
 
Figure 1. Configuration of ORPMSM for drone application. 
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Abstract—Outer rotor permanent magnet synchronous motors 
(ORPMSMs) have received attention for drone application due 
to their high-power density and integration of the propeller 
blade onto the rotor. In this paper, electromagnetic performance 
of ORPMSMs is compared for various pole-slot combinations 
with a fractional slot concentrated winding. Based on the basic 
model with 42-poles and 36-slots, two case studies are conducted 
to obtain the superior electromagnetic performance of pole-slot 
combination using finite element analysis (FEA). In the first case 
study, pole-slot combinations with identical pole-to-slot ratios 
are analyzed, and the results show that an optimal pole number 
exists even when the ratio remains constant. In second case 
study, the electromagnetic performance is evaluated for 
different pole numbers while maintaining the same slot number. 
The results provide guidance for selecting the optimal pole-slot 
combination considering the power density and efficiency. 

Index Terms—Efficiency, electromagnetic performance, outer 
rotor permanent magnet synchronous motor (ORPMSM), pole-
slot combination, power density. 

I. INTRODUCTION 

Surface permanent magnet synchronous motors 
(SPMSMs) have gained significant attention in the drone 
application. In particular, the outer rotor PMSMs 
(ORPMSMs) employing surface magnets offer the benefit of 
high pole number, which can achieve the high power density 
[1]. Furthermore, because SPMSMs have a relatively large 
effective magnetic airgap, the eddy current loss in the rotor 
yoke is lower. For this reason, the rotor yoke of ORPMSMs 
with surface magnets is widely manufactured as the solid core 
material like SUS304 or SS400, as illustrated in Fig. 1 [2]. 
This structure enables integration of the propeller blade onto 
the rotor without an additional housing, resulting in a 
simplified manufacturing process. Owing to these benefits, 
ORPMSMs have been employed in the drone application. 

Although ORPMSMs provide superior electromagnetic 
performance compared with other motor topologies in the 

drone application, their power density and electromagnetic 
loss characteristics depend on the pole-slot combination. 
Specifically, since ORPMSMs have a fractional slot 
concentrated winding and the rotor yoke is solid material this 
structure can cause the higher eddy current loss in the rotor 
yoke. Therefore, the selection of pole-slot combination is 
significant design step before starting the geometry design of 
electrical machine. Since ORPMSMs with SPMSM have the 
eddy current loss in the rotor yoke depending on the stator 
magnetomotive force (MMF), electromagnetic performance 
should be investigated for winding configuration of pole-slot 
combination [3]. 

Several research have been studied on the electromagnetic 
characteristics of various pole-slot combinations [4]-[7]. In [4], 
electromagnetic performance for pole-slot combination in 
interior PMSM is investigated for electric power steering. In 
[5]-[6], the vibration characteristics for pole-slot combination 
are focused. Although the pole-slot combination of ORPMSM 
is investigated in [7]-[8], electromagnetic performance is 
focused on the amount of permanent magnet material and low 
speed and high torque density application. Despite these prior 
works, no study has specifically addressed the power density 
and efficiency, which are significant performance in drone 
applications, for pole-slot combinations. 

In this paper, electromagnetic performance for pole-slot 
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TABLE I. WINDING FACTOR FOR POLE-SLOT COMBINATIONS 

 
 

TABLE II. LCM OF POLE AND SLOT NUMBER FOR POLE-SLOT 
COMBINATIONS 

 

combination of ORPMSMs is investigated for the drone 
application. Because ORPMSMs employ a solid rotor yoke, 
the winding configuration for pole-slot combinations 
significantly affects the loss characteristics. Moreover, the 
efficiency and power density are key performance metrics in 
the drone applications, two case studies for pole-slot 
combination are conducted in term of efficiency and power 
density: Case I: pole-slot combination with an identical pole-
slot ratio, and Case II: variations in pole number for the fixed 
slot number. Based on the basic model of 42 poles and 36 
slots, which is used in the drone application, two case studies 
are conducted and electromagnetic performance for case 
studies is compared based on finite element analysis (FEA). 

II. SELECTION OF POLE-SLOT COMBINATIONS 

The pole-slot combination significantly influences 
electromagnetic characteristics, including the winding factor, 
the back electromagnetic force (BEMF), motor period, and 
cogging torque. The winding configuration associated with a 
given pole-slot combination is determined by the start of slot 
theory [9]. Based on this theory, the characteristics of pole-slot 
combination can be predicted in advance during motor design 
process. 

A. Winding Feasibility and Winding Factor 

Based on the star of Slot theory, the winding feasibility is 
determined given pole-slot combination as follows: 

 int .
Q

mt
                                         (1) 

where Q is the slot number, m is the number of phases, t is the 
motor period. The motor period can be expressed as follows: 

 ( , )t GCD Q p                                     (2) 

where GCD is the greater common divider (GCD), p is the 
number of pole pair. 

The BEMF of electrical machines can be expressed as 
follows: 

 e w w gE k N                                    (3) 

where E is the BEMF, ωe is the electrical angular speed, kw is 
the winding factor, Nw is the series turns per phase, and ϕg is 
the airgap magnetic flux. From (3), the winding factor 
determines the BEMF, and a higher winding factor results in 
a higher torque because the BEMF is proportional to the 
torque. The winding factor is defined by the product of 
distribution factor and pitch factor as follows:  

 w d pk k k                                       (4) 

where kd is the distribution factor and kp is pitch factor. 
The distribution factor can be expressed as follows [10]: 
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where qph is the number of spokes per phase, and αs is the 
angle between two consecutive phasors of the star of slots. 

The pitch factor can be expressed as follows: 
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where yq is the slot pitch. Since the fractional slot 
concentrated winding machine is widely employed in the 
drone application, the slot pitch is selected as one. 

Based on (5) and (6), the winding factor for pole-slot 
combinations can be calculated for the fractional slot 
concentrated winding machine, as illustrated in TABLE I. In 
TABLE I, a blank entry indicates that the winding 
configuration is not feasible for a three-phase winding. Since 
the pole-slot combination with higher winding factor produce 
the higher BEMF according to (3), these combinations are 
generally preferred. However, electromagnetic performance 
characteristics such as cogging torque and noise/vibration are 
influenced by the least common multiple (LCM) and great 
common multiple (GCD) of pole and slot number. Therefore, 
additional factors must be considered when selecting the pole-
slot combination. In particular a higher pole number can 
increase the switching frequency in the motor drive and core 
loss. Accordingly, electromagnetic performance of the 
selected pole-slot combination candidates should be evaluated 
using FEA. Based on these comparative results, the optimal 
pole-slot combination can be identified. 

B. LCM and GCD of Pole-Slot Combinations 

In PMSMs, the cogging torque is generated by the 
variation of magnetic permeance and is influenced by pole-
slot combination, as the cogging torque period is determined 
by LCM of pole and slot numbers, as illustrated in TABLE II. 
Therefore, selecting an appropriate pole-slot combination is an 
essential part of the initial design process when targeting low 
cogging torque. In general, pole-slot combination with larger 
LCM tend to exhibit lower cogging torque [15]. However, 
although a higher LCM number typically reduces cogging 
torque, the actual cogging torque is also affected by various 
design parameters, including the slot opening, skew, and 
magnet shape. Therefore, the pole–slot combination provides 
an initial guideline for achieving low cogging torque, while 
further reduction can be obtained through geometric design. 
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TABLE III. GCD OF POLE-PAIR AND SLOT NUMBER FOR POLE-SLOT 
COMBINATIONS 

 

TABLE IV. Q/(MT) FOR POLE-SLOT COMBINATIONS 

 

TABLE V. SPECIFICATION FOR DRONE APPLICATION 

Contents Value Contents Value 

Power [W] 600 Stack length [mm] 8.5 
Speed [rpm] 3000 Airgap length [mm] 0.5 
Torque [Nm] 1.91 Slot opening [mm] 2 

Phase current [Amax] 20 Magnet thickness [mm] 1.1 
Total series turns 120 Stator core material 50PN470 

Wire diameter [mm] 0.8 Rotor yoke material SS400 

  
(a) (b) 

  
(c) (d) 

(Red : Phase A, Blue : Phase B, Green : Phase C) 
Figure 2. Pole-slot combination models for Case I. (a) 14P12S. (b) 

28P24S. (c) 42P36S. (d) 56P48S. 
 

TABLE VI. DIMENSION OF POLE-SLOT COMBINATION MODELS FOR 
CASE I 

Contents 
14P 
12S 

28P 
24S 

42P 
36S 

56P 
48S 

Unit 

Airgap diameter 81.15 mm 
Rotor outer diameter 93.1 88.6 87.1 86.35 mm 
Rotor inner diameter 81.9 mm 
Stator outer diameter 80.9 mm 
Stator inner diameter 45 58 58 58 mm 
Rotor yoke thickness 4.5 2.25 1.5 1.125 mm 
Stator teeth thickness 4.5 3.4 2.5 1.875 mm 
Stator yoke thickness 5 2.5 2.5 2.5 mm 

Winding factor 0.933 - 
GCD(Q, p) 3 - 

Q/(mt) 4 - 
LCM(Q, p) 84 168 252 336 - 

Noise/vibration of electrical machine is caused by the 
radial magnetic forces in the airgap as expressed follows: 

    2 2

0

1
( , ) , ,

2 n tf t B t B t  


                    (7) 

where f is the radial magnetic force density, and Bn and Bt are 
normal and tangential component of magnetic flux density, 
respectively. If the electrical machine exhibits unbalanced 
magnetic pull due to its winding configuration in specific 
pole-slot combination, a unidirectional radial force is 
generated, resulting in increased noise/vibration. The electrical 
machine with the symmetric winding configurations typically 
achieves lower noise/vibration. Because GCD of pole-pair and 
slot number demonstrates the motor period, it can be used as 
the index of the symmetry. For this reason, the pole-slot 
combinations with even GCD are commonly selected, as 
shown in TABLE III. Even when GCD is odd, the symmetries 
in winding configurations can be achieved through the 
symmetric winding distribution per phase, in which one half 
of the winding layer is arranged as the reverse of the other half. 
Since the number of winding distributions per phase can be 
given by Q/(mt), the half-symmetric winding distributions can 
be implemented when Q/(mt) is an even number, as shown in 
TABLE IV. 

III. CASE STUDIES OF POLE-SLOT COMBINATION 

A. Constraints and Specification 

To compare electromagnetic performance for pole-slot 
combination, the machine specification for drone application 
is considered as shown in TABLE V. In this paper, 42 pole 

and 36 slot configuration is selected as a basic model, and two 
case studies of pole-slot combination are conducted. 

In first case study (Case I), pole-slot combinations with the 
same pole-to-slot ratio are selected to compare the 
electromagnetic performance. Since the basic model is 42-
pole/36-slot configuration, the candidate combinations are 
chosen to maintain the same pole-to-slot ratio, as illustrated in 
Fig. 2. As the magnetic flux per pole increases when the pole 
number decreases, the stator and rotor yoke thicknesses are 
designed to avoid magnetic saturation while maintaining the 
same airgap diameter. The geometric dimensions used in Case 
I are summarized in TABLE VI. 

In second case study (Case II), electromagnetic 
performance is compared using the same slot number but 
varying pole numbers. With the basic model employing 36 
slots, the slot number is fixed at 36 for all candidate 
configurations. The pole number are selected based on 
winding feasibility and winding factor considerations, as 
illustrated in Fig. 3. The rotor yoke thickness is determined to 
prevent magnetic saturation, and the detailed geometric 
dimensions are listed in TABLE VII. The electromagnetic 
performance of the selected pole-slot combinations is 
evaluated under both no-load and load conditions using FEA 
of which software is ANSYS Maxwell 2024R1. 
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(a) (b) 

  
(c) (d) 

(Red : Phase A, Blue : Phase B, Green : Phase C) 
Figure 3. Pole-slot combination models for Case II: (a) 30P36S. (b) 

32P36S. (c) 38P36S. (d) 42P36S. 

 
TABLE VII. DIMENSION OF POLE-SLOT COMBINATION MODELS FOR 

CASE II. 

Contents 
30P 
36S 

32P 
36S 

38P 
36S 

42P 
48S 

Unit 

Airgap diameter 81.15 mm 

Rotor outer diameter 88.3 88.04 87.42 87.1 mm 

Rotor inner diameter 81.9 mm 

Stator outer diameter 80.9 mm 

Stator inner diameter 58 58 58 58 mm 

Rotor yoke thickness 2.1 1.97 1.66 2.5 mm 

Winding factor 0.933 0.945 0.953 0.933 - 

GCD(Q, p) 3 4 1 3 - 

Q/(mt) 4 3 12 4 - 

LCM(Q, p) 180 288 684 252 - 

Stator teeth thickness 2.5 mm 

Stator yoke thickness 2.5 mm 

  
(a) (b) 

  
(c) (d) 

(Red : Phase A, Blue : Phase B, Green : Phase C) 
Figure 4. Mangetic flux density distribution under load condition for 

Case I. (a) 14P12S. (b) 28P24S. (c) 42P36S. (d) 56P48S. 

  
                              (a)                                                      (b) 

Figure 5. Noload characteristics for Case I. (a) BEMF. (b) Cogging 
torque. 

   
                            (a)                                                      (b) 
Figure 6. Load characteristics for Case I. (a) Loss and output power. (b) 

Power density and efficiency. 
B. Case I : Same Ratio of Pole and Slot Number 

Although the pole-to-slot ratio is identical, electromagnetic 
performance varies with the pole number due to the magnetic 
flux per pole and leakage flux. As the pole number increases, 
the magnetic flux per pole decreases, leading to a reduction in 
magnetic flux density, as illustrated in Fig. 4. This indicates 
that the required core usage can be reduced, thereby 
contributing to higher power density. 

Fig. 5 presents the no-load characteristics of pole-slot 
combinations in Case I. As shown in Fig. 5(a), the induced 
voltage waveform becomes more sinusoidal as the pole 
number increases, primarily due to the increased leakage flux. 
Although a lager LCM yields lower cogging torque, the 
cogging torque of 42P36S is higher than that of 28P24S, as 
illustrated in Fig. 5(b). This confirms that the cogging torque 
is influenced not only by the pole-slot combination but also by 
the geometric features of the rotor and stator. 

The load characteristics, including electromagnetic loss, 
output power, power density, and efficiency, are compared, as 
illustrated in Fig. 6. As shown in Fig. 6(a), the core loss for the 
pole number increases because it is proportional to both 

magnetic flux density and electrical frequency. Although the 
stack length, wire diameter, and total series turn are same 
across models, the end-turn resistance decreases as the slot 
number increases, resulting in lower copper loss, as shown in 
Fig. 6(a). The PM and rotor yoke loss depends on the stator 
MMF distribution, and spatial harmonic by slot. As shown in 
Fig. 6(a), the machines with fewer poles exhibit higher spatial 
harmonic component, leading to increased PM and rotor yoke 
loss. Consequently, although power density improves as the 
pole number increases, the efficiency of 42P36S is higher than 
that of other pole-slot combinations, as illustrated in Fig. 6(b). 

C. Case II : Pole Number Under Same Slot Number 

This case study is focused on evaluating the 
electromagnetic performance for different pole numbers while 
maintaining the same slot number and geometric dimensions. 
Similar to Case I, the magnetic flux density decreases as the 
pole number increases, as illustrated in Fig. 7. Because the 
stator geometry is fixed, the magnetic flux density in stator 
teeth decreases with increasing pole number. 
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(a) (b) 

  
(c) (d) 

(Red : Phase A, Blue : Phase B, Green : Phase C) 
Figure 7. Mangetic flux density distribution under load condition for 

Case II. (a) 30P36S. (b) 32P36S. (c) 38P36S. (d) 42P36S. 
 

 
                              (a)                                                      (b) 

Figure 8. Noload characteristics for Case II. (a) BEMF. (b) Cogging 
torque. 

   

                           (a)                                                     (b) 

Figure 9. Load characteristics for Case II. (a) Loss and output power. (b) 
Power density and efficiency. 

Fig. 8 shows the no-load characteristics of pole-slot 
combination examined in Case II.  As illustrated in Fig. 8(a), 
the BEMF waveforms of 30P36S and 32P36S are more 
sinusoidal compared to 38P36S and 42P36S. As shown in Fig. 
8(b), 38P36S exhibits the higher LCM, as shown in TABLE 
VII, and therefore shows the lowest cogging torque. Although 
30P36S model has a lower LCM compared to 42P36S, its 
cogging torque is higher, demonstrating that geometric 
parameters influence cogging torque. 

The load characteristics for Case II is compared in Fig. 9. 
The core loss increases with the pole number increases. 
However, PM and rotor yoke loss increase for the high pole 
number, as shown in Fig. 9(a), which contrasts with the trend 
observed in Case I. This indicates that the winding 
configuration contributes to the PM and rotor yoke loss. Since 
the higher pole number allows for reduced core mass, power 
density improves as the pole number increases. Considering 
both electromagnetic losses and power density, the optimal 
pole-slot combination is selected as 38P36S. 

 

IV. CONCLUSION 

In this paper, the pole-slot combinations of ORPMSMs are 
investigated for drone applications. Because ORPMSMs 
employ a solid rotor yoke, eddy-current loss is generated in 
the rotor, and this loss is influenced by the winding 
configuration. Two case studies are conducted based on the 
basic model with 42-pole and 36-slot commonly used in drone 
applications. In Case I, where the pole-slot ratio is kept 
constant, the 42-pole and 36-slot exhibits higher power 
density and efficiency compared with the other models. In 
contract, in Case II, where the stator geometry is fixed and the 
pole number is varied, the 38-pole and 36-slot provides 
superior power density and efficiency. For drone application, 
higher pole numbers are generally preferred due to their high 
power density. However, increasing the pole number raises the 
required inverter switching frequency, which in turn increases 
switching losses and reduce the overall efficiency of the motor 
and drive system. Therefore, future work will investigate pole-
slot combination considering both motor performance and 
drive system. 
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