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Abstract—Offshore wind energy is an important part of clean 

energy, and the adoption of wind energy to generate electricity 
will contribute to the implementation of the carbon peaking and 
carbon neutrality goals. The combination of the fractional 
frequency transmission system (FFTS) and the direct-drive wind 
turbine generator will be beneficial to the development of the 
offshore wind power industry. The use of fractional frequency in 
FFTS is beneficial to the transmission of electrical energy, but it 
will also lead to an increase in the volume and weight of the 
generator, which is unfavorable for wind power generation. 
Improving the torque density of the generator can effectively 
reduce the volume of the generators. The vernier permanent 
magnet machine (VPM) operates on the magnetic flux modulation 
principle and has the merits of high torque density. In the field of 
electric machines, the vernier machine based on the principle of 
magnetic flux modulation has been proved its feasibility to reduce 
the volume and weight. However, in the field of low-speed 
direct-drive machines for high-power fractional frequency power 
generation, there are still few related researches. Therefore, this 
paper studies the application of magnetic flux modulation in 
fractional frequency and high-power direct-drive wind turbine 
generators, mainly analyzes the influence of different pole ratios 
and different pole pairs on the generator, and draws some 
conclusions to provide reference for the design of wind turbine 
generators. 
 

Index Terms—Direct-drive wind turbine generators, Fractional 
frequency transmission system, Pole ratio, The magnetic flux 
modulation, Vernier machine. 

I. INTRODUCTION 
ITH the proposal of carbon peaking and carbon 
neutrality strategy, the proportion of clean energy will be 

larger  and larger in the future. In recent years, wind power has 
become the fastest growing electric energy source in the world  
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[1]. In general, wind power is divided into onshore and offshore. 
Due to the limited onshore wind resources and land resources, 
offshore wind power generation is becoming more and more 
attractive. One noticeable trend is that the offshore distance of 
offshore wind turbines is increasing year by year, and the 
traditional power transmission technique is no longer the best 
option to meet the needs. The fractional frequency transmission 
system (FFTS) proposed by Academician Wang Xifan can 
adapt to long-distance offshore power transmission by lowering 
the transmission frequency, which is more suitable for offshore 
wind power generation [2], [3]. 
 In most cases, offshore wind turbines require a multi-stage 
gearbox to match the speed of the synchronous generator due to 
the low speed of the turbine [4]. However, gearboxes are often 
prone to failure and have a limited lifespan, which leads to a 
reduction in generator reliability[5]. The direct-drive wind 
turbine is an excellent solution to this problem since its 
low-speed rotor can be directly coupled to the turbine shaft 
without the use of a gear transmission system, simplifying the 
structure and increasing reliability[6]. Therefore, direct-drive 
wind turbines have become the preferred option for offshore 
wind power generation [7]. However, the low-speed, 
high-torque design will inevitably result in a larger volume than 
regular high-speed machines and brings great challenges to 
processing, installation, and transportation [8], [9]. Thus, any 
reduction in generator size (and mass) would be helpful [10]. 
For FFTS, the operating frequency of the system is decreased 
even further, which results in a lower generator speed and a 
further increase in volume. Therefore, improving the power 
density and further realizing the lightweight of the generator 
will be the key factors of the FFTS system. 

VPM operates with the flux modulation principle, which is 
similar to a mechanical gear. Therefore, it can obviously 
increase the torque density and reduce the size of the machine 
[11]. Therefore, it has a lot of potential in industries that require 
low-speed, high-torque, and wide-speed operations, like wind 
power generation, in wheel electric vehicles, and ship drives 
[12]. Furthermore, it was pointed out that the concentrated 
winding permanent magnet machine with an open slot also has 
the magnetic flux modulation effect [13], [14]. For high-power 
wind turbine generators, an open slot structure is commonly 
utilized for the convenience of manufacture, so the magnetic 
flux modulation effect already exists in wind turbine generators 
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in theory. Some researchers have studied the application of 
VPM in high-power wind turbines with a conventional 
frequency of 50 Hz [10], [15], but there is a lack of research in 
the field of high-power fractional-frequency power generation. 
Therefore, this paper presents a comparative study on the 
influence of magnetic flux modulation effects on the 
performance of fractional-frequency high-power direct-drive 
wind turbine generators.  

This paper is organized as follows: the research background 
and significance of this paper are introduced in Section I. In 
Section II, the modulation principle of VPM is introduced. 
Section III analyzes the parameter design principles of the 
high-power direct-drive generator. Then, in Section IV, the 
effect of different pole ratios on generator performance is 
analyzed. Next, Section V selects a generator with a pole ratio 
of 3.5 and analyzes the effects of different pole pairs. The last 
part is the conclusion of this paper. 

II. FLUX MODULATION PRINCIPLE OF VPM 
Due to the difficulty of maintenance of offshore wind turbine 

generators, the reliability and availability of generators are 
primarily considered in the design stage. Therefore, 
surface-mounted external rotor permanent magnet generators 
with simple structures and high reliability are commonly used 
[16], [17]. This Section mainly analyzes the magnetic flux 
modulation effect in surface-mounted permanent magnet 
machines. 

To facilitate wiring, the stator slots of high-power wind 
turbine generators are usually set as open slots, as shown in Fig. 
1(a). This structure will cause the air-gap permeance to change 
periodically, which can produce a modulation effect similar to 
the VPM. The modulation process is shown in Fig. 1(b). 
Through modulation, the high-order magnetomotive force can 
form low-order magnetic flux harmonics. Combined with the 
original high-order magnetic field harmonics, multiple 
magnetic field harmonics can work at the same time. Taking the 
90-slot 140-pole generator as an example, the FFT analysis of 
the air-gap flux density at no-load is shown in Fig. 2. It can be 
seen that in addition to the Bconv and Bmodu components, other 
high-order harmonic components can also contribute to torque 
creation. 

For the surface mounted VPM shown in Fig. 1, the 
electromagnetic torque can be represented by (1) [18].  

 conv modu 3 2 ( )e
r

s
s g

PT k N r IL B B
P   (1) 

where kw is the winding factor, Ns is the number of series turns 
per phase, I is the effective value of phase current, rg is the air 
gap length, L is the machine length, Ps is the pole pairs of 
armature winding and Pr is the pole pairs of permanent magnet. 
Bconv is the conventional part of the air gap magnetic flux, and 
its order is equal to the number of pole pairs of the permanent 
magnet. Bmodu is generated by the modulation effect, and its 
order is smaller than the pole pairs of the permanent magnet. 

To produce steady electromagnetic torque in a traditional 
permanent magnet machine, the pole pairs of the stator and 
rotor must be kept equal, while they are not equal in VPM [19]. 

The pole ratio (PR) is defined as the ratio of the pole pairs of the 
rotor to the pole pairs of the stator and can be used to visually 
express the difference between them [20]. Generally, for the 
design of VPM, specified number of pole pairs of stator and 
rotor needs to be satisfied. 
 S rP Z P   (2) 
where Z is the number of stator slots. Since the number of stator 
slots and rotor pole pairs of the VPM are relatively close, Ps is 
usually smaller than Pr. It can be seen from (1) that the torque 
component generated by Bmodu is amplified by the pole ratio PR. 
Therefore, a suitable design can help the machine generate 
higher torque. It is because of this modulation phenomenon that 
the VPM becomes a machine with high torque density 
characteristics. 

 
(a)  

 
(b)  

Fig. 1.  Open Slot Surface Mounted Generator model and its flux modulation 
process. (a) Open slot surface mounted generator model. (b) Flux modulation 
process of open slot generator. 

 
Fig. 2.  FFT decomposition of 90-slot 140-pole air-gap flux density. 
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III. DESIGN CONSIDERATIONS 

A. Generator Topology Type 
In high-power direct-drive wind turbine generators, the 

structure of the outer rotor is usually used to generate high 
torque density. In addition, a simple surface-mounted topology 
is usually used to facilitate the stability of the structure [21]. 
The use of stator open slots and parallel teeth design makes it 
easier to install formed windings [22]. Therefore, the open-slot 
parallel-tooth external rotor surface-mounted permanent 
magnet generator is used in this paper. 

B. Main Parameters 
When comparing different topologies, keep the inner 

diameter, outer diameter, and air gap length the same, and keep 
the thermal load, electrical frequency, input power, and 
materials the same. 

The generators designed in this paper all use the electrical 
frequency of 50/3Hz. The rated speed of the direct-drive wind 
turbine generator is generally designed between 10-30 rpm. 
According to formula (3), when the frequency is constant, the 
rated speed of the generator is inversely proportional to the 
number of pole pairs. Therefore, the rotation speed needs to be 
selected according to the combination of slot and pole during 
design. 

 60

r

fn
P

  (3) 

where n is the rotational speed, f is the electrical frequency. 
Furthermore, the product of input torque and rotational speed 

needs to remain the same for all generators, which means that 
the performance of different schemes is compared at the same 
input power. The main size of the generator, outer diameter, can 
be preliminarily calculated from the empirical formula, and 
then selected according to the size of the existing generator 
with similar power. The input power of the generator in this 
paper is about 1.60MW, and the outer diameter of the generator 
is initially designed to be 4007mm. In large wind turbine 
generators, the thickness of the magnetic steel is usually 
designed to be 3 to 7 times the length of the air gap. In this 
paper, the length of the air gap is 4.5mm, and the thickness of 
magnetic steel is about 4 times the length of the air gap.  

C. Selection of Materials 
To improve the generator's reliability, PM materials with 

good thermal stability and strong anti-demagnetization 
properties should be chosen. In this paper, 40SH Nd-Fe-B 
permanent magnet material was selected. The main materials 
are shown in TABLE I. 

TABLE I 
MATERIAL OF THE GENERATOR 

Components Winding Stator Core Rotor Core Magnets 

Material Copper Silicon 
steel sheet 

Silicon steel 
sheet Nd-Fe-B 

Grade Rectangular 
copper wire 50TW400 Low-carbon 

steel N40SH_100 

IV. INFLUENCE OF POLE RATIO ON GENERATOR 
PERFORMANCE 

A. Analysis of Different Pole Ratio  
Different slot-pole combinations can result in different pole 

ratios. According to formula (2), the pole ratio is the 
amplification factor for the torque contributed by the 
modulating magnetic field. Theoretically, the higher the pole 
ratio, the higher the torque produced [23]. During the 
comparison, the number of poles and the rotational speed of the 
rotor remain the same. By altering the number of stator slots 
and winding connections, as well as the number of stator 
magnetic poles, the PR can be varied to study the performance 
of the system. 

B. Design of Machines with Different Pole Ratio 
 In this comparison, the number of the rotor pole pair is 
selected to be 70, and the rotational speed is 14.286 rpm. 
TABLE II lists the slot-pole combinations for comparison. It 
can be seen that when the number of stator slots decreases, the 
pole ratio increases. When the pole ratio is greater than 2, the 
armature winding pitch is greater than 1, indicating that the 
generator has a distributed winding rather than a centralized 
winding.  

TABLE II 
SLOT-POLE COMBINATION CORRESPONDING TO DIFFERENT PR 

stator 
slots 

Pole pairs of 
permanent magnets 

Armature coil 
pitch 

Winding 
factor PR 

126 70 1 0.945 1.25 

105 70 1 0.866 2 

90 70 2 0.945 3.5 

84 70 3 1 5 

Various performance parameters of the generator can be 
simulated by finite element analysis (FEA). The FEA models of 
the generator are shown in Fig. 3, and the main design 
parameters are shown in TABLE III. It is noteworthy that as the 
pole ratio increases, the axial length of the generator decreases, 
and the yoke width of the stator and rotor increases. This 
indicates that a topology with a big PR requires a broader 
magnetic path and a shorter axial length for the same input 
torque. 

C. No-load Performance 
The cogging torque is shown in Fig. 4. The symbol P1kP2k 

in the figure refers to the peak-to-peak of the cogging torque. 
For generators, the small cogging torque makes the starting  

TABLE III 
PARAMETER DESIGN TABLE OF GENERATORS WITH DIFFERENT PR 

Design Parameters 
Slot-pole pairs combination 

126-70 105-70 90-70 84-70 
Stator inner diameter (mm) 3600 3600 3600 3600 
Stator yoke thickness (mm) 24.3 26.7 44.9 55.3 

slot depth (mm) 132.4 132.7 85.6 62.8 
Stator tooth width ratio 0.471 0.449 0.374 0.347 
Rotor outer diameter 4007 4007 4007 4007 

Rotor yoke thickness (mm) 26.3 24 50.5 62.9 
PM thickness (mm) 16 15.6 18 18 
Polar arc coefficient 0.950 0.893 0.950 0.948 
Air gap length (mm) 4.5 4.5 4.5 4.5 

Lamination length (mm) 683.0 663.0 600.3 561.0 
Conductors per slot 124 78 104 136 
Parallel branches 14 7 10 14 
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Fig. 3.  2D FEA unit models of generators with different pole ratios (1/14, 1/10, 
1/35 and 1/14 model, respectively). 

process easier. It can be seen that the cogging torque fluctuation 
of the 105-slot 140-pole topology and the 126-slot 140-pole 
topology is large, exceeding 5.6% of the rated torque. When the 
rotor rotates through a 360° mechanical angle, the fundamental 
frequency of cogging torque is equal to the least common 
multiple of the number of stator slots and the number of rotor 
poles [24]. The number of cogging torques generated in one 
electrical period is: 

 
( , 2 )

r

rLCM z P
P

  (4) 

where λ is the number of cogging torques in one electrical 
period, LCM (z, 2Pr) is the least common multiple of the 
number of slots and the number of magnetic poles. The larger 
the LCM (z, 2Pr), the larger the amount of cogging torque 
fluctuations in one electrical cycle, and the smaller the torque 
amplitude.[25].  

 
Fig. 4.  Comparison chart of cogging torque for machine with different PR. 
 Fig. 5 shows the air-gap flux density of generators with 
different PR under no-load conditions. It can be seen that the 
Bconv component decreases with the increase of PR, and the 
Bmodu component increases with the increase of PR. This 
variation trend of the magnetic density value is mainly caused 
by the different ratios of the tooth widths. When the ratio of the 
tooth width increases, the modulation effect of the generator 
weakens, the ratio of the Bmodu component decreases, and the 
proportion of Bconv increases. In addition, another important 
difference between the magnetic densities is that a topology 
with a larger PR has a lower frequency of the Bmodu component 
and a higher torque-generating capability, as shown by 
equation (1). 

D. Load Performance 
The torque under load is shown in Fig. 6. It can be seen that 

 
Fig. 5.  Air-gap flux density of generators with different PR under no-load 
conditions. 
all the topologies reach the rated torque. The torque fluctuation 
of the 84-slot 140-pole and 105-slot 140-pole topologies is 
relatively large, which is consistent with their cogging torque 
amplitude phenomenon. The load flux density distribution is 
shown in  

Fig. 7. It can be seen that the flux density distribution of these 
topologies is good. 

 
Fig. 6.  Load torque for generators with different PR. 

 
Fig. 7.  Flux density distribution of generators with different PR under load. 

Fig. 8 shows the air-gap flux density of generators with 
different PR under load conditions. The air-gap flux density 
under load is jointly generated by the magnetic steel and the 
armature winding. In Fig. 8, B f1 and B f2 are the flux density 
components equal to the Bconv and Bmodu orders, respectively. It 
can be seen that from no-load to load, the Bconv component 
increases slightly for all generators, while the Bmodu component 
increases significantly for generators with larger PR. This is 
because the Bmodu component order of the generator with large 
PR is lower, and the amplitude of the low-order flux density 
generated by the armature winding under the same thermal load 
is larger. Large-amplitude magnetic flux density is 
advantageous for generating large torque, but it requires a 
wider magnetic path. 
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Fig. 8.  Air-gap flux density of generators with different PR under load 
conditions. 

TABLE IV shows some electromagnetic properties of the 
generator under rated conditions. 

TABLE IV 
ELECTROMAGNETIC PERFORMANCE COMPARISON OF GENERATORS WITH 

DIFFERENT PR 

Electromagnetic properties 
Number of slots 

126 105 90 84 
PR 1.25 2 3.5 5 

Armature current (A) 1164.5 1150.3 1216.8 1217.5 
No-load voltage(V) 477.4 477.1 451.9 460.7 

Single phase resistance (ohm) 0.0143 0.0146 0.0157 0.0206 
Copper loss (kW) 58.02 58.00 69.84 89.65 

Iron loss (kW) 6.53 6.16 5.05 5.55 
PM Eddy loss (kW) 3.45 5.89 14.52 14.84 
Output Power (MW) 1.532 1.530 1.511 1.490 

Efficiency (%) 95.75 95.63 94.44 93.12 
Power factor 0.610 0.559 0.453 0.360 

By adjusting the number of winding turns, armature current, 
and number of parallel branches, the no-load voltage of the 
generator can be adjusted. It can be seen that the no-load 
voltage of these generators is close.  
 It can be seen from the loss data that in the fractional 
frequency direct-drive wind turbine generator, the iron loss 
accounts for a small proportion, and the main losses are copper 
losses. The iron loss is positively correlated with the frequency 
of the magnetic flux. When the fractional frequency is used, the 
iron loss of the generator is reduced. The large PM eddy current 
loss is mainly due to the modulation effect of the generator. 
Besides, it can be seen that the PM eddy current loss increases 
with the increase of PR, that is, with the increase of the 
modulation effect. This is because the larger the PR, the 
stronger the modulation effect and the larger the change in the 
magnetic flux density in the permanent magnet. Besides, it can 
be seen from the copper loss data that when the PR is greater 
than 2, the copper loss will increase significantly, which 
corresponds to the change in single-phase resistance. 

For the efficiency, it can be seen that under the same input 
power, the output power and efficiency of the generator 
decrease with the increase of PR. This is mainly related to the 
change in the loss of the generator. The power factor of the 
generator drops as PR increases and the power factor reduces 
dramatically when the pole ratio exceeds 2. 

E. Material Consumption and Total Weight 
The comparison table of the material weight of each part is 

shown in TABLE V. It can be seen that the total weights of all 
topologies are almost equal, but the topology with a large PR 
has a small weight of the stator iron core and a large weight of 
the rotor iron core. This is because a topology with a large PR 
has a short axial length, but a wider magnetic path and longer 
winding end. Under the comprehensive influence, the total 
weight shows an equal trend. 

TABLE V 
MATERIAL WEIGHT COMPARISON TABLE OF DIFFERENT PR TOPOLOGIES 

Slots PR Magnet 
(p.u.) 

Stator Core 
(p.u.) 

Rotor Core 
(p.u.) 

Windin
g (p.u.) 

Total 
(p.u.) 

84 5 0.927 0.930 1.160 0.977 1.003 

90 3.5 1 1 1 1 1 

105 2 0.911 1.240 0.528 1.160 0.998 

126 1.25 1.024 1.314 0.598 1.082 1.037 

(Note: The data in the table takes the 90-slot 140-pole machine as the reference 
group, its material consumption is all set to the reference value 1, and the values 
of other generators are the relative values of the reference group.)   

F. Selection of Optimal PR Based on Dispersion Method 
The dispersion method is a typical data normalization 

approach in which the original data is transformed linearly. 
This method can be used to assess multi-index systems. The 
data conversion formula for this method is 

 1 min

max min

x xX
x x

−
=

−
 (5) 

where x1 is the current data, xmin and xmax are the minimum and 
maximum data in all data, X is the conversion result.  

Since the weights of the generators with different PR in this 
paper are almost the same, and the inner and outer diameters of 
them are also the same, two main metrics are considered: axial 
length and power factor, where the axial length can characterize 
the volume of the generator. Furthermore, the smaller the axial 
length and the higher the power factor, the better for the 
generator, so the standardized result of the axial length needs to 
be adjusted using formula (6). 
 (1 )X X= −  (6) 

The conversion table of the two indicators is shown in 
TABLE VI, where X and Y represent the axial length and 
power factor of different schemes. Xscore and Yscore represent 
normalized results. Finally, when the weight of both indicators 
is set to 0.5, the total Score can be obtained by formula (7). 
 0.5 0.5TotalScore Xscore Yscore= ⋅ + ⋅  (7) 

TABLE VI 
VOLUME AND POWER FACTOR CONVERSION TABLE 

Scheme Name S1 S2 S3 S4 

PR 1.25 2 3.5 5 

X (Axial Length) 683 663 600.3 561 

Y (Power Factor) 0.61 0.559 0.453 0.36 

Xscore 0 0.164 0.678 1 

Yscore 1 0.796 0.372 0 

Total Score 0.500 0.480 0.525 0.500 

It can be seen that the total score of PR = 3.5 is the largest. In 
addition to the volume and power factor, the generator with 
PR=3.5 has the smallest cogging torque and the smallest rated 
torque ripple, and the efficiency is also at a good level, so this 
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scheme is finally recommended. 

V. SELECTION OF POLE PAIRS OF PERMANENT MAGNETS 

A. Analysis of Different Pole Pairs of PM 
The pole number selection strategies for conventional 

induction machines and permanent magnet machines have been 
introduced in many literatures [26]. In high-power permanent 
magnet direct-drive wind turbines, the operating speed of the 
generator is as low as 10-30rpm, and the generator's number of 
pole pairs can range from tens to hundreds. In general, when the 
number of magnetic poles increases, the thickness of the 
generator yoke can be reduced, and it will have a higher power 
density. However, with the increase of magnetic poles, the 
magnetic leakage will become stronger, and the reducing effect 
on the yoke will become smaller. This shows that there is an 
optimal value for the number of magnetic poles and it is 
significant to optimize the number of poles, which can be 
selected in a wide range. 

B. Design of Machines with Different Pole Pairs of PM 
When comparing the performance of generators with 

different pole pairs, it is necessary to keep the main variables of 
the generator the same, such as input power, PR, thermal load, 
and inner and outer diameter, and observe how the generator’s 
performance changes under different pole pairs, such as volume, 
power factor, flux density distribution, etc. In this paper, a 
generator with a pole ratio of 3.5 is selected for comparison. A 
total of four generators are designed, and their slot pole 
combinations are shown in TABLE VII. Since the output 
electrical frequency remains unchanged, the generator speed 
will change correspondingly when the number of pole pairs 
changes. In order to keep the input power consistent, the 
product of the input torque and the speed should be kept the 
same. In addition, these generators use the same materials, and 
all design parameters meet the design requirements. Fig. 9 
shows the simulation model of a 72-slot 112-pole generator. 
Other schemes' models are similar, but only the size has 
changed, so this Section didn’t list them all. 

TABLE VII 
SLOT-POLE COMBINATION SCHEME WITH DIFFERENT MAGNETIC POLE PAIRS 

Slot-pole 
combination PR Rotating 

speed(rpm) 
Expected 

torque (MNm) 
108-168 3.5 11.905 1.28 

90-140 3.5 14.286 1.07 

72-112 3.5 17.857 0.856 

54-84 3.5 23.810 0.642 

The design parameters of different schemes are shown in 
TABLE VIII. It can be seen that when the number of pole pairs 
decreases, the thickness of the stator and rotor yokes gradually 
increases, and the axial length shows a decreasing trend. This is 
because when the number of pole pairs of the PM decreases, the 
number of stator magnetic poles also decreases, the mechanical 
angle of each armature magnetic pole increases, and the 
magnetic flux path becomes longer, increasing the flux density 
of the tooth and yoke, so the magnetic path needs to be widened. 

The reason for the change in axial length will be analyzed in 
part D. 

 
Fig. 9.  FEA model of 72-slot 112-pole generator (1/8 model). 

TABLE VIII 
PARAMETER DESIGN OF DIFFERENT MAGNETIC POLE PAIRS 

Design Parameters 
Slot-pole combination 

108-168 90-140 72-112 54-84 

Stator inner diameter (mm) 3600 3600 3600 3600 

Stator yoke thickness (mm) 37.4 44.9 54.2 70.0 

Slot depth (mm) 102.4 85.6 65.4 35.5 

Stator tooth width ratio 0.387 0.374 0.357 0.301 

Rotor outer diameter (mm) 4007 4007 4007 4007 

Rotor yoke thickness (mm) 41.2 50.5 61.4 75.5 

PM thickness (mm) 18 18 18 18 

Polar arc coefficient 0.95 0.95 0.95 0.919 

Air gap length (mm) 4.5 4.5 4.5 4.5 

Lamination length (mm) 708 600.3 519 536.8 

Conductors per slot 110 104 90 224 

Parallel branches 12 10 8 6 

C. No-load Performance 
The cogging torque of each topology is shown in Fig. 10. It 

can be seen that the fluctuation amplitude of the cogging torque 
is very small, less than 0.42% of the rated torque, especially for 
the 90-slot scheme, where the cogging torque fluctuation is 
under 0.1 percent of the rated torque. This phenomenon also 
satisfies the principle of cogging torque mentioned in the 
previous Section.  

 
Fig. 10.  Cogging torque for different pole pairs topologies. 

Fig. 11 shows the air-gap flux density of generators with 
different pole pairs at no-load. It can be seen that the ratios of 
Bconv to Bmodu of these generators are different, which is also 
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caused by the different ratios of the tooth widths. In addition, 
the frequencies of the Bmodu components of these schemes are 
also different. When the PR is the same, the fewer the number 
of poles, the lower the frequency of the Bmodu components. 

 
Fig. 11.  Air-gap flux density under no-load condition with PR=3.5. 

D. Load Performance 
The torque under load conditions is shown in Fig. 12. It can 

be seen that the torque of all generators reaches the expected 
torque, and the torque ripple is at a good level. The flux density 
distribution of the load is shown in Fig. 13, and it can be seen 
that the flux density distribution of all generators is good.  

 
Fig. 12.  Load torque for different pole pairs topologies. 

 
Fig. 13.  Load flux density distribution of different pole pairs topologies. 

Fig. 14 shows the air-gap flux density ratio of generators 
with different pole pairs under rated load. It can be seen that the 
low-order harmonic components B_f2 of these generators all 
increase significantly compared to the no-load condition, and 
the increase value is almost the same. Although the reduction of 
the number of poles is conducive to the generation of a large 
magnetic density, the speed of the rotor increases with the 
reduction of the number of pole pairs. Therefore, the speed of 
the low-order harmonic B_f2 is almost the same, and the 
amplitude of the low-order harmonic generated by the armature 

winding is almost the same. The difference in their values is 
mainly due to the difference in the stator tooth width ratio and 
the pole arc coefficient of the PM, which means that their 
ability to generate torque is different. In addition, since the 
expected torque of generators with a lower number of pole pairs 
is smaller, their axial length shows a decreasing trend. 

 
Fig. 14.  Air-gap flux density under load condition with PR=3.5. 

The electromagnetic performance of generators with 
different pole pairs is summarized in Table X. The 
phenomenon of armature current and the induced voltage is the 
same as the analysis in the previous part. It can be seen from the 
loss data that the PM eddy current loss increases as the number 
of pole pairs decrease. This is because when the number of pole 
pairs decreases, the circumferential area of a single magnet 
increases, and it is easier to induce large eddy currents. 
Furthermore, it can be seen that under the same input power, the 
output power and efficiency of the generator decrease as the 
number of pole pairs decreases, which is mainly due to the eddy 
current loss of the permanent magnet. In addition, the power 
factor increases as the number of pole pairs decrease. 

TABLE IX 
ELECTROMAGNETIC PERFORMANCE OF GENERATORS WITH DIFFERENT POLES 

Electromagnetic properties 
Slot-pole combination 

108-168 90-140 72-112 54-84 

Armature current (A) 1242.3 1216.8 1241.7 1242.3 

No-load voltage(V) 472.9 451.9 452.5 449.2 

Single phase resistance (ohm) 0.0158 0.0157 0.0151 0.0212 

Copper loss (kW) 73.2 69.84 69.7 81.8 

Iron loss (kW) 5.94 5.05 4.29 4.11 

PM Eddy loss (kW) 11.30 14.52 32.66 57.32 

Output Power (MW) 1.510 1.511 1.493 1.457 

Efficiency (%) 94.37 94.44 93.31 91.06 

Power Factor 0.428 0.453 0.487 0.494 

E. Comparison of Torque Density 
The torque densities of the four generators, as well as the 

weight of each component, are compared in TABLE X. It can 
be seen that the total weight of the generator tends to decrease 
as the number of pole pairs decreases. This is because the axial 
length of the generator tends to decrease as the number of pole 
pairs decreases, but the yoke width needs to be widened. Under 
the combined effect, the total weight of the generator shows a 
decreasing trend as the number of pole pairs decreases.  

Furthermore, the torque density of the generator increases as 
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the number of pole pairs increases, as shown in TABLE X. 
However, when the number of slots is greater than 108, the 
wind turbine's rotational speed drops a lot, and the generator's 
size and weight increase. Considering that the rated speed of the 
generator should not be too low, and considering parameters 
such as torque density, cogging torque, power factor, torque 
fluctuation, etc., the 90-slot 140-pole scheme is recommended 
finally in this paper. 

TABLE X 
TORQUE DENSITY COMPARISON TABLE OF DIFFERENT NUMBERS OF POLES 

Slots 
Magnet 
Weight 
(p.u.) 

Stator 
Core 
(p.u.) 

Rotor 
Core 
(p.u.) 

Winding 
Weight 
(p.u.) 

Total 
Weight 
(p.u.) 

Torque 
Density  
(p.u.) 

54 0.854 0.926 1.328 0.543 0.933 0.645 
72 0.860 0.866 1.048 0.779 0.893 0.894 
90 1 1 1 1 1 1 
108 1.185 1.190 1.328 1.222 1.137 1.060 

 (Note: The data in the table takes the 90-slot machine as the reference group, 
its material consumption is all set to the reference value 1, and the values of 
other generators are the relative values of the reference group.) 

VI. CONCLUSION 
The impact of various slot-pole combinations on the 

operation of fractional-frequency high-power wind turbines is 
studied in this paper from the perspective of magnetic flux 
modulation effect.  Firstly, the parameter design concerns for a 
high-power direct-drive wind turbine is analyzed. Then, an 
experiment was designed to compare the effects of different 
pole ratio. Next, a generator with a pole ratio of 3.5 was 
selected to compare the effects of different pole pairs. 

The study found that the axial length of a generator with a big 
pole ratio is shorter, but the yoke width is wider. The iron loss 
accounts for a minor amount of the total loss in 
fractional-frequency direct-drive VPM; the main loss is copper 
loss, and the PM eddy current loss grows as the pole ratio 
increases. Furthermore, the overall weight of generators with 
different pole ratios is about the same, and the generator's 
power factor drops as the pole ratio increases. Using the 
dispersion method to calculate the two primary indicators of 
power factor and volume, and considering parameters such as 
cogging torque, rated torque ripple, and efficiency, it is 
determined that PR = 3.5 is a good scheme. Finally, considering 
the turbine speed, machine torque density, weight, and 
efficiency, the scheme of 90 slots and 140 poles VPM is 
recommended in this paper, which is more suitable for offshore 
frequency division transmission system.   
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