
        

Citation for published version:
Shao, L, Hua, W, Soulard, J, Zhu, ZQ, Wu, Z & Cheng, M 2020, 'Electromagnetic Performance Comparison
between 12-Phase Switched Flux and Surface-Mounted PM Machines for Direct-Drive Wind Power Generation',
IEEE Transactions on Industry Applications, vol. 56, no. 2, 8951237, pp. 1408-1422.
https://doi.org/10.1109/TIA.2020.2964527

DOI:
10.1109/TIA.2020.2964527

Publication date:
2020

Document Version
Peer reviewed version

Link to publication

© 2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other
users, including reprinting/ republishing this material for advertising or promotional purposes, creating new
collective works for resale or redistribution to servers or lists, or reuse of any copyrighted components of this
work in other works.

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 09. Mar. 2023

https://doi.org/10.1109/TIA.2020.2964527
https://doi.org/10.1109/TIA.2020.2964527
https://researchportal.bath.ac.uk/en/publications/5e98be29-3759-4b0d-8391-baa4dd355d45


 

 

 

 
1Abstract– In this paper, the 12-phase switched flux (SF) 

permanent magnet (PM) (SFPM) machine and three surface-

mounted PM (SPM) machines designed for direct-drive wind 

power generation are comparatively analyzed. Firstly, feasible 

stator-slot/rotor-pole combinations for symmetrical 12-phase 

winding layout are investigated for both machine topologies. 

Secondly, the key design parameters of the PM generators 

including the split ratio and stator teeth width ratio are 

optimized by finite element (FE) analysis, to achieve a high 

phase fundamental EMF per turn and a low cogging torque, 

both of which are desired by the direct-drive wind power 

generator. Thirdly, electromagnetic performances including 

air-gap field, cogging torque, static torque, inductance, output 

voltage and its regulation factor, output power and efficiency of 

the generators are compared. A 10 kW 24-slot/22-pole SFPM 

prototype is built and tested to validate the FE predicted 

results. 

 
Index Terms— Flux switching permanent magnet (FSPM) 

machine, multi-phase, permanent magnet (PM) machine, 

surface-mounted permanent magnet (SPM) machine, switched 

flux permanent magnet (SFPM) machine, wind power 

generation. 

I. INTRODUCTION 

IRECT-DRIVE Permanent Magnet (PM) synchronous 

generators are attractive for high power wind power 

applications due to the highest energy yield, compared to the 

induction generators and electrically excited synchronous 

generators [1]. Many types of PM wind generators have been 

proposed, including the conventional rotor-PM generators 

among which surface-mounted PM (SPM) generators have 

been commercialized successfully [2] and the stator-PM 

generators [3]. 

The switched flux (SF) PM (SFPM) generator [3]-[7] is a 
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typical type of stator-PM generators in which both the PMs 

and armature windings are located in the stator, leaving the 

rotor simple and robust. Compared with rotor-PM machines, 

SFPM machines may have a better thermal dissipation 

capability since all thermal sources are placed in the stator 

which is easier for cooling, and hence an improved 

reliability due to a reduced risk of irreversible 

demagnetization [8]. Besides, with non-overlapping 

concentrated coils wound around each stator tooth, SFPM 

machines can also exhibit a good fault-tolerant capability 

owing to smaller mutual coupling between different phases 

than with distributed windings [9]. 

The multi-phase winding topology reduces the power per 

phase, allows a reduced power rating for power electronics 

of each phase, improves the reliability and brings additional 

degrees of freedom for pre-fault and post-fault operations as 

well as torque enhancement [10]-[19]. In [20], the multi-

phase winding concept was firstly employed in the SFPM 

machine for aerospace, and the results show that a higher 

fault-tolerant capability can be achieved with a larger phase 

number due to a lower mutual inductance. The 5-phase 

SFPM machine for high reliability applications is designed 

and analyzed in [21], and a modified design exhibiting lower 

eddy current loss is proposed in [22] with added rotor flux 

barriers. In [5], a 9-phase SFPM machine is proposed and 

analyzed in terms of electromagnetic performance. In [23], a 

12-phase SFPM machine is proposed for direct drive PM 

generators for wind power generation, which exhibits a 

higher air-gap flux density, a higher torque/power density, 

and a lower voltage regulation factor than the 9-phase 

counterpart [24]. 

Surface-mounted PM (SPM) machines have been well 

developed for wind power generators in market [2], [25]-

[27], and the research has been undertaken to cover both 

single phase SPM generators [28]-[30] and multi-phase ones 

[31], as well as the control [32]. A comparison between 

three-phase SFPM and SPM high speed generators at 12,700 

r/min has been given in [4], which focuses on the 

mechanical design and optimization of the rotors in high-

speed SFPM and SPM generators. As for electromagnetic 

performance, only the torque versus armature MMF and that 

versus DC copper loss are compared in [4]. Although the 12-

phase SFPM generator for direct-drive wind power 

generation has been reported in [6] and [23], however a 

comparison with its SPM counterpart in terms of the 

electromagnetic performance is still missing. This paper 

aims to fulfil this gap by comparing the electromagnetic 
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performance between the low-speed 12-phase SFPM 

generator and its SPM counterpart in terms of air-gap field, 

cogging torque, static torque, inductance, output voltage and 

its regulation factor, output power and efficiency, based on a 

few particular study cases with pure resistive loads. The 12-

phase winding topology can be divided into 4 sets of 3-phase 

windings, which means the computing burden of the fault 

tolerant control to adjust current vectors in 3-phase machines 

can be relieved by switching off the whole set of 3-phase 

windings in which fault occurs. For example, the whole set 1 

can be switched off if A1-phase winding is open-circuited, 

and the generator can still supply ~3/4 of the electric power 

under healthy condition. Moreover, the 4×3-phase topology 

may also benefit the system efficiency by actively switching 

off one or more set of 3-phase windings when the operating 

power is lower than the rated one. For example, if the rated 

power of the 4×3-phase generator is PN whilst the operating 

power is 0.5PN, sets 1 and 2 can be switched off to reduce 

the power modules switching losses and hence improve the 

system efficiency possibly. The 12-phase SFPM generator 

(see Fig. 1(a)) and three 12-phase SPM generators (see Figs. 

1(b), (c) and (d)) are designed under the same specifications 

for direct-drive wind power application. 

This paper is organized as follows. In section II, the 

stator-slot/rotor-pole combinations, key dimensional 

parameters and number of turns per coil are identified, 

aiming at high phase EMF, low cogging torque and low 

voltage regulation factor for each generator type. In section 

III, electromagnetic performances including both open-

circuit and on-load generating characteristics are compared 

by using 2-D finite element (FE) analysis. In section IV, the 

steady-state thermal performance of the four generators are 

compared. In section V, the 12-phase 24-slot/22-pole SFPM 

prototype is built and tested to verify the FE results. 
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(a) 24-slot/22-pole SFPM 
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(b) 24-slot/22-pole-pair SPM 
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A1-  
(c) 48-slot/20-pole-pair SPM 

 
(d) 48-slot/22-pole-pair SPM 

Fig. 1.  Cross-sections of 12-phase PM generators with different topologies. 

II. DESIGN PROCESS 

The relationship between the tip speed ratio λ, angular 

velocity ωr, tip radius Rtip and the wind speed vwind of a wind 

turbine is given in (1). A single blade wind wheel with a 

radius of Rtip=3 m can achieve an optimal tip speed ratio of 

λ=12, [33], [34], which enables the direct-drive generator to 

obtain a rated speed of n≈500 r/min at a rated wind speed of 

vwind=13 m/s. The generators are designed under the same 

specifications with a rated output power of 10 kW at a rated 

speed of 500 r/min, which have the same power rating as the 

TUGE10 direct drive PM generator [35] and the TL-10KW 

one [36]. The design guidelines and optimization goals are 

set identical for all generators to make a fair comparison, 

which has been reported for the 12-phase 24-slot/22-pole 

SFPM generator in [23]. 

𝜆 =
𝜔𝑟𝑅𝑡𝑖𝑝

𝑣𝑤𝑖𝑛𝑑
 (1) 
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A. Stator-Slot / Rotor-Pole Combination 

The stator-slot and rotor-pole numbers are essential for an 

electrical machine. By choosing appropriate combinations 

and designing the winding layouts properly, 3rd-order 

harmonics and even-order harmonics can be eliminated, 

resulting in a symmetrical phase electromotive-force (EMF) 

with low harmonic distortion. 

The coil-EMFs of the SFPM machines suffer from even-

order harmonics, which is caused by the modulation of the 

rotor permeance’s even-order harmonics [37]-[40]. To 

achieve a symmetrical phase EMF, coils with opposite even-

order EMF harmonics are connected in one phase. A null 

even-order harmonic distribution factor is obtained when the 

stator-slot number Ns and the phase number m satisfy 

𝑁𝑠 = 2𝑘𝑚 (2) 

where k=1,2,3… To ease the manufacture of the 12-phase 

SFPM generator, Ns is designed as the smallest feasible 

value shown in (2), i.e. Ns=24. A higher number of stator 

slots would require a shorter air-gap length to prevent the 

leakage flux between adjacent stator teeth, which would 

increase the manufacturing difficulties. 

As for the rotor-pole number Nr, an even value close to 

the stator-slot number is desirable for a high pitch factor and 

avoiding the unbalanced magnetic pull. Here, Nr is selected 

as 22 to achieve the lower possible electric frequency 

considering the converter losses. 

The topology of the 24-slot/22-pole SFPM generator is 

shown in Fig. 1(a) where the coil connection of phase A1 is 

marked. Each phase winding consists of two concentrated 

coils with “one tooth-one coil” configuration. The open-

circuit EMF phasors of the 24 coils are given in Fig. 2(a), 

and a symmetrical 12-phase winding layout can be achieved. 

For the 12-phase SPM generator, three stator-slot and 

rotor-pole combinations are chosen, i.e. the 24-slot/22-pole-

pair one shown in Fig. 1(b), the 48-slot/20-pole-pair one 

shown in Fig. 1(c), and the 48-slot/22-pole-pair one shown 

in Fig. 1(d). The first is selected to achieve the same electric 

frequency and same slot number as the SFPM generator, 

while the latter two are adopted to achieve the concentrated 

winding topology with the last one has the same electric 

frequency as the SFPM generator. 
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(c) Coil-EMF phasors of 48-slot/20-

pole-pair SPM 

(d) Coil-EMF phasors of 48-slot/22-

pole-pair SPM 

Fig. 2.  EMF phasors of the 12-phase PM generators. 
 

It should be noted that the concentrated winding adopted 

by the SFPM generator and the 48-slot/20-pole-pair and 

SPM generator reduces the end-winding length while 

keeping a high pitch factor kp equal to cos(15°)=0.966, as 

shown in Fig. 2(a) and Fig. 2(c). The concentrated winding 

employed in the 48-slot/22-pole-pair SPM generator shown 

in Fig. 2(d) can achieve an even higher kp=cos(7.5°)=0.991. 

However, kp is as low as 0.26 when this winding type is used 

in the 24-slot/22-pole-pair SPM machine. Therefore, 

overlapping winding is applied on the 24/22-pole-pair SPM 

machine, as shown in Fig. 1(b), where each phase winding 

consists of one full pitch coil. The slot-EMF phasors of the 

24/22-pole-pair SPM machine are illustrated in Fig. 2(b). 
 

TABLE I 
KEY PARAMETERS OF THE SFPM GENERATOR AND SPM GENERATORS 

Item Unit 
24/22 

SFPM 

24/22 

SPM 

48/20 

SPM 

48/22 

SPM 

Stator outer radius, Rso mm 163.5 

Rotor inner radius, Rri mm 60 

Stack length, Ls mm 185 

Machine volume, Vso m3 1.55×10-2 

Air-gap thickness, g mm 1 

Stator yoke radius, Rsy mm 154.94 149.80 155.80 153.2 

Stator inner radius, Rsi mm 130.8 

Rotor outer radius, Rro mm 129.8 

Rotor yoke radius, Rry mm 103.84 123.73 123.73 123.73 

Stator tooth width, Wst mm 8.97 13.69 7.70 10.27 

Stator slot opening, Oss mm 8.56 11.41 4.85 2.28 

Stator PM width, WPM mm 7.71 - - - 

Rotor PM arc, θPM ° - 8.18 9 8.18 

Rotor pole arc, θrp ° 5.25 - - - 

Rotor yoke arc, θry ° 12.08 - - - 

Slot current density, Jsrms A/mm2  2.5   

Total stator slot area, As mm2 6793.97 9961.47 12988.11 8680.21 

Number of turns per coil, Nc - 65 85 40 40 

Number of strands per turn, Nst - 2 4 3 2 

Slot filling factor, ksf - 0.60 0.54 0.58 0.58 

Conductor copper diameter, dc mm 0.912 (AWG19) 

Parallel branch number, b - 1 

Lamination type - DW465-50 

N35 PM remanence at 22 ℃, Br T 1.18 

N35 PM relative permeability at 
22 ℃, μr 

- 1.05 
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Fig. 3.  Linear illustration of main dimensional parameters. 



 

 

 

B. Key Dimensional Parameters 

The main dimensional parameters of the generators are 

defined in Fig. 3. Two key parameters are the split ratio and 

the stator tooth width ratio for all the four generators, as they 

are more sensitive to electromagnetic performance than other 

parameters in both SFPM machines [42] and SPM machines 

[43]. The split ratio is defined as the ratio of the stator inner 

radius Rsi to the stator outer radius Rso. The stator tooth width 

ratio is defined as the ratio of stator tooth width Wst to the 

original tooth width which is 1/4 of the stator slot pitch for 

the SFPM machine and half of the stator slot pitch for the 

SPM machines. With a fixed slot current density root mean 

square (RMS) value Jsrms=2.5 A/mm2, they are optimized for 

a high phase fundamental EMF per turn and a low cogging 

torque, both of which are desired by the direct-drive wind 

power generator. During the optimization, the ratio of the 

stator slot opening to the stator slot pitch is fixed as 1/4 for 

the SFPM machine [8], [41], whilst in the SPM machine, the 

tooth tip circumferential arc θtt is fixed as 2 degrees for the 

24-slot/22-pole-pair one and 1 degree for two 48-slot ones. 

The stator yoke thickness Tsy is set equal to the stator tooth 

width Wst for both SFPM and SPM machines, to achieve a 

similar saturation level in stator yoke and the stator tooth. 

Moreover, the stator outer diameter, stack length and the air-

gap thickness are set equal for a fair comparison. The PM 

volume of the three SPM generators is set as the same as the 

SFPM generator design, which has been reported in [23]. It 

is worth noting that the optimization here is not exhaustive, a 

global optimization could be conducted to achieve more 

possible best designs. 

 
Fig. 4.  B-H curve of DW465-50 lamination. 

Based on the lamination B-H curve shown in Fig. 4 and 

the magnet properties shown in TABLE I, the performance 

curves versus split ratio and stator tooth width are shown in 

Fig. 5 to Fig. 8, respectively. Tradeoffs have to be made 

between the optimization goals, i.e. highest open-circuit 

phase EMF per turn and lowest cogging torque. They cannot 

be obtained at the same time. As shown in Fig. 5 to Fig. 8, 

the optimal points marked “optimal” in the optimization 

curves of split ratio and stator tooth width ratio are selected 

to achieve the highest fundamental EMF value per turn with 

a reasonable peak cogging torque. 

 
Fig. 5.  Influence of split ratio on phase EMF RMS value (1 turn). 

 
Fig. 6.  Influence of split ratio on peak value of cogging torque. 

 
Fig. 7.  Influence of stator tooth width on phase EMF RMS value (1 turn). 

 
Fig. 8.  Influence of stator tooth width on peak value of cogging torque. 

C. Number of Turns per Coil 

The number of turns per coil Nc should be designed 

carefully not only to meet the demand of rated output 

voltage of a RMS value of 220 V per phase at rated 

condition, but also to keep a low voltage regulation factor. 

The voltage regulation factor U is calculated by 

𝑈 = (
𝐸0
𝑈𝑜
− 1) × 100% (3) 

where E0 and Uo are the open-circuit phase EMF and output 

voltage at the rated speed, respectively. 

When the generators operate with a pure resistive load, 
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the phase current Io will be in phase with the output voltage 

Uo. The corresponding phasor diagram of the generators are 

shown in Fig. 9, where Rph and Xs are the winding resistance 

and synchronous reactance of each phase, respectively. β is 

the load angle, which is defined as the phase angle by which 

phase current Io lags behind open-circuit phase EMF E0. 

According to the phasor diagram, equation (4) can be 

obtained: 

𝐸0 = 𝐼𝑜√(𝑅𝑁 + 𝑅𝑝ℎ)
2
+ 𝑋𝑠

2 (4) 

where RN is the external resistive load, i.e. Uo=IoRN. 

Then the expression of voltage regulation factor ⊿U can 

be written as, 

𝑈 =

(

 
√(𝑅𝑁 + 𝑅𝑝ℎ)

2
+ 𝑋𝑠

2

𝑅𝑁
− 1

)

 × 100% (5) 

As shown in (5), the voltage regulation factor increases 

with the number of turns per coil Nc, since the winding 

resistance Rph is proportional to Nc and the reactance Xs is 

proportional to the square of Nc. 

 
Fig. 9.  Simplified voltage phasor of a generator with a pure resistive load. 

 

The influence of the number of turns per coil Nc on the 

output power and voltage regulation factor for the generators 

operating with the rated resistive load RN at 500 r/min are 

predicted, as shown in Fig. 10. It can be learned from Fig. 

10(b) that a higher number of coil turns is not always 

beneficial for a higher output power, since the voltage 

regulation factor gets worse quickly, which may cause a 

decrease of the output voltage and hence the power. 

Therefore, the number of turns per coil cannot be too high. It 

should be optimized to achieve a high power but a low 

voltage regulation factor. By considering the voltage or 

power decrement caused by stacking factor and end-effect, 

Nc is designed as 65 for the SFPM generator, whilst Nc=85 

for the 24-slot/22-pole-pair, Nc=40 for the 48-slot/20-pole-

pair, and Nc=40 for the 48/22-pole-pair SPM generators, 

respectively, as shown in TABLE I. It also reveals that the 

design of the 24-slot/22-pole-pair SPM generator cannot 

match the rated specification of 10 kW output power due to 

the restriction of the stator/rotor-pole combination, as shown 

in Fig. 10(b). 

Considering a slot filling factor ksf=0.6 can be achieved, 

the AWG19 copper wire is selected for the 24-slot/22-pole 

SFPM design with a number of strands per coil kst=2, as 

show in TABLE I. Slightly lower slot filling factors can be 

achieved in the 24-slot/22-pole-pair, 48-slot/20-pole-pair 

SPM and 48-slot/22-pole-pair SPM generators, i.e. 0.54, 

0.58 and 0.58, respectively, as shown in TABLE I. 

 

 
(a) 24-slot/22-pole SFPM 

 
(b) 24-slot/22-pole-pair SPM 

 
(c) 48-slot/20-pole-pair SPM 

 
(d) 48-slot/22-pole-pair SPM 

Fig. 10.  Influence of number of turns per coil on the on-load output power 

and voltage regulation factor with a rated resistive load RN=58 Ω. 

III. COMPARISON OF ELECTROMAGNETIC PERFORMANCE 

After the optimization, the electromagnetic performances 

including open-circuit static characteristics and on-load 

generating performances of the generators are predicted and 

compared basing on 2-D FE analysis. 

A. Open-Circuit Characteristics 

As shown in Fig. 11, the SFPM machine has a more 

sinusoidal phase EMF than the SPM counterparts, although 

it has stronger air-gap field harmonics (see Fig. 12). This is 

explained as follows. 
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(a) Waveforms 

 
(b) Spectra 

Fig. 11.  Open-circuit phase EMF at 500 r/min. 

 
(a) Waveforms 

 
(b) Spectra 

Fig. 12.  Open-circuit air-gap radial flux density. 

 

The harmonic air-gap fields play a leading role. The 

reason lies in the modulation effect of the salient rotor in the 

SFPM machines [37]-[40], which makes the air-gap field 

harmonics produced by PM and armature reaction rotate 

synchronously to generate electromagnetic torque. The air-

gap flux density for the SFPM machine is apparently higher 

than the SPM counterparts due to flux-focusing effect. The 

phase fundamental EMF magnitude for the 48-slot/22-pole-

pair and 48-slot/20-pole-pair SPM generators have the 

highest and lowest values, respectively. As shown in Fig. 

11(b) and TABLE II, the 48-slot/22-pole-pair SPM generator 

exhibits a 3.9% higher phase fundamental EMF than the 

SFPM one. 

As shown in Fig. 11(b) and TABLE II, the 24-slot/22-

pole SFPM generator also features a lower harmonic content 

and hence the smallest total harmonic distortion (THD) for 

the phase EMF waveform, due to the cancellation of even-

order harmonics of coils belong to the same phase, i.e. zero 

distribution factor for even-order harmonics, and also the 

low pitch factor for other harmonics [44]. Here, THD of the 

phase EMF waveform is defined as, 

𝑇𝐻𝐷 =
√𝐸2

2 + 𝐸3
2 + 𝐸4

2 +⋯

𝐸1
 (6) 

where E1 is the phase EMF fundamental value, whilst Ek 

(k=2,3,4,…) is the kth harmonic amplitude. 

The cogging torque of all three SPM generators are larger 

than that of the SFPM generator but in the similar level, as 

shown in Fig. 13(a). The cogging torque harmonics of three 

SPM generators and the SFPM generator are comparatively 

shown in Fig. 13(b). As shown in Fig. 13(b), the cogging 

torque harmonic orders of each SPM generators having 

stator slot number Q and pole-pair number p are integer 

multiple of LCM(Q,2p)/p [45], where LCM is the least 

common multiplier, although the 12th cogging torque 

harmonic in the 48-slot/20-pole-pair SPM generator is small. 

Similarly, the cogging torque harmonic orders in the 24-

slot/22-pole SFPM generator are integer multiple of 

LCM(24,22)/22=12. 

 
(a) Waveforms 

 
(b) Spectra 

Fig. 13.  Cogging torques. 

B. On-Load Generating Performances 

The on-load performances including output voltage and 

power, torque, voltage regulation factor and efficiency of the 

SFPM and SPM generators working at 500 r/min with 12-

phase resistive loads have been simulated. 

-600

-400

-200

0

200

400

600

0 60 120 180 240 300 360

E
M

F
 

(V
)

Rotor position (elec. deg.)

24-slot/22-pole SFPM

24-slot/22-pole-pair SPM

48-slot/20-pole-pair SPM

48-slot/22-pole-pair SPM

0

100

200

300

400

500

600

1 2 3 4 5 6 7

E
M

F
 

(V
)

Harmonic order

24-slot/22-pole SFPM

24-slot/22-pole-pair SPM

48-slot/20-pole-pair SPM

48-slot/22-pole-pair SPM

-3

-2

-1

0

1

2

3

0 30 60 90 120 150 180

R
a
d
ia

l 
fl

u
x
 d

e
n

s
it

y
 (

T
)

Air-gap position (mech. deg.)

24-slot/22-pole SFPM 24-slot/22-pole-pair SPM

48-slot/20-pole-pair SPM 48-slot/22-pole-pair SPM

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

R
a
d
ia

l 
fl

u
x
 d

e
n

s
it

y
 (

T
)

Harmonic order

24-slot/22-pole SFPM

24-slot/22-pole-pair SPM

48-slot/20-pole-pair SPM

48-slot/22-pole-pair SPM

-3

-2

-1

0

1

2

3

0 30 60 90 120 150 180

C
o
g

g
in

g
 t

o
r
q
u

e
 
(N

m
)

Rotor position (elec. deg.)

24-slot/22-pole SFPM 24-slot/22-pole-pair SPM

48-slot/20-pole-pair SPM 48-slot/22-pole-pair SPM

0.0

0.5

1.0

1.5

2.0

2.5

3.0

6 12 18 24 30

C
o
g

g
in

g
 t

o
r
q
u

e
 
(N

m
)

Harmonic order

24-slot/22-pole SFPM

24-slot/22-pole-pair SPM

48-slot/20-pole-pair SPM

48-slot/22-pole-pair SPM



 

 

 

 
(a) Waveforms 

 
(b) Spectra 

Fig. 14.  On-load phase voltage at 500 r/min with RN=58 Ω. 

 

The output voltage waveforms at rated generating 

condition with the rated resistive load RN=58 Ω are shown in 

Fig. 14. According to the harmonic analysis results shown in 

Fig. 14(b), the 48-slot/22-pole-pair SPM generator has the 

highest fundamental output voltage magnitude, whilst the 

24-slot/22-pole-pair SPM generator exhibits the lowest one, 

although their open-circuit phase EMFs are closer (see Fig. 

11). This phenomenon indicates that the voltage regulation 

factor for the 24-slot/22-pole-pair SPM generator is much 

larger. The feature values are calculated in TABLE II. The 

root cause of the difference lies in the inductance values. The 

24-slot/22-pole-pair SPM generator has a particularly higher 

inductance, which causes a larger load angle β as shown in 

TABLE II. This brings a worse voltage regulation factor, 

since U is positively correlated with 1/cosβ when the 

winding resistance Rph is neglected, and a lower 

electromagnetic torque as shown in Fig. 15. The small 

overshoot on the torque waveform of the 24-slot/22-pole-

pair SPM generator is caused by the high winding 

inductance as shown in TABLE II. As shown in Fig. 14(b) 

and TABLE II, similar to the trend for THD of the open-

circuit phase EMF, the 24-slot/22-pole SFPM generator also 

exhibits a lower THD of the on-load phase voltage than the 

three analyzed SPM generators. 

The lowest THD of the on-load phase voltage shown in 

Fig. 14(b) and the lowest cogging torque shown in Fig. 13 

also contribute the smallest torque ripple of the 24-slot/22-

pole SFPM generator, as shown in Fig. 15 and TABLE II. 

The torque ripple Trip in TABLE II is defined as, 

𝑇𝑟𝑖𝑝 =
𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛

𝑇𝑎𝑣𝑒
× 100% (7) 

where Tmax, Tmin and Tave are the maximum, minimum and 

average torque values. 

 
Fig. 15.  On-load electromagnetic torque waveforms at 500 r/min with RN. 

 
Fig. 16.  Influence of on-load phase fundamental RMS current on output 

voltage within a resistive load range at 500 r/min. 

 
Fig. 17.  Influence of on-load phase fundamental RMS current on output 

power within a resistive load range at 500 r/min. 

The generating performance of the four generators 

operated within a resistive load range at 500 r/min are 

analyzed as shown in Fig. 16 to Fig. 18. The stability of the 

output voltage when the external load changes can be 

reflected by the slopes of the curves in Fig. 16. Clearly, the 

output voltage for the 48-slot/20-pole-pair SPM generator 

can be kept more stable than the other three when the load 

current changes slightly from the rated point. From Fig. 17, 

the overload capability of the generators can be evaluated by 

the peak point and rated point of the curves. The maximum 

powers of the 48-slot/20-pole-pair SPM, the 48-slot/22-pole-

pair SPM and SFPM generator are about 2.9, 1.78 and 1.35 

times of the rated values, respectively. The peak point is 

very close to the rated point in 24-slot/22-pole-pair SPM 

machine. This is again due to the largest inductance shown 

in TABLE II. The efficiency curves in Fig. 18 also shows 

that the 48-slot/20-pole-pair SPM generator can efficiently 

operate within a wide load range. In this paper, the 

efficiency η of the generator is given by, 

𝜂 =
𝑃𝑜
𝑃𝑖
× 100% =

𝑃𝐸𝑀 − 𝑝𝑐𝑢
𝑃𝐸𝑀 + 𝑝𝑓𝑒 + 𝑝𝑃𝑀

× 100% (8) 

where Po and Pi are the output electric power and the input 
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mechanical power, respectively. PEM is the electromagnetic 

power. pcu, pfe and pPM are the copper loss, iron loss and PM 

eddy current loss, respectively. 

The iron loss pfe shown in TABLE II consists of three 

parts [46] including the hysteresis loss phy, the eddy current 

loss ped and the excess loss pex, 

𝑝𝑓𝑒 = 𝑝ℎ𝑦 + 𝑝𝑒𝑑 + 𝑝𝑒𝑥
= 𝑘ℎ𝑦𝑓𝐵𝑚

2 + 𝑘𝑒𝑑𝑓
2𝐵𝑚

2 + 𝑘𝑒𝑥𝑓
1.5𝐵𝑚

1.5 
(9) 

where khy, ked and kex are the loss coefficients for the 

hysteresis loss, eddy current loss and excess loss, 

respectively. Here, the hysteresis loss coefficient and the 

eddy current loss coefficient of the lamination DW465-50 

are set as khy=168 W/m3 and ked=0.822 W/m3, whilst the 

excess loss coefficient is neglected as kex=0. Bm is the 

maximum flux density. 

The PM eddy current loss pPM shown in TABLE II is the 

sum of each magnet eddy current loss, which is given by, 

𝑝𝑃𝑀 =
1

𝜎
∫𝑱2 𝑑𝑉 (10) 

where σ is the PM conductivity, which is 6.25×105 s/m. J is 

the eddy current. V is the corresponding volume for each 

magnet. 

 
Fig. 18.  Influence of on-load phase fundamental RMS current on 

efficiency within a resistive load range at 500 r/min. 

TABLE II 

2-D FE-PREDICTED CHARACTERISTICS OF FOUR ANALYSED GENERATORS 

(TEMPERATURE: 22 ℃) 

Item Unit 
24/22 

SFPM 

24/22 

SPM 

48/20 

SPM 

48/22 

SPM 

Eo (RMS) V 313.6 303.1 290 325.8 

THD of phase EMF Eo % 7.9 9.1 8.6 21.5 

Rated Uo (RMS) V 274.4 198.9 282.5 300.9 

Rated Io (RMS) A 4.73 3.43 4.87 5.19 

THD of phase voltage Uo % 3.8 14.5 7.8 16.7 

Rated output power, Po kW 15.6 8.2 16.5 18.7 

Rated torque, Te Nm -312.8 -165.2 -322.5 -377.7 

Torque ripple, Trip % 0.6 3.7 9 1.4 

Voltage regulation factor % 12.3 52.4 2.7 8.3 

Self-inductance, LA1A1 mH 11.8 30.1 5.1 7.9 

Load angle, β ° 20 42 8.3 13 

Copper loss, pcu W 443.3 91.7 170.8 581.5 

Iron loss, pfe W 322.4 171.4 368.8 348.3 

PM loss, pPM W 104.7 222.3 71.4 32.9 

Total loss, ptotal W 870.4 485.4 611.0 962.7 

Efficiency, η % 94.8 94.6 96.5 95.2 

 

IV. STEADY-STATE THERMAL PERFORMANCE 

In the foregoing analysis, the temperature of all generator 

components including winding and PM are set as 22 ℃. 

However, as well known, a different temperature will 

influence the PM characteristics and winding resistance, and 

hence the electromagnetic performance listed in TABLE II. 

In this section, the steady-state thermal performance of all 

the four analyzed generators are analyzed and given as 

follows. 

A. Convective Heat Transfer Coefficient between Housing 

and Ambient 

In [47], the thermal performance of a 9-phase SFPM 

generator [5] with axial fins on housing is analyzed, which 

has the same stator outer radius Rso as the four analyzed 

generators in this paper. By employing the housing with 

axial fins of the 9-phase SFPM generator in [48] to the four 

analyzed generators here, the convective heat transfer 

coefficient between housing and ambient hh can be given by 

[47], [48], 

ℎℎ =
𝜌𝑎𝑖𝑟𝑐𝑎𝑖𝑟𝐷𝑣

4𝐿𝑓
(1 − 𝑒−𝑚ℎ) (11) 

where ρair and cair are the mass density and the specific heat 

capacity of air, respectively. D is the hydraulic diameter in 

unit of meter. v is the inlet air velocity in the fin channels. Lf 

is the axial length of cooling fins. mh is given by [48], 

𝑚ℎ =
0.1448 × 𝐿𝑓

0.946

𝐷1.16
× (

𝑘𝑎𝑖𝑟
𝜌𝑎𝑖𝑟𝑐𝑎𝑖𝑟𝑣

)
0.214

 (12) 

where kair is the air thermal conductivity. 

Based on (11) and (12), when the generator is operating at 

500 r/min, the convective heat transfer coefficient between 

housing and ambient for all the four analyzed generators can 

be calculated as hh=137 W/m2/℃ [47]. 

B. Air-Gap Convective Heat Transfer Coefficient 

The Taylor number Tag based on mean air-gap radius is 

given by (13), where Ωr is the rotating speed of the rotor in 

unit of rad/s, Rg is the air-gap radius, i.e. Rg=(Rsi+Rro)/2, vair 

is the air fluid kinematic viscosity [49]. Based on (13), the 

Taylor number of the air-gap can be calculated as Tag=31.62, 

which is smaller than the critical Taylor number Tag,cr=41.19. 

Hence, the flow remains a Couette flow [49]. 

Ta𝑔 =
𝛺𝑟𝑅𝑔

0.5(𝑅𝑠𝑖 − 𝑅𝑟𝑜)
1.5

𝑣𝑎𝑖𝑟
 (13) 

The geometry factor of the air-gap Fg is given by (14), 

where S is given in (15) [49]. Based on (14) and (15), the 

geometry factor of the air-gap can be calculated as Fg≈1.  

𝐹𝑔 =
𝜋2

41.19√𝑆
(1 −

𝑅𝑠𝑖 − 𝑅𝑟𝑜
2𝑅𝑔

)

−1

 (14) 

 

𝑆 = 0.0571 (1 − 0.652
(𝑅𝑠𝑖 − 𝑅𝑟𝑜)/𝑅𝑔

1 − (𝑅𝑠𝑖 − 𝑅𝑟𝑜)/2𝑅𝑔
)

+ 0.00056 (1 − 0.652
(𝑅𝑠𝑖 − 𝑅𝑟𝑜)/𝑅𝑔

1 − (𝑅𝑠𝑖 − 𝑅𝑟𝑜)/2𝑅𝑔
)

−1

 

(15) 

As Tag
2/Fg

2<1700, the heat transfer is dominated by 

conduction and the Nusselt number of the air-gap Nug can be 

given by (16) [49]. Based on (16), the Nusselt number can 

be calculated as Nug≈2. Then, the air-gap convective heat 

transfer coefficient can be calculated as hg≈26.1 W/m2/℃ for 

all the four analyzed generators, based on (17). 
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Nu𝑔 =
2[(𝑅𝑠𝑖 − 𝑅𝑟𝑜)/𝑅𝑟𝑜]

ln[1 + (𝑅𝑠𝑖 − 𝑅𝑟𝑜)/𝑅𝑟𝑜]
 (16) 

 

ℎ𝑔 = 𝑘𝑎𝑖𝑟
Nu𝑔

2𝑔
 (17) 

C. Steady-State Thermal Analysis 

Based on the calculated convective heat transfer 

coefficient between housing and ambient hh=137 W/m2/℃ 

and that for the air-gap hg≈26.1 W/m2/℃, the steady-state 

temperature distribution of the four analyzed generators at 

500 r/min with a pure resistive load RN=58 Ω are shown in 

Fig. 19. The steady-state winding temperature and magnet 

temperature are comparatively listed in TABLE III. Here, 

the isotropic thermal conductivity of the air, stator / rotor 

core, PM, copper winding and aluminum housing are set as 

kair=0.026 W/m/℃, kiron=40 W/m/℃, kPM=6.16 W/m/℃, 

kcu=400 W/m/℃ and kal=237.5 W/m/℃, respectively. The 

0.5mm thick slot liner material is set as NOMEX with a 

thermal conductivity kli=0.13 W/m/℃. It is worth noting that 

these thermal results are based on closed-loop co-simulation 

between electromagnetic analysis and steady-state thermal 

analysis with a convergence error 0.5℃ for both PM 

temperature and winding temperature. Electromagnetic 

analysis predicted losses are used to modify the temperature 

distribution in thermal analysis, whilst thermal analysis 

predicted results are used to update the PM characteristics in 

electromagnetic analysis. In the closed-loop co-simulation, 

the temperature coefficient of the N35 PM remanence Br is -

1.1×10-3 ℃-1, whilst that of the coercivity Hc is -6×10-3 ℃-1. 

The temperature coefficient of resistance for the copper 

winding is set as 3.8×10-3 ℃-1. 

  
(a) 24-slot/22-pole SFPM (b) 24-slot/22-pole-pair SPM 

  
(c) 48-slot/20-pole-pair SPM (d) 48-slot/22-pole-pair SPM 

Fig. 19.  Steady-state temperature distribution of four analysed generators 

at 500 r/min with RN=58 Ω (housing and shaft not shown). 

As shown in Fig. 19 and TABLE III, the SFPM generator 

and the 48-slot/22-pole-pair SPM generator have a higher 

winding temperature and PM temperature than the 24-

slot/22-pole-pair and 48-slot/20-pole-pair SPM generator, 

which is mainly due to the larger losses shown in TABLE II. 

In addition, as listed in TABLE III, the magnet temperature 

in all the four generators is smaller than the maximum 

working temperature of N35, i.e. 80 ℃. 

As shown in TABLE III, by considering the influence of 

temperature of PM and winding, the average torque of all the 

four analyzed generators is slightly smaller than their 

counterparts without consideration of temperature rising 

listed in TABLE II, i.e. 7.95%, 9.15%, 4.51% and 12.60%, 

respectively. However, the efficiency is kept similar for all 

of them. 

TABLE III 
COMPARISON OF STEADY-STATE PERFORMANCE IN FOUR ANALYSED 

GENERATORS AT 500 r/min WITH RN=58 Ω 

Item Unit 
24/22 

SFPM 

24/22 

SPM 

48/20 

SPM 

48/22 

SPM 

Maximum winding temperature ℃ 49.4 35.9 39.2 50.1 

Minimum winding temperature ℃ 49.2 35.8 39.1 50.0 

Average winding temperature ℃ 49.4 35.9 39.2 50.1 

Maximum PM temperature ℃ 49.9 37.0 39.4 50.2 

Minimum PM temperature ℃ 48.1 36.0 39.1 50.0 

Average PM temperature ℃ 49.2 36.6 39.3 50.1 

Average torque, Tave Nm -287.93 -150.08 -307.97 -330.10 

Torque ripple, Trip % 0.5 1.53 4.20 0.89 

Copper loss, pcu W 489.69 96.54 181.95 642.07 

Stator iron loss, pfe W 155.57 159.51 354.49 304.71 

Rotor iron loss, pfe W 149.65 7.92 0.51 0.21 

PM loss, pPM W 168.18 221.41 73.69 36.71 

Total loss, ptotal W 963.09 485.38 610.64 983.70 

Efficiency, η % 96.9 95.2 97.4 98.0 

 

V. EXPERIMENTAL VALIDATION 

To validate the previous 2-D FE analysis, the 12-phase 

24-slot/22-pole SFPM generator is built and tested, as shown 

in Fig. 20. The volume and weight of the stator core, rotor 

core, PMs and copper of the prototype are in TABLE IV. It 

is worth noting that some of the experimental results have 

been reported in [6] and [23]. 

TABLE IV 
COMPONENTS VOLUME AND WEIGHT OF THE 24-SLOT/22-POLE SFPM 

PROTOTYPE 

Item Unit Value 

Stator core volume dm3 3.05 

Stator core mass density kg/m3 7850 

Stator core weight kg 24.0 

Rotor core volume dm3 5.81 

Rotor core mass density kg/m3 7850 

Rotor core weight kg 45.6 

PMs volume dm3 0.87 

PM mass density kg/m3 7600 

PMs weight kg 6.6 

Copper volume dm3 0.34 

Copper mass density kg/m3 8933 

Copper weight kg 3.0 

Total weight kg 79.1 

 

A. Open-Circuit 

The tested open-circuit phase EMF waveforms for phases 

A1-A4 of the 12-phase 24-slot/22-pole SFPM prototype at 

500 r/min are shown in Fig. 21. As shown in Fig. 22, the 

measured phase EMF waveform matches well with the 3-D 

FE predicted result which takes the end leakage flux into 

account. As shown in Fig. 22(b), the measured phase EMF 

fundamental amplitude is 7.95% and 4.10% smaller than the 

2-D and 3-D FE predicted value, respectively. The measured 

winding self-inductance and mutual inductance by HIOKI 

LCR meter also agree well with the 2-D FE predicted values, 

as shown in Fig. 23. 



 

 

 

  
(a) Rotor (b) Stator 

Fig. 20.  Rotor and stator of the 12-phase 24-slot/22-pole prototype. 

 
Fig. 21.  Tested open-circuit phase EMF waveforms of the 12-phase 24- 

slot/22-pole SFPM prototype @500 r/min (C1-C4: Phases A1-A4). 

 
(a) Waveforms 

 
(b) Spectra 

Fig. 22.  Comparison between the tested and FE predicted open-circuit 

phase EMF of the 12-phase SFPM prototype @500 r/min. 

 
Fig. 23.  Comparison between the tested and FE predicted winding 

inductances of the 12-phase SFPM prototype. 

B. Rated On-Load 

The test bench for measuring the on-load performances is 

shown in Fig. 24, including a DC motor to drive the SFPM 

prototype, a torque sensor to measure the input mechanical 

torque, and the 12-phase symmetrical pure resistive load 

(RN=58 Ω) connected to the SFPM generator’s 12-phase 

windings. 
 

 
Fig. 24.  Test bench for SFPM generator with pure resistive load. 

 
Fig. 25.  Tested output voltage of the 12-phase 24-slot/22-pole SFPM 

prototype with resistive load RN=58Ω @500 r/min (C1-C4: Phases A1-A4). 

-500

-400

-300

-200

-100

0

100

200

300

400

500

0 60 120 180 240 300 360

P
h

a
s
e
 b

a
c
k

-E
M

F
 

(V
)

Rotor position (elec. deg.)

Measured

2-D FE

3-D FE

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 10

P
h

a
s
e
 b

a
c
k

-E
M

F
 

(V
)

Harmonic order

Measured

2-D FE

3-D FE

-12

-8

-4

0

4

8

12

16

0 60 120 180 240 300 360

In
d
u

c
ta

n
c
e
 

(m
H

)

Rotor position (elec. deg.)

LA1A1, Measured LA1A1, 2-D FE
MA2A1, Measured MA2A1, 2-D FE
MB2A1, Measured MB2A1, 2-D FE
MC4A1, Measured MC4A1, 2-D FE

DC motor

SFPM generator

Torque sensor

Resistive load



 

 

 

 
(a) Waveforms 

 
(b) Spectra 

Fig. 26.  Comparison between the tested and FE predicted phase winding 

voltage and current of the 12-phase SFPM prototype with resistive load 

RN=58Ω @500 r/min. 

 
Fig. 27.  Comparison between the tested mechanical torque and FE-

predicted electromagnetic torque (resistive load RN=58 Ω @500 r/min). 

The on-load output voltage for phases A1-A4 of the 12-

phase 24-slot/22-pole SFPM prototype at 500 r/min are 

shown in Fig. 25, which agree well with the 2-D FE 

predicted value, as shown in Fig. 26 together with the phase 

winding current in terms of both waveforms and spectra. The 

measured open-circuit phase fundamental EMF RMS value 

and the output voltage RMS value are 271 V and 223 V, 

respectively. Using the test value, the actual voltage 

regulation factor ΔU and output power Po can be calculated, 

as listed in TABLE V. The measured input mechanical 

torque is shown in Fig. 27, together with the electromagnetic 

torque predicted by 2-D and 3-D FE analysis. The measured 

input mechanical torque is 15% lower than the 2-D FE 

analyzed electromagnetic torque because both the PM flux-

linkage and armature current are reduced due to end-effect. 

After considering the end leakage by using 3-D FE method, 

the tested torque is 4.8% higher than the predicted value. 

Finally, the efficiency of the prototype operated at rated 

power generating condition is obtained through dividing the 

output power Po by the input mechanical power Pi which is 

derived from the measured mechanical torque Ti as shown in 

TABLE V. The difference between Pi and Po comes to the 

total loss of the generator, including copper loss, iron loss, 

PM eddy-current loss and mechanical loss. 
TABLE V 

TEST RESULTS OF THE 24-SLOT/22-POLE SFPM PROTOTYPE AT RATED 

GENERATOR MODE @500 r/min 

Item Unit Value 

Open-circuit phase fundamental EMF (RMS), Eo V 271 

Output phase voltage (RMS), Uo V 223 

Output phase current (RMS), Io A 4 

Input mechanical torque, Ti Nm 224 

Input mechanical power, Pi kW 11.8 

Output power, Po kW 10.3 

Power density, Po/Vso kW/m3 664.5 

Efficiency, η % 87.8 

Voltage regulation factor, ΔU % 22 

 

 
(a) Output phase winding voltage and current 

 
(b) Output electric power and efficiency 

Fig. 28.  Comparison between the tested output voltage, winding current, 

power and efficiency at various rotor speeds (resistive load RN=58 Ω). 

 
Fig. 29.  Variation of tested shaft torque with various rotor speeds 

(resistive load RN=58 Ω). 

 

C. On-Load with Various Rotor Speeds and Constant 

Resistive Load RN=58 Ω 

Here the resistive load for each phase winding is fixed as 

RN=58Ω to investigate the influence of rotor speed on the 

output voltage, phase current, output power and efficiency. 

As shown in Fig. 28, the measured values agree well with 
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the 2-D FE predicted values at low speeds, however, the 

difference becomes larger at a high speed. This is due to: i) 

the severer end flux-leakage caused by more saturated 

magnetic field [50]; and ii) a higher rotor speed will induce a 

larger winding current and hence a higher PM temperature 

within a same time length, which will degrade the PM 

strength more and hence the output voltage. As shown in 

Fig. 28(b), the measured efficiencies are lower than those 

predicted by 2-D FE, due to the neglecting of the eddy 

current loss of the generator aluminum shell [51], 

mechanical loss and additional loss. 

The lower tested efficiency from 100 r/min to 300 r/min 

shown in Fig. 28 could be caused by the similar friction 

torque at different speeds. Since the rolling friction is 

independent of speed, the friction torque of the ball bearing 

can be regarded as similar at different speeds. However, the 

shaft mechanical torque is larger at a higher speed, as shown 

in Fig. 29. This means the ratio of the friction loss to the 

shaft mechanical power goes lower at a higher speed. Hence, 

the efficiency is smaller at low speeds. 

 
(a) Output phase winding voltage 

 
(b) Output electric power and efficiency 

Fig. 30.  Comparison between the tested output voltage, power and 

efficiency versus phase winding current at various resistive loads (rotor 

speed nN=500 r/min). 

D. On-Load with Various Resistive Loads and Constant 

Rotor Speed nN=500 r/min 

Here the rotor speed is fixed as nN=500 r/min, whilst the 

resistive load for each phase winding is varied with RN=20 

Ω, 30 Ω, 40 Ω, 50 Ω and 58 Ω to investigate the influence of 

load on the output voltage, phase current and output power. 

The curves shown in Fig. 30(a) reflect the voltage regulator 

factor of the prototype, and a higher slope rate stands for a 

worse voltage regulation. As shown in Fig. 30(a), the 

measured voltage regulation is worse than that predicted by 

2-D FE, due to a higher end flux-leakage caused by a larger 

load current. It can also be overserved from Fig. 30(b) that 

the prototype can output the maximum power as ~1.16 times 

to the rated value, when the phase resistance is between 30 Ω 

and 40 Ω. 

VI. CONCLUSION 

In this paper, the 12-phase SFPM and SPM generators for 

direct-drive wind power generation are compared in terms of 

open-circuit and on-load generating performances based on a 

few particular study cases with pure resistive loads, 

including the 24-slot/22-pole SFPM generator, 24-slot/22-

pole-pair SPM generator, 48-slot/20-pole-pair SPM 

generator and 48-slot/22-pole-pair SPM generator. It is 

found that the 48-slot/20-pole-pair SPM generator features a 

low voltage regulation factor, a high overload capability and 

a wide operating load range with high efficiency, whilst the 

24-slot/22-pole SFPM generator has the lowest cogging 

torque, torque ripple and voltage harmonics. FE analysis is 

validated by the experimental results on the SFPM 

prototype.  

As only pure resistance load is considered in this paper 

and the analysis in this paper is applicable to other load 

types, future works can be carried out to investigate the 

influence of load type on these designs and their 

performances. Also, a global optimization with more 

dimensional parameters involved could be conducted to 

obtain better designs for those generators possibly. 
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