

2
] sin

ipmθ1
2

cos ipmA

+ cos[(ipm)ωt ] sin
ipmθ2
2

cos ipmB


4FiP0
ipm ∓ pr

 cos(pmo
ωt

2
) sin

pmoθ1ω
2

cos pmoA

+ cos(pmoωt ) sin
pmoθ2ω

2
cos pmoB




θ1ω = 2θ0 + 2ωs + 2ωpm + 3ωt ∓ 2prωt

θ2ω = 2θ0 + 2ωs + 2ωpm +
7
2
ωt ∓ 2prωt

A =
5ωt + 4ωpm + 4ωs

4

B =
ωt + 2ωpm

4
(12)
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TABLE 1. Parameters of 12/10 U-core and 6/10 E-core AFFSPMs.

In this section, the modulation effect of rotor iron pieces
will be demonstrated by showing the FEA-predicted air gap
flux density waveform and their spectra of 6/10 E-core and
12/10 U-core DSAFFSPM machines.

The influence of several design parameters attached to the
back-EMF and the torque, such as the ratio of teeth width
to stator pole pitch (ωt/τs), the ratio of PM width to stator
pole pitch (ωpm/τs) and rotor iron piece height to air-gap
length(hr /ga), on the DSAFFSPM machines’ performance,
such as the flux linkage and the back-EMF, is investigated.
What’s more, the impact of the number of rotor salient poles
is probed.

A. NO-LOAD AIR-GAP FLUX DENSITY OF 6-10 E-CORE
AND 12/10 U-CORE AFFSPM
To demonstrate the flux-modulation of the modular stator
U-core and E-core teeth, the open-circuit air-gap flux den-
sity and their corresponding spectrum of 6/10 E-core and
12/10 U-core DSAFFSPM machines are shown in Fig. 5 and
Fig. 6. The harmonics with magnitude <0.1T are neglected
to make the analysis clearer.

The air-gap flux density of 6/10 E-core DSAFFSPM
machines with 3, 7, 9, 12, 13, 14, 15, 24, 26, 37 pole-pair-
number working harmonics, and 12/10 U-core DSAFFSPM
machines with 4, 6, 8, 16, 18, 26, 28, 30 pole-pair-number
working harmonics can be shown clearly in Fig. 5(a) and
Fig. 6(a). The predicted 6/10 E-core and 12/10 U-core field

FIGURE 5. The FEA-predicted no-load air-gap flux density spectra and
waveforms of 12/10 U-core DSAFFSPM machines. (a) Spectra.
(b) Waveforms.

FIGURE 6. The FEA-predicted no-load air-gap flux density spectra and
waveforms of 6/10 E-core DSAFFSPM machines. (a) Spectra.
(b) Waveforms.

harmonics are in good agreement with the foregoing ana-
lytical (4) based on the flux modulation principle. These
predicted filed harmonics can be classified into two types,
1) stationary, 2) rotating, which can be seen in Table 2.

Te =


KT1 cos

pmo(2θ0 + 2ωs + 2ωpm + 3ωt ∓ 2prωt)
2

+KT2 cos
pmo(2θ0 + 2ωs + 2ωpm +

7
2
ωt ∓ 2prωt)

2


KT1 = 6nphnpckwIAlstkrsiF1P1prω cos(pmo

ωt

2
) cos pmoωA1

KT2 = 6nphnpckwIAlstkrsiF1P1prω cos(pmoωt ) cos pmoωA2 (14)
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TABLE 2. Characteristics of no-load air-gap flux density harmonics.

FIGURE 7. The FEA-predicted PM flux linkage and no-load back EMF
waveforms of 12/10 U-core DSAFFSPM machines, with different PM
widths. (a) PM flux linkage. (b) No-load back EMF.

B. PM WIDTH AND TEETH WIDTH, TO STATOR POLE PITCH
In order to discuss the influence of stator designed parame-
ters, the flux linkage and no-load back EMF of 12/10-U-core
and 6/10-E-core DSAFFSPM machines have been presented
in the form of analytical formula, above in section II, and
then verified using the FEA. The FEA results are displayed
from Fig. 7 to Fig. 10, respectively. In order to facilitate the
analysis, the stator pole pitch τs remains unchanged, along
with the variation of PM width and teeth width.

In this case, instead of the ratio of PM width and teeth
width to the stator pole pitch, the variation of PM width and
teeth width can be studied. It can be seen in Fig. 7, with the
width of PMs increasing, the flux linkage of the 12/10 U-core
DSAFFSPMmachine goes up smoothly and reaches the peak
valued 0.1Wb when the width of PMs increases to 12mm.
It should be noted that when PM width changes from 12mm
to 15mm, the flux linkage decreases rapidly to 0.073Wb.

According to (7), the amplitude of the flux linkage is
connected to the PM coefficient ωpms defined in (8). when
the pm width increase, the flux linkage will increase at the
early stage and then decrease, which is in accordance with the
FEA results. In Fig.7, the back EMF is also presented, where
the trend of back EMF varying the PM width from 6mm to

FIGURE 8. The FEA-predicted PM flux linkage and no-load back EMF
waveforms of 6/10 E-core DSAFFSPM machines, with different PM widths
(a) PM flux linkage. (b) No-load back EMF.

15 mm is much the same as that of flux linkage. However,
compared the formula (7) with formula (8), the back EMF
does not have the stationary part while the flux linkage is
composed of both stationary and rotatory parts, resulting in
a drop at both bottoms of the back EMF waveforms. From
the aspect of magnetic path, it can be concluded that with
the increase of the pm width, the circumferential PM MMF
raises, and the flux density of the adjacent U-core stator iron
becomes stronger. However, the permeability of the iron core
remains constant, resulting in the saturation of the iron core.
In the meanwhile, the flux leakage increases with the flux
path going along the PM-air magnetic circuit.

Different from theU-core stator, E-core stator obtainsmore
effective areas when the main flux returns to the stator side
due to themiddle teeth of the statormodular, namely auxiliary
teeth. In Fig. 8(a), the flux linkage stays the same at first and
then keeps dropping with the PMwidth increasing from 6mm
to 15mm, which can be reflected in formula(12), in which
the amplitude of flux linkage can be determined by both ωPM
andωPM/2. However, in formula (7), onlyωPM/2 is cared for
the flux linkage amplitude. What’s more, the sharper bottom
of the negative waveform of the EMF occurs in Fig. 8(b),
the reason for which is in formula (13), the superposition of
two parts results in the gentle-sinusoidal-shape in positive
axis part, and the steep-sinusoidal-shape in negative axis
shape.

Another stator designed parameter, the width of stator
teeth, should also be taken into consideration. The influence
of the width of stator teeth on the flux linkage and back EMF
of 12/10 U-core and 6/10 E-core DSAFFSPM machines can
be also reflected in the equation (7), (8) and equation (12),
(13), respectively.
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FIGURE 9. The FEA-predicted PM flux linkage and no-load back EMF
waveforms of 12/10 U-core DSAFFSPM machines, with different stator
tooth widths. (a) PM flux linkage. (b) No-load back EMF.

FIGURE 10. The FEA-predicted PM flux linkage and no-load back EMF
waveforms of 6/10 E-core DSAFFSPM machine, with different stator tooth
widths (a) PM flux linkage (b) No-load back EMF.

The FEA results are then given in Fig. 9 and Fig. 10. As
shown in Fig. 9, for 12/10 U-core prototype, the increase
of stator teeth width leads to the raise of the amplitudes of
both flux linkage and back EMF, which is in accordance
with the analytical expression. Nevertheless, for 6/10 E-core
prototype, the variation of amplitude of flux linkage and
back EMF is different. The flux linkage amplitude rises
rapidly when stator teeth varies from 2deg to 4deg, and then
keeps nearly the same with the ascendency of stator teeth.
In the meanwhile, the amplitude of back EMF fluctuates

FIGURE 11. The FEA-predicted PM flux linkage and no-load back EMF
waveforms of 12/10 U-core DSAFFSPM machines, with different rotor iron
piece heights. (a) PM flux linkage. (b) No-load back EMF.

FIGURE 12. The FEA-predicted PM flux linkage and no-load back EMF
waveforms of 6/10 E-core DSAFFSPM machines, with different rotor iron
piece heights. (a) PM flux linkage. (b) No-load back EMF.

with the increase of stator teeth, and the maximum back
EMF occurs at stator-teeth-4deg. Comparing the formula (8)
with formula(13), back EMF of 12/10 U-core prototype is
only connected with ωt while for 6/10 E-core DSAFFSPM,
the parameter ωt , 5

4ωt ,
1
4ωt ,

1
2ωt should all be cared.

C. ROTOR IRON PIECE HEIGHT TO AIR-GAP LENGTH
(hr /ga)
Since the air-gap permeance can be influenced by both rotor
iron height and air-gap length, the ratio of rotor iron height to
air-gap length is taken into consideration. For the convenience
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TABLE 3. Modulation effect of DSAFFSPM machines with different stator
and rotor pole pair numbers.

TABLE 4. Characteristics of no-load air-gap flux density harmonics with
different rotor poles.

of comparing the machine performances of different ratios,
the air-gap length is set constant and is 1mmand the rotor iron
piece height varies from 5mm-18mm, which means the ratio
changes from 5-18. Fig. 11 and Fig. 12 show the flux linkage
and back EMF of 6/10 E-core and 12/10 U-core DSAFFSPM
machines, respectively. As the height rises, the general wave-
form trend of both flux linkage and back EMF of these two
machines is upward. Nevertheless, for 6/10 E-core prototype,
when the height reaches 14 mm, the amplitude keeps still
while for 12/10 U-core prototype, the height that keeps the
peak value constant is 11mm. This phenomenon is mainly
because that from the above analysis, the no-load air-gap
flux density amplitude of 12/10 U-core prototype is higher
than that of 6/10 E-core prototype, resulting in the rotor core
of 6/10 E-core prototype more easily saturated. It should be
noted that, Although the height-18mm waveform was not
displayed in Fig. 11 and Fig. 12, both prototypes failed to
operate when rotor height reaches 18mm. It can be concluded
that the rotor height is so large that themagnetic circuit cannot

FIGURE 13. The FEA-predicted no-load air-gap flux density spectra and
waveforms of 12-stator-U-core DSAFFSPM machines, with different rotor
poles (a) Waveforms. (b) Spectrum of 11-rotor. (c) Spectrum of 13-rotor.
(d) Spectrum of 14-rotor.

pass through the rotor to form a closed loop on both sides of
the stator.

D. DIFFERENT ROTOR POLE NUMBERS
In this section, the modulation principle in both 12-stator-
U-core-modular and 6-stator-E-core-modular DSAFFSPM
machines having 11, 13, 14 rotor poles are analyzed.

Table 3 demonstrates the modulation effect of AFFSPMs
and present a concept of gear ratio Gr given by formula (15),
which can be used to characterize the torque capability [28].

Gr =
pr
pa

(15)
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FIGURE 14. The FEA-predicted no-load air-gap flux density waveforms
and corresponding spectra of 6-stator-E-core DSAFFSPM machines, with
different rotor poles. (a) Waveforms. (b) Spectrum of 11-rotor.
(c) Spectrum of 13-rotor. (d) Spectrum of 14-rotor.

FIGURE 15. The FEA-predicted cogging torque waveforms of
12-stator-U-core DSAFFSPM machines with different rotor poles.

pa = pr − pm (16)

Since the concentrated windings are adopted in
DSAFFSPM machines to shorten the end of winding,
the winding factor of different stator-rotor-pole combina-
tions is also presented. In general, the gear ratio, as well as
the winding factor of 6-stator-E-core-modular-DSAFFSPM

FIGURE 16. The FEA-predicted cogging torque waveforms of
6-stator-E-core DSAFFSPM machines with different rotor poles.

FIGURE 17. Pictures of a 12/10 U-core DSAFFSPM machine. (a) 10-pole
rotor. (b) Stator with 12 U-core modules. (c) Prototype machine.

machines is higher than that of 12-stator-U-core-modular-
DSAFFSPMmachines. On the other hand, the winding factor
of even-rotor-pole-pair-number often exceeds that of odd-
rotor-pole-pair-number. Therefore, a proper stator/rotor-pole
combination can be chosen to make a balance between a
high gear ratio and high winding factor based on the above
analysis.

The predicted cogging torque waveforms with different
rotor poles are compared in Fig. 15 and Fig. 16, where it can
be seen that the 12-stator DSAFFSPM machines has smaller
cogging torque than 6-stator DSAFFSPM machines. On the
other hand, the cogging torque amplitude of machines with
odd-pole-pair-number-rotor often surpasses that of machines
with even-pole-pair-number-rotor. Obviously, in the same
electrical period, the former machines have more cogging
torque periods than the latter machines, which is closely
connected to the least common multiple of stator poles and
rotor poles.

The no-load flux density and corresponding spectrum
of 12/11, 12/13, 12/14 U-core and 6/10, 6/11, 6/13, 6/14
E-core are compared in Fig. 13 and Fig. 14, whose dominat-
ing flux density harmonics of these machines are collected
in Table 4. To make the analysis clearer, only amplitudes

78644 VOLUME 9, 2021



S. Wang et al.: Comparative Study of E- and U-core Modular DSAFFSPM Motors

FIGURE 18. Pictures of a 6/10 E-core DSAFFSPM machine. (a) 10-pole
rotor. (b) Stator with 6 E-core modules. (c) Prototype machine.

FIGURE 19. Comparison of measured and predicted waveforms of the
12/10 U-core DSAFFSPM machine. (a) Back EMF. (b) Torque.

of the flux density over 0.1T are chosen. From Table 4,
in terms of stationary harmonics, the dominant harmonic
of DSAFFSPM machines with same number of stator poles
is approximately the same, while for rotating harmonics,
the dominating harmonics of DSAFFSPM machines with
odd-rotor-pole-pair-number are different from that with even-
rotor-pole-pair-number.

IV. EXPERIMENTAL RESULTS
In order to validate the above analysis, a 12/10 U-core
DSAFFSPM machine and a 6/10 E-core DSAFFSPM

TABLE 5. Performance comparison of 6/10 and 12/10 DSAFFSPM
machines.

FIGURE 20. Comparison of measured and predicted waveforms of the
6/10 E-core DSAFFSPM machine. (a) Back EMF. (b) Torque.

machine are prototyped. Their stator, rotor and whole
structure photos are displayed in Fig. 17 and Fig. 18,
respectively. The no-load flux density and its corresponding
spectrum based on flux modulation in the above sections
cannot be tested directly in the prototyped machines, only
the back-EMF and electromagnetic torque can be shown in
the experimental results.

Firstly, the line-line back EMF is tested and compared with
the FEA result in Fig. 19(a) and Fig. 20(a). It can be seen
that the FEA predicted results are in good agreements with
the measured waveforms. Fig. 19(b) and Fig. 20(b) show
the electromagnetic torque waveforms predicted by FEA and
tested by experiment, and two curves match well.

Finally, the key different parameters, such as the aver-
age torque and efficiency of 6/10 and 12/10 DSAFFSPM
machines are presented in Table 5.

V. CONCLUSION
In this paper, dual-stator axial-field flux-switching perma-
nent magnet (DSAFFSPM) motors with E-core and U-core
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stator modular segments, as well as different rotor poles are
compared based on flux modulation principle. The analyti-
cal expressions of no-load flux density, flux linkage, back
EMF and the electromagnetic torque are derived, using a
MMF-permeance-model, with consideration of stator and
rotor designed parameters, such as PM width, stator teeth
width and rotor height.

Specially, the 6/10 E-core DSAFFSPMmachines are more
likely to be influenced by stator designed parameters since
there are several parts contributing to the formula of the back
EMF and the electromagnetic torque, and its rules can be
seen clearly. Also, the impact of different rotor poles on gear
ratio, winding factor and no-load flux density is investigated.
12-stator U-core DSAFFSPM machines obtain a higher
winding factor and gear ratio. However, the 6-stator E-core
possess a better torque density. In terms of the cogging torque,
6-stator E-core DSAFFSPM machines often have larger cog-
ging torque than 12-stator U-core DSAFFSPM machines
and machines with odd-pole-pair-number-rotor have smaller
cogging torque, such as 6/11, 6/13, 12/11, 12/13 DSAFFSPM
machines. Benefiting from the above analysis, a proper stator-
rotor slot/pole combination and appropriate stator and rotor
size can be selected with corresponding performance require-
ments such as the winding factor and the gear ratio.
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