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Abstract: The claw-pole motor, known for its simple structure, is widely used in various fields due to its cost 12 

competitiveness. However, a drawback of the fixed-stator type claw-pole motor is its vulnerability to eddy 13 

current losses. Therefore, this paper presents a single-phase claw-pole motor applied as a motor for cooling 14 

fans, with the aim of reducing eddy current losses and improving performance based on shape optimization, 15 

ultimately resulting in a single-phase claw-pole motor that meets the desired performance. The validity of this 16 

approach is verified through 3D finite element analysis (FEA). 17 

Keywords: Claw-Pole; Single-Phase; Eddy Current Loss  18 

 19 

1. Introduction 20 

Considering recent fossil fuel depletion and energy regulations, the importance of 21 

energy conservation is becoming increasingly prominent. As a result, motor development 22 

has also been increasingly focused on high efficiency. High-performance rare-earth per- 23 

manent magnets, which can enhance the performance of motors in terms of torque, output 24 

density, and efficiency, have emerged. This has led to active research in the field of per- 25 

manent magnet synchronous motors [1]. However, due to rising material costs caused by 26 

inflation, an increase in the price of motors has become necessary. As a result, research 27 

efforts are actively underway worldwide to produce cost-competitive products by various 28 

companies. Because single-phase Drive ICs are more cost-competitive compared to three- 29 

phase Drive ICs, many motor applications in household appliances frequently utilize sin- 30 

gle-phase motors [2]. In pursuit of cost competitiveness, in addition to traditional radial 31 

flux motors, claw-pole motors, which employ ring-type permanent magnets, are being 32 

researched due to their simple and economical structure. 33 

 34 

Motors that offer cost competitiveness often emphasize the importance of streamlin- 35 

ing the manufacturing process and reducing material costs. Claw-pole motors, for in- 36 

stance, do not require laminated core plates and their straightforward structure simplifies 37 

the manufacturing process, making them suitable for cost savings [3-4]. Claw-pole motors 38 

are fundamentally shaped like claws, and their classification is based on the position of 39 

the "claw," leading to a basic categorization into rotor type and stator type, reflecting the 40 

attached name according to their core structure. In the case of the rotor type, it features a 41 

structure where the rotor contains coils or permanent magnets that are surrounded by the 42 

claws, resembling the shape of the claw enveloping them. On the other hand, the stator 43 

type replaces the traditional motor's shoes and teeth with the claws. In other words, the 44 

claw surrounds the stator coils in this structure. In this context, the advantage is that the 45 
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coils surrounded by the claw can utilize a ring-type winding configuration based on the 46 

shape characteristics of the claw. Especially, rotor-type claw-pole motors employ the 47 

slinky lamination method during stator production to maximize the utilization of electri- 48 

cal steel sheets. An advantage of these rotor-type claw-pole motors is that they can create 49 

multipole configurations based on the number of claws attached to the rotor, making them 50 

particularly suitable for use in automotive alternators. However, due to the rotor's wind- 51 

ing, which includes brushes and a commutator, there is an inherent maintenance draw- 52 

back. In contrast, stator-type claw-pole motors, utilizing permanent magnets in the rotor, 53 

offer a more cost-effective solution. Their compact and lightweight design is advanta- 54 

geous for various applications such as optical drives, hard disks, motor control in com- 55 

puter peripherals, drive motors, and more. Nevertheless, there is a disadvantage in that 56 

due to the structural characteristics of the claw and stator, laminated core plates cannot 57 

be used during their manufacturing, making them highly susceptible to eddy current 58 

losses. Therefore, this paper selects the single-phase stator-type claw-pole motor as the 59 

target application for cooling fan motors in microwave ovens and ovens, proposing a 60 

shape for reducing eddy current losses. This paper is divided into three main sections. In 61 

Section 1, the paper provides an explanation of the operating principles and manufactur- 62 

ing methods of the stator-type claw-pole motor. Section 2 describes the specifications of 63 

existing motors used in microwave ovens and ovens and discusses the characteristics of 64 

these motors when converted to stator-type claw-pole motors. Section 3 presents a for- 65 

mula for eddy current losses and proposes a shape for reducing eddy current losses 66 

through the analysis of the magnetic path and saturation in claw-pole motors. Further- 67 

more, claw-pole motors have a shape that is not constant in the axial direction, unlike 68 

typical motors, and the magnetic paths generated in the rotor and stator of claw-pole mo- 69 

tors occur in both radial and axial directions. Therefore, the validity of the proposed 70 

model was verified using 3D finite element analysis (FEA) [5]. 71 

2. Characteristics of single-phase stator claw-pole motor and driving principle 72 

Figure 1 provides an explanation of the shape of the stator-type claw-pole motor. In 73 

(a), you can see the structure that includes the rotor, and in (b), the shape of the stator core 74 

is visible. As evident from the figure above, the rotor exhibits a shape similar to that of a 75 

surface permanent magnet synchronous motor (SPMSM) with permanent magnets at- 76 

tached to the back yoke. The stator core consists of components resembling claws and a 77 

stator back yoke, creating a slotted structure. Within these slots, there is a ring-type wind- 78 

ing, and the number of stacked stator cores determines the phase count, resembling a con- 79 

figuration where cans are stacked, hence the term "can stack motor." In this paper, as it is 80 

based on single-phase motors, there is only one stator, as shown in (b). 81 

  

(a) (b) 

Figure 1. Shape of the single-phase stator-type claw-pole motor: (a) Overall shape; (b) Stator core shape. 82 
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The structure of the stator is notably different from the typical core-type motor, and 83 

because of these characteristics, laminated core plates cannot be used. In the manufactur- 84 

ing of Claw-Pole motor stators, the deep drawing method is employed. Deep drawing is 85 

a process that essentially involves pressing a punch onto the sheet metal surface to shape 86 

it according to the mold's form. The process of deep drawing is categorized as “deep” if 87 

the depths of pressing reachs a diameter of part is to be formed[6-7]. Due to this manufac- 88 

turing process, laminated core plates cannot be used for the stator core. Instead, a material 89 

with excellent machinability and formability is required, which is why steel plate cold 90 

commercial (SPCC), a type of cold-rolled steel product, is chosen as the material for the 91 

stator core. Figure 2 illustrates the stator manufacturing process of a claw-pole motor us- 92 

ing the deep drawing method. A part of the stator core is bent and extended using a punch 93 

to create the claw shape. However, SPCC is a material that is susceptible to magnetic sat- 94 

uration due to its lower permeability and saturation level compared to electrical steel 95 

sheets. 96 

 97 

Figure 2. The concept of manufacturing the claw using deep drawing processing. 98 

The operating principle of the single-phase claw-pole motor, as shown in Figure 3, is 99 

determined by the direction of the current in the armature winding. This direction of cur- 100 

rent results in the generation of magnetic paths in the claw, either above or below, thereby 101 

determining the polarity. The interaction between the magnetic field generated in the claw 102 

and the permanent magnets results in the generation of a force that drives the rotation in 103 

one direction due to attraction and repulsion forces. In this situation, two different cases 104 

of magnetic paths occur. One case is when there is only one pole of permanent magnets 105 

on the claw, and the other case is when the claw has permanent magnets with different 106 

poles. When there is only one pole of permanent magnets on the claw, the magnetic path 107 

is as follows: Permanent Magnet (N) - Claw (N) - Stator Yoke - Claw (S) - Permanent Mag- 108 

net (S). The magnetic flux entering from the permanent magnet's south pole exits through 109 

the internal path to the permanent magnet's north pole. When the rotor has moved by half 110 

a pitch, and there are permanent magnets with opposite poles on the claw, the magnetic 111 

path follows this route: Permanent Magnet (N) - Claw (N) - Permanent Magnet (S) [8-12]. 112 

In this case, it's evident that the magnetic path has a shorter route compared to when one 113 

pole of a permanent magnet faces the claw. As a result, due to the ever-changing magnetic 114 

path based on the rotor's position in the claw-pole motor, fluctuations in magnetic stored 115 

energy occur. These differences in magnetic stored energy drive the operation of the claw- 116 

pole motor. 117 
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(a) (b) 

Figure 3. Claw polarity and magnetic field direction in a stator-type claw-pole motor based on the 118 
current direction: (a) Clockwise current input; (b) Counterclockwise current input. 119 

3. Basic design of single-phase stator type claw-pole motor 120 

To undertake the basic design of a single-phase claw-pole motor, it is essential to 121 

examine the shape and specifications of an existing cooling fan motor, as shown in Figure 122 

4. Figure 4 (a) represents the mass-produced model of the existing cooling fan motor, 123 

while (b) is the 3-phase model developed for cost savings. In the case of conventional in- 124 

duction motors, the difficulty in speed control led to the use of 11 different motors, result- 125 

ing in disadvantages for maintenance and upkeep. As a solution, research has been con- 126 

ducted to transition to permanent magnet (PM) motors. Hence, considering the size con- 127 

straints, the stator stack height remains the same as the conventional induction motor at 128 

15mm, and the outer diameter is 39mm, taking the shaft into account. The target output 129 

power is also identical to the existing cooling fan motor, which is 5.5W. In this case, the 130 

target motor is based on a 3-phase SPMSM (Surface Permanent Magnet Synchronous Mo- 131 

tor), and the goal is to adapt it into a single-phase claw-pole motor. 132 

 133 

  
(a) (b) 

Figure 4. Existing cooling fan motor shape and size specifications: (a) Single-phase induction motor 134 
shape; (b) 3-phase motor shape. 135 

To select the number of poles for the single-phase claw-pole motor, a comparative 136 

analysis is carried out for unloaded eddy current losses and back electromotive force 137 

(EMF) from 4 poles to 10 poles. For the single-phase claw-pole motor, considering a 1:1 138 

ratio between the poles of permanent magnets and claws, the comparative analysis starts 139 

from 4 poles. It is important to consider that motors with more than 12 poles at the current 140 

size face manufacturing challenges, so a comparison of back electromotive force (EMF) is 141 

carried out up to 10 poles under unloaded conditions. in this case, the back electromotive 142 

force (EMF) increases up to 10 poles, which is advantageous for performance. However, 143 

it is essential to note that the eddy current losses also increase. Based on the results in 144 
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Figures 5 and 6, models with 8 poles or fewer are selected to balance performance and 145 

eddy current losses. 146 

 147 

 148 

Figure 5. Comparative analysis of back electromotive force (EMF) for different numbers of poles 149 
under unloaded conditions. 150 

 151 

Figure 6. Comparative analysis of eddy current losses for different numbers of poles. 152 

For motors with non-laminated cores, the loss characteristics vary significantly depending 153 

on the core's structure and thickness. Therefore, it's important to consider the eddy current 154 

losses calculated based on the stacking factor. Due to the significant analysis time required, 155 

when conducting trend analysis, it's common to not consider eddy current losses and 156 

asymmetric core structures. The basic design of the single-phase claw-pole motor, which 157 

fits within the size constraints of the existing motor, is shown in Figure 7, and the perfor- 158 

mance is presented in Table 2. 159 
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(a) (b) 

Figure 7. Identical size model to the existing 3-phase cooling fan motor: (a) Shape; (b) Magnetic flux 160 
density. 161 

 162 
Table 1. Performance of the existing 3-phase cooling fan motor. 163 

Parameter Value Unit 

Power 3.63 W 

Speed 2950 rpm 

Torque 12.38 mNm 

Current 0.486 Arms 

Current density 7.96 Arms/mm2 

Voltage 13.57 V 

Number of turns 129 - 

 164 

When the motor is the same size as the existing model, it doesn't meet the target torque of 165 

18 [mNm]. Therefore, a design is needed to increase the total magnetic loading and total 166 

electric loading for torque enhancement. The equation related to total magnetic loading is 167 

the same as Equation 1, and the equation related to total electric loading is expressed in 168 

Equation 2. 169 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = 2𝑝𝜙𝑔 [𝑇] (1) 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = 𝐼𝑎𝑍 [𝐴𝑚𝑝𝑒𝑟𝑒 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟] (2) 

In Equation 1, 𝑝 represents the pole pair number, 𝜙𝑔 denotes the average gap flux per 170 

pole, and in Equation 2, 𝐼𝑎 represents phase current, while 𝑍 represents the total num- 171 

ber of conductors in the stator. As can be seen from the equations, increasing the electrical 172 

and magnetic loadings requires an increase in size. Therefore, an analysis of performance 173 

characteristics in relation to the increase in stack length and outer diameter is conducted. 174 

The shape characteristics are analyzed by adjusting the stack length and outer diameter 175 

based on the same volume and magnet usage to design a single-phase claw-pole motor 176 

that meets the target performance. Figure 8 shows the shapes and magnetic saturation 177 

densities of each model, with the extent of size increase expressed as a percentage. Model 178 

(a) in Figure 8 increased the stack length by 2.3mm, and model (b) increased the outer 179 

diameter by 3.32mm compared to the base model. 180 

  181 
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(a) (b) 

  
(c) (d) 

Figure 8. Model with increased stack length and outer diameter: (a) Model with increased stack 182 
length shape; (b) Model with increased stack length magnetic saturation density; (c) Model with 183 
increased outer diameter shape; (d) Model with increased outer diameter magnetic saturation den- 184 
sity. 185 

 186 
Table 2. Performance comparison of the increased stack length model and increased outer diameter 187 
model. 188 

Parameter Value Unit 

Model 
Increased stack 

length 

Increased outer  

diameter 
- 

Power 5.55 5.5 W 

Speed 2950 2950 rpm 

Torque 18.6 18.43 mNm 

Current 0.486 0.486 Arms 

Current density 7.96 7.96 Arms/mm2 

Voltage 21.53 22.02 V 

Number of turns 182 197 - 

 189 

Increasing the stack length and outer diameter resulted in an increase in the slot 190 

cross-sectional area, and, with a constant slot fill factor, the number of turns also increased. 191 

While the model with increased stack length had 15 more turns compared to the model 192 

with increased outer diameter, the increased stack length also led to an increase in the 193 

effective cross-sectional area for generating torque, resulting in an overall torque increase. 194 

Therefore, the design will proceed based on the model with increased stack length. In the 195 

case of the single-phase claw-pole motor, there are performance losses due to eddy current 196 

losses and uneven air gap, so the analysis will be carried out with performance margins 197 

taken into account, considering the maximum stack length within the same volume and 198 

then analyzing the eddy current losses. Figure 9 shows the shape and magnetic flux den- 199 

sity distribution of the single-phase claw-pole motor with the same stack length as the 200 

conventional induction motor. Table 3 displays the performance of the model with the 201 

maximum stack length. 202 



Actuators 2023, 12, x FOR PEER REVIEW 8 of 16 
 

 

  
(a) (b) 

Figure 9. Shape and magnetic flux saturation density of the maximum stacking length model: (a) 203 
stacking length maximum model shape; (b) stacking length maximum model flux saturation density. 204 

Table 3. Performance of a single-phase claw-pole motor with maximum stacking length. 205 

Parameter Value Unit 

Model Maximum stacking length - 

Power 1.79 W 

Speed 2950 rpm 

Torque 5.81 mNm 

Current 0.486 Arms 

Current density 7.96 Arms/mm2 

Voltage 20.54 V 

Number of turns 216 - 

Claw eddy current loss 1.35 W 

Stator back yoke eddy current loss 2.41 W 

 206 

The model with the maximum stack length does not meet the target performance when 207 

considering the eddy current loss. To achieve the desired performance, it is necessary to 208 

design for an increase in the field strength. The sum of the magnetic flux from permanent 209 

magnets and the demagnetizing effect caused by the stator current generates the eddy 210 

current. To reduce the no-load saturation, electrical loading is maximized to consider the 211 

eddy current loss. To maximize the electrical loading, the magnet thickness and the rotor 212 

back yoke thickness are minimized. To improve the magnetic flux density, the stator back 213 

yoke thickness is increased from the existing 1.5mm to 1.8mm. Performance comparisons 214 

and analyses are conducted for models with up to 8 poles. 215 

 216 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

Figure 10. Shape and magnetic flux saturation density of a single-phase claw-pole motor: (a) 4-pole 217 
shape; (b) magnetic flux saturation density of 4-pole model; (c) 6-pole shape; (d) magnetic flux sat- 218 
uration density of 6-pole model; (e) 8-pole shape; (f) magnetic flux saturation density of 8-pole 219 
model. 220 

Table 4. Performance comparison of single-Stage claw-pole motor by pole numbers. 221 

Parameter Value Unit 

Model 4 Poles 6 Poles 8 Poles - 

Power 3.32 4.6 5.72 W 

Speed 2950 2950 2950 rpm 

Torque 10.74 14.89 18.52 mNm 

Current 0.486 0.486 0.486 Arms 

Current density 7.96 7.96 7.96 Arms/mm2 

Voltage 23.79 31.57 38.05 V 

Number of turns 398 398 398 - 

Claw eddy current loss 0.82 1.1 1.31 W 

Stator back yoke eddy 

current loss 
1.62 2.12 2.7 W 

 222 

In Table 4, comparing the 4 poles with the least loss and the 8 poles with the most loss, it 223 

can be seen that the eddy current loss increases by 64.3%. However, in the single-phase 224 

claw-pole motor of this paper, the claw occupies half of the pole pitch below and the upper 225 

part as much as the pole pitch, so the smaller the number of poles, the smaller the length 226 

of the physical claw. As the number of poles increases, the torque also increases, but once 227 

the number of poles exceeds a certain point, the extent of leakage between the poles in- 228 

creases, leading to a decrease in torque. Therefore, based on the table, we can observe that 229 

the torque increases by 72.4% when comparing the 4-pole configuration. Considering the 230 

target performance and performance reduction due to the asymmetric structure of the air 231 

gap, the 8-pole model appears to be the most suitable choice. Therefore, we select the 8- 232 

pole model to reduce eddy current losses. 233 
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4. Reduction of eddy current loss in single-phase stator type Claw-Pole motor design 234 

4.1. Reduction of eddy current loss based on the rotor under-hang model. 235 

Most single-phase claw-pole motors, as seen in Figure 11, exhibit a magnetic flux 236 

path where magnetic resistance is relatively low, mainly occurring in the claw and the 237 

adjacent stator back yoke. 238 

 239 

 
 

(a) (b) 

Figure 11. Saturation density and magnetic path in the single-phase claw-pole motor stator: (a) sta- 240 
tor saturation flux density; (b) magnetic path. 241 

In other words, most of the eddy current losses are directly affected by changes in magnetic flux 242 
over time, occurring primarily in the lower portion of the claw with relatively low magnetic re- 243 
sistance and in the stator yoke adjacent to the claw. When considering the reduction of eddy current 244 
losses in the single-phase claw-pole motor model, the formula for reducing eddy current losses is 245 
similar to Equation 3. 246 

𝑃𝑒 = 𝐾𝑒𝐵𝑚𝑎𝑥
2 𝑓2𝑡2𝑉 [𝑊] (3) 

In Equation 3, 𝑃𝑒  represents eddy current loss, 𝐾𝑒  is the eddy current factor, 𝐵𝑚𝑎𝑥  247 

denotes the maximum magnetic flux density, 𝑓 tands for frequency, 𝑡 indicates material 248 

thickness, and 𝑉 represents volume. To reduce eddy current losses, the physical length 249 

of the rotor's permanent magnets is reduced to decrease the values of t and V in Equation 250 

3. An under-hang structure is implemented to reduce the rotor's lamination length by the 251 

thickness of the stator back yoke, as illustrated in Figure 12, and the performance specifi- 252 

cations are provided in Table 6. 253 

 254 

  
(a) (b) 

Figure 12. The model shape and magnetic flux saturation density of the rotor under-hang applica- 255 
tion: (a) rotor under-hang model shape; (b) rotor under-hang model magnetic flux saturation den- 256 
sity. 257 
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Table 5. Specifications of the rotor under-hang application model performance. 258 

Parameter Value Unit 

Model Rotor under-hang application - 

Power 5.61 W 

Speed 2950 rpm 

Torque 18.2 mNm 

Current 0.486 Arms 

Current density 7.96 Arms/mm2 

Voltage 37.66 V 

Number of turns 398 - 

Claw eddy current loss 1.3 W 

Stator back yoke eddy current loss 2.49 W 

 259 

When the rotor under-hang structure was applied, the torque decreased by 1.73% 260 

compared to the conventional 8-pole model. However, it was found that total core loss 261 

can be reduced by 5.49%. Therefore, using this model as a reference, an asymmetrical air 262 

gap structure is applied to shift the cogging torque phase and secure the starting torque.  263 

A single-phase motor, unlike a three-phase motor, utilizes a squirrel cage rotor. In the case 264 

of a single-phase PM BLDC motor with a uniform air gap, a dead zone occurs where the 265 

zero torque positions of the pull-in torque and cogging torque coincide, rendering it 266 

essentially incapable of self-starting.[13-16]. Therefore, an asymmetric air gap shape is 267 

applied to shift the zero-point position of the cogging torque and the zero-point torque, 268 

allowing for self-starting. To meet voltage limitations, the wire density is increased based 269 

on the same current density criterion. The shape and torque phase shift of the single-phase 270 

claw-pole motor with an asymmetric air gap structure are depicted in Figure 13, and the 271 

performance specifications are presented in Table 6. 272 

 273 

 
(a) 

  
(b) (c) 
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Figure 13. Asymmetrical air gap structure applied configuration and torque waveforms: (a) Asym- 274 
metrical air gap structure shape; (b) Conventional torque waveform; (c) Torque waveform when the 275 
asymmetrical air gap structure is applied. 276 

Table 6. Performance specifications of the asymmetrical air gap applied model. 277 

Parameter Value Unit 

Model Asymmetrical air gap application - 

Power 5.32 W 

Speed 2950 rpm 

Torque 17.21 mNm 

Current 1.76 Arms 

Current density 7.96 Arms/mm2 

Voltage 9.33 V 

Number of turns 110 - 

Claw eddy current loss 0.86 W 

Stator back yoke eddy current loss 1.71 W 

 278 

4.2. Reduction of eddy current losses based on slit structure. 279 

Through equation 3, it can be observed that eddy current losses are proportional to 280 

the square of the conductor thickness. To reduce eddy current losses, we consider the 281 

saturation and magnetic path of the single-phase claw-pole motor. As shown in Figure 14, 282 

we insert air insulation into the stator core and reduce the conductor thickness. The eddy 283 

current path of the single-phase claw-pole motor is illustrated in Figure 15, showing the 284 

application of two air insulations to reduce the conductor thickness to 1/3. 285 

 286 

  
(a) (b) 

Figure 14. Conceptual diagram of air insulation application: (a) without air insulation; (b) with air 287 
insulation. 288 
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Figure 15. Eddy current path in the single-phase claw-pole motor. 289 

When applying air insulation and the slit structure, it is essential to consider not 290 

interfering with the magnetic path of the stator and account for the core's saturation. In 291 

the claw-pole motor, the eddy current path, as described in Figure 15, is directly 292 

influenced by the time rate of change of the magnetic field and is relatively larger in cross- 293 

sectional area, resulting in the highest magnetic resistance in the claw, stator back yoke, 294 

and stator areas between the claws. Therefore, identical length and thickness slit 295 

structures are applied to these regions. Based on the location of the applied slits for air 296 

insulation, different shapes of the single-phase claw-pole motor are proposed, and the 297 

eddy current characteristics are examined. Four types of slits, labeled as slit 1, 2, 3, and 4, 298 

are compared depending on their application positions. Slit 1 is applied to the claw, slit 2 299 

to the stator yoke adjacent to the claw, slit 3 to the stator between the claws, and slit 4 300 

combines the most effective slit, slit 1, and slit 3 to reduce eddy current losses. By inserting 301 

air insulation, it generates the time rate of change of the magnetic field, which is the source 302 

of eddy current. This results in an increase in electrical resistance per unit area, leading to 303 

a reduction in eddy current losses. As a result, the stator core can be effectively stacked 304 

similar to a conventional radial flux PM motor, and the saturation is depicted in Figure 16. 305 

 306 

  

(a) (b) 

  
(c) (d) 

Figure 16. Magnetic saturation of the single-phase claw-pole motor with air insulation applied in 307 
different locations: (a) Slit 1; (b) Slit 2; (c) Slit 3; (d) Slit 4. 308 

Table 7. Performance specifications based on the air insulation location in the single-phase claw- 309 
pole motor. 310 

Parameter Value Unit 

Model Slit 1 Slit 2 Slit 3 Slit 4 - 

Power 5.41 5.45 5.56 5.51 W 

Speed 2950 2950 2950 2950 rpm 

Torque 17.53 17.63 17.99 17.83 mNm 

Current 1.76 1.76 1.76 1.76 Arms 

Current density 7.96 7.96 7.96 7.96 Arms/mm2 

Voltage 9.54 9.41 9.5 9.44 V 
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Number of turns 110 110 110 110 - 

Claw eddy current loss 0.71 0.84 0.86 0.68 W 

Stator back yoke eddy 

current loss 
1.83 1.56 1.3 1.7 W 

 311 

Through Table 7, it can be observed that eddy current losses are reduced based on the 312 

location of air insulation, resulting in an increase in torque. In the case of the claw-pole 313 

model, the performance decrease due to eddy current losses is significant, so it is evident 314 

that performance increases when eddy current losses are reduced. Comparing the Slit 1, 315 

2, 3, 4 models to the models with asymmetrical air gaps and under-hang application in 316 

Table 7, each of them shows a reduction in eddy current losses by 1.17%, 6.61%, 15.95%, 317 

and 7.39%, respectively, with an increase in torque by 1.88%, 2.44%, 4.53%, and 3.63%, as 318 

illustrated in Figure 17. 319 

 320 

 
(a) 

 
(b) 

Figure 17. Performance analysis based on the Slit models: (a) Eddy current loss comparison; (b) 321 
Torque comparison. 322 

In the case of Slit 4, even though it combines two of the most effective Slit models, the 323 

increase in the number of air insulations leads to an increase in stator saturation due to 324 

the reduction in cross-sectional area of the magnetic path. As a result, it's evident that 325 

eddy current losses increase compared to the Slit 3 model. Therefore, when applying air 326 

insulation, it is essential to consider the magnetic path and saturation. Furthermore, when 327 

   

    

   

    

   

    

   

    

   

    

   

    

 
 
 
 
  
 
  
 
 
  
 
 
  
  
 

 

   

                       

                    

    

    

    

    

    

  

    

    

 
 
  
 
 
  
 
 
 
 

   

      

                    



Actuators 2023, 12, x FOR PEER REVIEW 15 of 16 
 

 

comparing the eddy current losses of the 8-pole model from Table 4 with the most 328 

effective Slit 3 model in reducing eddy current losses, it is confirmed that the Slit 3 model 329 

reduces eddy current losses by 46.15%. This has resulted in the derivation of a model that 330 

satisfies the target output of 5.5W based on 3D FEA. 331 

5. Conclusions 332 

This paper conducted a study to convert a three-phase cooling fan motor into a 333 

single-phase claw-pole motor, while adhering to the size constraints of the existing stator. 334 

To address the challenge of maintenance and servicing difficulties associated with the 335 

induction motor, it was replaced with a three-phase BLDC motor. However, although a 336 

three-phase BLDC motor was chosen as the target motor, it was found that a single-phase 337 

stator claw-pole motor is particularly vulnerable to eddy current losses, which prevented 338 

it from meeting the performance requirements within the same size constraints. As a 339 

result, it was necessary to develop a design that increases efficiency in order to enhance 340 

performance. The study included an analysis of the performance characteristics 341 

concerning the size of the claw-pole motor. The analysis of performance characteristics 342 

concerning size concluded that increasing the stack length can increase the effective cross- 343 

sectional area for generating torque. To reduce eddy current losses, the design aimed to 344 

maximize the electrical stack length. Additionally, by comparing performance 345 

characteristics based on the number of poles, a fundamental model was designed, taking 346 

into consideration the pole count. Most of the eddy current losses are directly affected by 347 

the rate of change of magnetic field within the magnetic path. They primarily occur in the 348 

lower section of the claw and in the stator yoke adjacent to the claw, where magnetic 349 

resistance is relatively low. To address this, the rotor under-hang structure was applied. 350 

It resulted in a 5.49% reduction in eddy current losses compared to the 1.73% reduction in 351 

torque, which is considered a reasonable outcome. To further reduce eddy current losses, 352 

air insulation was inserted. In the case of the Slit 4 model, even though it combines the Slit 353 

1 and Slit 3 models, an increase in the number of slits led to an increase in stator saturation 354 

due to the reduction in the cross-sectional area of the magnetic path. Consequently, eddy 355 

current losses increased. Therefore, the Slit 3 model, when compared to the state before 356 

inserting air insulation, showed a 4.53% increase in torque and a 15.95% reduction in eddy 357 

current losses, making it the most effective in reducing eddy current losses. A model that 358 

meets the performance requirements was derived and validated for feasibility through 3D 359 

FEA. 360 
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