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Abstract: Cogging torque is a pulsating, parasitic and undesired torque ripple intrinsic of the 10 
design of a permanent magnet synchronous generator (PMSG), which should be minimized due to 11 
its adverse effects: vibration and noise. In addition, as aerodynamic power is low during start-up at 12 
low wind speeds in small wind energy systems, the cogging torque must be as low as possible to 13 
achieve a low cut-in speed. A novel mitigation technique using compound pre-slotting, based on a 14 
combination of magnetic and non-magnetic materials, is investigated. The finite element technique 15 
is used to calculate the cogging torque of a real PMSG design for a small wind turbine, with and 16 
without using compound pre-slotting. The results show that cogging torque can be reduced by a 17 
factor of 48% with this technique, while avoiding the main drawback of the conventional 18 
pre-slotting technique: the reduction of induced voltage due to leakage flux between stator teeth. 19 
Furthermore, through a combination of pre-slotting and other cogging torque optimization 20 
techniques, 84%, cogging torque can be eliminated for a given design.  21 

 22 

Keywords: cogging torque; permanent magnet synchronous generator; small wind turbines; finite 23 
element method; renewable energy, energy conversion.  24 

 25 

1. Introduction 26 

Increasing interest in the efficiency of electric machinery and reducing maintenance costs is 27 
making the use of permanent magnet synchronous generators (PMSGs) more common. PMSGs 28 
combine high efficiency with low maintenance and a high power density [1], factors that make them 29 
extremely attractive for use in renewable energy applications, such as wind [2], wave power [3] and 30 
tidal power [4], or electrical mobility applications [5] and, in general, in uses where they must act as 31 
a motor or generator. Furthermore, in renewable energy applications, PMSGs allow direct-drive 32 
configurations, making the use of gearbox unnecessary or reducing the number of gearbox stages, 33 
which decreases the overall generator volume and improves its efficiency [6]. 34 

However, machines based on permanent magnets (PMs) also have some drawbacks, and the 35 
cogging torque is one of the main ones. The magnetic interaction between the flux generated by the 36 
rotor PMs and the stator geometry results in a pulsating torque called cogging torque, which, 37 
depending on the PM machine design, can cause an undesired ripple in both the machine’s induced 38 
voltage (EMF) and its mechanical torque [7,8]. Other problems with PMSGs are the vibrations and 39 
noise they make. Since this type of machine has high magnetic flux density values in the air gap, the 40 
electromagnetic forces between the PMs and the stator teeth are high [9]. These electromagnetic 41 
forces are divided into two components, one radial and the other tangential. The tangential 42 
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component of the electromagnetic force contributes to the torque in the stator teeth, while the radial 43 
component causes vibrations and even deformations in the machine [10]. These radial forces act on 44 
the stator producing vibrations and noise, especially when their frequency coincides with the 45 
natural frequency of the machine’s mechanical structure [11]. 46 

The cogging torque is especially important in wind energy applications as it establishes in which 47 
conditions the system will begin generating. The mechanical torque captured by the generation 48 
system must be larger than the cogging torque starting the rotation, which is why achieving a 49 
reduced cogging torque is one of the objectives for this type of machine. 50 

There are several methods to reduce cogging torque in the PMSG design phase. The most used 51 
is skewing, which consists of preventing the stator teeth and the magnets from becoming aligned by 52 
either turning the stator teeth [6, 12] or the rotor’s permanent magnets [1, 2, 13]. The required skew 53 
angle to largely cancel out the effect of the interactions between the PMs and the slots depends on 54 
how many slots and poles the machine has. Other methods study the use of notches in stator teeth 55 
[7, 14]. These notches produce the same effect in the magnetic interaction as the slots and increase 56 
the effective number of slots, which impacts on the cogging torque as it depends on how many poles 57 
and slots the machine has. Therefore, this method’s effectiveness is conditioned by the number of 58 
poles and slots selected in the design. 59 

A study is presented in [15, 16] in which slot openings in one half of the stator shift in one 60 
direction with respect to the tooth and the other half shift in the other direction. This means the 61 
cogging torque waveform moves in opposite directions in each machine half and the cogging caused 62 
by each machine half may be cancelled out depending on the shifted angle. Other studies focus on 63 
the shape of PM edges, concluding that their size can be reduced on the magnet sides to lessen air 64 
gap reluctance variation, which reduces the magnetic energy variation in the machine and, 65 
therefore, mitigates the cogging torque [17, 18]. 66 

Several authors have conducted studies of PMSG with closed slots and their effects. Leakage 67 
fluxes caused as a result of closing stator slots are analyzed in [4], concluding that the size of PMs 68 
should be increased to compensate flux loss through closed slots. The increase in iron losses caused 69 
by tooth-tip saturation, distortion in the induced voltage this saturation causes and how the use of 70 
closed slots influences this are studied in [19 and 20]. The study by [21] focuses on average torque 71 
and its ripple in machines with closed slots for several stator types. 72 

Unlike the above-mentioned methods, which focus on minimizing the cogging torque in the 73 
machine design stage, this article proposes a cogging torque reduction method that is easy to 74 
implement without the need for any changes to the original design of the machine, a 6.3-kW 75 
generator for a small wind turbine. The suggested solution comprises sliding a metal part (pre-slot) 76 
into the slots after completing the machine winding. This technique minimizes slot openings so that 77 
induced voltage remains unaltered and the mounting of machine windings is not hampered. The 78 
results of the proposed method are analyzed using FEMM 2D finite element software on an original 79 
PMSG design and compared with the results obtained experimentally. Additionally, constructive 80 
improvements are suggested to reduce cogging torque. Finally, the article shows how the proposed 81 
technique can also be combined with the skewing technique, thus significantly reducing the cogging 82 
torque to 0.03 Nm in the ideal case and 0.51 Nm when imperfections in the manufacturing process 83 
are considered. 84 
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2. Machine type and main parameters 85 

The machine involved in this study is a 6.3 kW PMSG with an interior rotor and 86 
surface-mounted magnets comprising 36 slots and 20 poles. Figure 1(a) is a cross section of the 87 
generator showing the slots forming the stator, the rotor in the internal part and the 88 
surface-mounted magnets above it in the central part. The details of the millimeter measurements of 89 
the machine’s slots and PMs are shown in Figure 2. The characteristic parameters of the studied 90 
PMSG are shown in Table 1. 91 

The analysis of the PMSG and the cogging torque reduction methods proposed in this study has 92 
been performed using FEMM 2D finite element software. To validate the FEMM model used in the 93 
cogging torque reduction analysis a comparison will be made with the experimental values of the 94 
original machine. 95 

 96 

 
(a) 

 
(b) 

Figure 1. Cross section area of the PMSG: (a) Original model; (b) Model with centered holes. 97 

 98 

Figure 2. Slot and magnet dimensions (mm). 99 

Table 1. Parameters of the PMSG machine. 100 
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Parameter Value 
Phase 3 

Pole number 20 
Slot number 36 
Rated speed 232 rpm 
Rated power 6300 W 
Rated voltage 256.4 V 

Air gap 1 mm 
Thickness of PM 3 mm 
Air gap diameter 188 mm 
Material of steel M330-50A 
Material of PM NdFeB 

3. Cogging torque 101 

Cogging torque is a parasitic torque resulting from interactions between the rotor’s permanent 102 
magnets and the stator slots. Air gap reluctance differs depending on the rotor’s angular position to 103 
the slots. Rotor magnets tend to align with the stator in the position in which air gap permeance is 104 
larger [22], so when they are shifted from this position during rotation, they generate a torque, the 105 
cogging torque. 106 

Electromagnetic torque can be obtained from the variation in the total energy of the magnetic 107 
field compared with the angular position of the rotor θ when excitation current is constant [14] 108 

ܶ = −
߲ ௖ܹ

ߠ߲  (1)

The total energy stored in the magnetic field or coenergy Wc in a PMSG is given by [7] 109 

௖ܹ =
1
2 ݅	ܮ	

ଶ +
1
2
(ܴ + ܴ௠)	∅௠ଶ +ܰ	݅	∅௠ (2)

where L is the inductance of the windings, i the excitation current, R and Rm are, respectively, the 110 
reluctances viewed by the magnetomotive force and by the magnetic field, Фm the flux due to the 111 
magnets crossing the air gap, and N the number of winding turns.  112 

Therefore, substituting in (2) results in 113 

ܶ =
1
2 	݅

ଶ 	
ܮ݀
ߠ݀ −

1
2 	∅௠

ଶ 	
ܴ݀
ߠ݀ + ܰ	݅	

݀∅௠
ߠ݀  (3)

The second term of (3) corresponds to magnet reluctance torque and it is known as cogging 114 
torque [17], Tcog. 115 

௖ܶ௢௚ = −
1
2∅௠

ଶ ܴ݀
ߠ݀  (4)

As observed in (4), cogging torque is independent of the current and corresponds to the result 116 
of analyzing (3) when the machine is in open circuit. Cogging torque depends on magnetic flux and 117 
on the rate of change of air-gap reluctance. From (4), to minimize Tcog, reluctance R should be 118 
independent of the rotor position. Therefore, a very low cogging torque design requires an almost 119 
constant value of R for any rotor position.  120 
 121 
 122 
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4. Cogging torque measurement 123 

Cogging torque is calculated in FEMM for every angular rotor position, making the machine 124 
operate off-load. The torque is calculated by integrating the Maxwell stress tensor throughout the air 125 
gap  126 

௖ܶ௢௚ =
ܮ

݃	μ௢
නݎ	ܤ௡ ௧ܤ	 	݀ܵ
ௌ

 (5)

where L is the rotor depth, g is the air gap length, Bn the normal flux density, Bt the tangential flux 127 
density and r the radius from the center of the rotor to the center of the air gap [7].  128 

Compared with the results obtained when the calculation is based on the magnetic energy 129 
variation with respect to the angular rotor position given by (1), in [18] it is shown that both methods 130 
obtain almost identical results. 131 

The simulation in FEMM of the PMSG in Figure 1 (a) obtained the cogging torque shown in 132 
Figure 3 (“original” curve), whose maximum value is 2.32 Nm, while the experimental results of the 133 
machine show maximum values of 3.70 Nm. The main reason for this deviation from experimental 134 
values is due to component manufacturing tolerance. Consequently, if a tolerance of ± 0.1 mm is 135 
included in the 20 PMs of the PMSG model and this error is distributed randomly at the height of the 136 
PMs, the result shown in Figure 3 (curve “with manufacturing errors”) is obtained. Having magnets 137 
that are not the same impacts the cogging torque significantly, mainly because differently sized PMs 138 
cause higher magnetic flux variations in the air gap. The maximum cogging torque value obtained in 139 
the simulation is 3.90 Nm (Figure 3). This value is slightly higher than the experimental PMSG 140 
results, making it possible to validate the developed FEMM model with respect to the cogging 141 
torque analysis. 142 

 143 
Figure 3. Simulation results of cogging torque of the original model considering manufacturing errors. 144 
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5. Cogging torque reduction methods 148 

5.1. Pre-slot method 149 

The main objective is to reduce the cogging torque without affecting the machine’s construction 150 
characteristics and, therefore, without making any changes in the generator’s geometry. 151 

A closed-slot stator topology reduces reluctance variation in the air gap and, therefore, the 152 
machine’s maximum cogging torque value. Furthermore, the minimum dimensions of PMSG slot 153 
openings are conditioned by winding mounting factors. Their minimum size depends on the cross 154 
section of the winding conductors so that they can be inserted in the slot.  155 

Furthermore, the slot closing method has the drawback of generating a leakage flux through the 156 
slots due to the high permeability of the magnetic core connecting the teeth, Figure 4 (a). These 157 
leakages reduce the flux linked by the machine windings, thus producing a drop in induced voltage. 158 
This drop in induced voltage can be seen in Figure 5, showing the induced voltage of the PMSG with 159 
open slots (the “original” curve) and with closed slots. The effective induced voltage value is 256.4 V 160 
in the original generator model with open slots, and it decreases to 221.6 V when the slots are closed.  161 

 
(a) 

 
(b) 

Figure 4. Magnetic field lines (θ=0°): (a) Model with closed slots; (b) Model with pre-slots.  162 

 163 
Figure 5. Effect of closed slots in back electromotive force (EMF). 164 

P
ha

se
 b

ac
k-

E
M

F 
(V

)

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 October 2018                   doi:10.20944/preprints201810.0440.v1

Peer-reviewed version available at Energies 2018, 11, 3219; doi:10.3390/en11113219

http://dx.doi.org/10.20944/preprints201810.0440.v1
http://dx.doi.org/10.3390/en11113219


 7 of 16 

 

 

To avoid the above-mentioned drawbacks, the proposed cogging torque reduction method 165 
consists of closing the slots by sliding in a pre-slot part made of the same ferromagnetic material as 166 
the stator, as observed in Figure 6. The pre-slot is placed between the teeth longitudinally after 167 
machine winding; this does not alter the winding or the slot fill factor. Figure 6 (a) provides details of 168 
the space between two of the machine’s stator teeth showing where the ferromagnetic part is slid 169 
into the start of each slot. The pre-slot considered in this study is 1.5 mm high; its dimensions are 170 
adjusted to the available space to render changing the machine winding unnecessary.  171 

A material separator with low magnetic permeability (aluminum or similar) and a width of 172 
1 mm, the same distance as the machine’s air gap, is in the central part of the pre-slot. The purpose of 173 
the central separator is to prevent the above-mentioned flux leakage linked by the windings. As this 174 
is a non-magnetic separator, it prevents the pre-slot from closing the magnetic field lines and, 175 
therefore, preventing flux from circulating between two consecutive PMs.  176 

 
(a) 

 
(b) 

Figure 6. Proposed cogging-torque reduction method: (a) Pre-slot with separator; (b) Pre-slot with triangular 177 
separator. 178 

In accordance with the developed FEMM model, inserting pre-slots with a separator manages 179 
to reduce the maximum cogging torque value by 37.9% compared with the original PMSG, as 180 
observed in the results shown in the graph in Figure 7, but it does not decrease induced voltage as 181 
using the separator reduces leakages.  182 

This cogging torque reduction can be improved by considering other alternative geometrical 183 
pre-slot configurations. A triangular separator, as shown in Figure 6 (b), can lessen the magnetic 184 
energy variation caused in the original teeth edges or in pre-slot separators, which decreases the 185 
machine’s cogging torque. 186 

Pre-slot geometry with a triangular separator prevents leakage flux through it, as occurs with 187 
the central separator model, thus preventing the undesired decrease in induced voltage and in 188 
linked flux through machine windings. Similarly, it produces a higher reduction in maximum 189 
cogging torque, as shown in the graph in Figure 8, decreasing the cogging torque generated by over 190 
47.8%.  191 
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 192 
Figure 7. Comparison of cogging torque reduction with pre-slot method. 193 

 194 
Figure 8. Comparison of cogging torque reduction with the triangular pre-slot method. 195 

An analysis of induced voltage harmonics was conducted to confirm that the installation of the 196 
proposed pre-slot system to reduce cogging torque does not affect the machine’s technical 197 
characteristics. The PMSG is designed for small wind-power applications and, therefore, if an 198 
uncontrolled rectifier is used, the harmonics level is of no importance. However, if the connection is 199 
via a full converter, the opposite is the case. Figure 9 shows the frequency spectrum of the first 20 200 
harmonics of each of the waves and the harmonic distortion rate (THD) for each model; therefore, 201 
the analysis was conducted from the fundamental frequency of 38.67 Hz to the twentieth harmonic 202 
(773.4 Hz). 203 

C
og

gi
ng

 to
rq

ue
 (N

m
)

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 October 2018                   doi:10.20944/preprints201810.0440.v1

Peer-reviewed version available at Energies 2018, 11, 3219; doi:10.3390/en11113219

http://dx.doi.org/10.20944/preprints201810.0440.v1
http://dx.doi.org/10.3390/en11113219


 9 of 16 

 

 

Table 2 shows how the THD values obtained remain low and similar across all cases and never 204 
exceed 2%. The pre-slot solution with a triangular separator presents the least harmonic distortion of 205 
the considered models; it is very similar to the closed-slot model and improves the original 206 
configuration. 207 

 208 
Figure 9. Harmonic spectrum for the proposed reduction method. 209 

Table 2. THD of the different models. 210 

Model THD (%) 
Original design 1.54 

Design with closed slot 1.39 
Design with pre-slot 1.88 

Design with triangular pre-slot 1.33 

 211 

5.2. Manufacturing aspects to reduce the cogging torque 212 

Any change in the magnetic circuit alters its reluctance and, therefore, in accordance with (4), it 213 
affects the cogging torque and must be considered to reduce it. Consequently, it was found that the 214 
holes for correctly aligning the rotor sheet metal with screws in the original design significantly 215 
influence the machine’s cogging torque, depending on their position with respect to the PMs, Figure 216 
1(b).  217 

The impact of these holes on the cogging torque was analyzed for their different positions with 218 
respect to the PMs. The conclusion is that the optimal position, which minimizes cogging torque, is a 219 
centered position with respect to the magnets. Figure 10 (b) shows the case in which the rotor hole is 220 
centered with respect to the PMs. In this situation, the holes have virtually no influence on magnetic 221 
field lines linking one magnet with another. In contrast, when the hole is decentered, Figure 10 (a), 222 
the effect is a smaller effective area in the rotor through which the field lines circulate. Therefore, 223 
reluctance increases with respect to the case shown in Figure 10 (b) (centered hole) and the magnetic 224 
energy in the rotor decreases as observed in Figure 11. 225 
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(a) 

 
(b) 

Figure 10. Magnetic field distribution (θ=0°): (a) Original model, without centered holes; (b) Model with 226 
centered holes.  227 

 228 
Figure 11. Magnetic energy in the rotor. 229 

Figure 12 shows the magnetic energy stored in the machine with respect to the rotor during 230 
electrical 360° (mechanical 36°) for both PMSG models. If the hole is decentered, energy minimums 231 
occur when the hole is aligned with a stator tooth. In this position, the flux between two adjacent 232 
magnets would be the maximum if there was no hole. Consequently, as observed in Figure 12, and 233 
given that the teeth are distributed every mechanical 10° along the stator, the energy minimum 234 
occurs with this frequency.  235 
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 236 
Figure 12. Total magnetic energy. 237 

Figure 13 compares the cogging torque for both PMSGs, resulting in a higher value when the 238 
hole is decentered given that more magnetic energy variations occur, as presented in Figure 12. The 239 
cogging torque of the model with decentered holes is 2.32 Nm, while this value does not exceed 240 
0.86 Nm when the holes are centered. Figure 13 also shows that the presence of decentered holes 241 
even produces a change in the cogging torque wave period. 242 

 243 

Figure 13. Cogging torque of the original PMSG and model with centered holes. 244 
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5.3. Comparative results 248 

Table 3 compares the maximum cogging torque values obtained with the original design with 249 
the two proposed pre-slot configurations and shows the reduction percentage with respect to the 250 
original design. The results of the different models are shown in the ideal case (with no 251 
manufacturing errors) and considering manufacturing errors in the magnets. 252 

 253 
Table 3. Comparison of the maximum cogging torque values obtained for the prototype and the different 254 

models considered in the study. 255 

Model Without manufacturing errors Considering manufacturing errors 
 Nm Reduction (%) Nm Reduction (%) 

Original design (without centered holes) 
Prototype 3.70    

Original design 2.32 - 3.92 - 
Pre-slot with separation 1.44 37.9 2.03 48.2 

Triangular pre-slot 1.21 47.8 1.90 51.5 
Design with all holes centered 

Original design 0.86 - 3.31 - 
Pre-slot with separation 0.61 29.1 1.80 45.6 

Triangular pre-slot 0.59 31.4 1.76 46.8 
 256 
Finally, the proposed pre-slot method was compared with the skewing technique and the 257 

combination of both is considered. The technique of fractional skewing in the rotor [23] comprises 258 
dividing the rotor and turning one division away from another for half the cogging torque period. 259 
Four divisions have been considered in this analysis, as observed in Figure 14. Therefore, 260 
considering that the cogging torque period is mechanical 2, the shift of one division with respect to 261 
another is half of this period, which equals 1. As observed in Table 4, concerning the model with 262 
centered holes and in the ideal case of having no manufacturing errors, applying this combined 263 
technique manages to reduce the cogging torque to a peak value of 0.03 Nm or to 0.51 Nm if 264 
manufacturing errors are considered. In either of the two cases, the cogging torque reduction is very 265 
significant.  266 

Figure 15 shows the cogging torque waveform obtained for the PMSG with centered holes. 267 
Because of the reluctance periodicity, the cogging torque is a periodic waveform with a frequency 268 
given by: 269 

்݂ ೎೚೒ =
߱ ∙ ൫ܯܥܮ ௦ܰ௟௢௧௦ , ௣ܰ௢௟௘௦൯	

360° =  (6) ݖܪ	696

where  is the mechanical speed (1392°/s), LCM the least common multiple of the number of slots 270 
(Nslots=36) and the number of poles (Npoles=20). The results in Figure 15 show the decrease in the 271 
cogging torque with the pre-slot triangular method and that this improvement is even better when 272 
combining this pre-slot installation technique with fractional skewing in the rotor, up to 84% less in 273 
the most realistic case of considering errors in manufacturing processes.  274 
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 275 

Figure 14. Fractional skewing in the rotor.  276 

Table 4. Comparison of the maximum cogging torque values of PMSG with centered holes and the different 277 
models considering skewing. 278 

Model Without manufacturing 
errors 

Considering 
manufacturing errors 

 Nm Reduction (%) Nm Reduction (%) 
Design with centered holes 0.86 - 3.31 - 

Design with centered holes + Triangular 
pre-slot 0.59 31.4 1.76 46.8 

Design with centered holes + Skewing 0.31 64.0 1.34 59.5 
Design with centered holes + Triangular 

pre-slot + Skewing 0.03 96.5 0.51 84.6 

 279 

Figure 15. Cogging torque of the centered holes PMSG model, triangular pre-slot model and triangular pre-slot 280 
model with skewing (with manufacturing errors).   281 
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6. Conclusions 285 

This article presents a new cogging torque reduction technique that does not require changes to 286 
the machine’s main geometry. It proposes placing pre-slots in the initial part of the stator slots. These 287 
pre-slots are made of the same ferromagnetic material as the stator, with a non-magnetic central 288 
separator (in two halves). The pre-slots are slid longitudinally between the slots after completing 289 
machine winding and, therefore, without altering the PMSG’s fill factor. 290 

Introducing a central part of non-magnetic material prevents leakage flux between the 291 
machine’s teeth and also stops its induced voltage from reducing significantly with respect to the 292 
configuration without pre-slots. 293 

The proposed method manages to reduce cogging torque in PMSGs with surface-mounted 294 
magnets by up to 47.8%. Additionally, the article analyzes how changing the magnetic circuits for 295 
construction reasons can affect the cogging torque, which can easily be optimized. The pre-slot 296 
technique is also compatible with other cogging torque reduction techniques, such as skewing. 297 
When the above-mentioned methods are combined, cogging torque is reduced by 84.6% considering 298 
manufacturing errors. 299 
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