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This paper investigates the performance of two topologies of radial flux permanent magnet 
synchronous (RFPMS) machines: inner-rotor RFPM and outer-rotor RFPM. These can be 
used for small-scale wind energy conversion systems (WECSs). The performance of both 
topologies is evaluated using the 2D finite element method (FEM) and the simulations are 
carried out using JMAG Designer 16.1. The primary objective of this study is to identify a 
suitable RFPMS machine for small-scale WECSs if both topologies are designed to have the 
same geometry and are rated at the same power level. The design parameters are calculated 
using the diameter-to-length design approach. Comparative analysis indicates that the outer-
rotor RFPMS machine topology is suitable for the given application in terms of output power, 
back EMF, torque, and efficiency. 

Keywords: Energy conversion systems, Inner-rotor, Outer-rotor, Permanent magnet machine, Radial 
flux, Synchronous machines.  

Article history: Received 18 June 2020, Accepted 29 September 2020 

 

1. Introduction 

 
Wind energy is considered to be a viable option for generating electrical energy. The 

generation of electrical energy from conventional sources adversely affects the 
environment, leading to climate change and global warming. The consequences of global 
warming include droughts, a rising sea level, flooding, extreme weather, and the loss of 
flora and fauna. 

The use of small amounts of wind energy, but on a large scale, could substantially 
impact the overall global energy usage owing the sustainability of wind energy. Moreover, 
the low carbon generation associated with wind energy could also decelerate global 
warming. Consequently, various electrical machines are being designed, investigated, and 
developed for different applications, such as battery chargers for boats and yachts, which 
require small electrical generators that could generate electrical power up to 400 W; homes 
and isolated loads such as communication towers situated far from the load centres, which 
use electrical machines rated 3–15 kW; and small commercial operations that use electrical 
generators with a rated power of up to 100 kW [1]–[3]. 

A study conducted by the United States Department of Energy suggests that small-scale 
wind energy conversion systems (WECSs) could operate more effectively in the rural parts 
of the country. Rural areas constitute approximately 60% of the total area of the United 
States. Hence, the small-scale wind turbine manufacturing industry of the United States 
sold roughly 13,400 wind turbines in 2001, which cost around US $ 20 million. Moreover, 
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the ongoing economic development indicates that small-scale WECSs could contribute up 
to 3% of the total US electricity supply by 2020, which is equal to around 50 GW [1], [4].  

Considering this, it is essential to work on the technical aspects of WECSs, which 
ultimately influence the economic challenges faced by the manufacturing industry. One 
such aspect is the design and development of more efficient electrical machines for WECSs 
[5]–[6].  

Several types of electrical machines have been proposed and developed in recent years, 
for small-scale wind energy extraction [7]–[8]. Compared with other types of synchronous 
and asynchronous machines, permanent magnet (PM) machines offer several advantages, 
such as higher efficiency and reliability, and a lower maintenance requirement, because 
they do not require any external-field excitation mechanism [9]–[15].   

On the basis of the direction of the flux in the airgap, PM machines are divided into 
three main types: 1) transverse flux machines, 2) axial flux machines, and 3) radial flux 
machines [16]–[19]. Transverse flux type PM machines have been found to be unsuitable 
for WECSs [20]. In contrast, radial flux PM machines have proved to be the easiest and 
most inexpensive to manufacture among the three types of PM machines [21].  

From the design perspective, radial flux PM machines are further divided into three 
major topologies: 1) surface-mounted, 2) buried-type, and 3) inset-type [22]. As surface-
mounted RFPMS machines having a simpler design and structure compared with the other 
two types [23], both of their possible topologies, that is, the inner-rotor and the outer-rotor 
types were selected for this study.  

The existing literature contains several studies on comparative performance analysis of 
inner- and outer-rotor type RFPMS machines. In some studies, the analysis was conducted 
for topologies rated at different power and having the different number of slots [24]; 
however, in other studies, the analysis involved machines are having different parameters, 
such as different air gaps and numbers of turns per phase [25].   

This study involves a comparative performance analysis of inner- and outer-rotor 
RFPMS machines for small-scale WECSs, designed with the same output power, voltage, 
frequency, synchronous speed, number of rotor magnetic poles, magnetic pole thickness, 
coil thickness, number of turns per phase, stator slots, number of stator coils, winding 
pattern, and air-gap length. However, the criteria for the comparison were the magnetic flux 
density distribution, output torque, output power, back EMF, and efficiency.   
 
2.  Design method for inner- and outer-rotor RFPMS machines 

 
The investigated inner- and outer-rotor RFPMS machines were designed using the 

improved diameter-to-length design method shown in Fig. 1 [9], [26]–[29]. The design 
process consists of two main steps, which are discussed below: 

  
Step 1: In this step, parameters such as the rated power, rated voltage, frequency, and 
synchronous speed are initially defined. The values of these predefined parameters are 
listed in Table 1. 
 

Table 1. Predefined parameters of inner- and outer-rotor RFPMS machine for small-scale 
WECSs 

Parameter Value Unit 
Rated Power 3,000 W 

Rated Voltage 180 Vrms 
Frequency 60 Hz 

Synchronous Speed 375 RPM 
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Step 2: In this step, different design parameters for the investigated radial flux PMS 
machine topologies are calculated. These calculated parameters are entirely dependent on 
the predefined specifications. However, these values are usually calculated via 
mathematical equations, which are discussed later in this section.  
The flux form factor ε is calculated using Eq. (1): 
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where Bmg and Br are the magnetic and residual flux densities, respectively. 
The relationship between frequency and speed is helpful in calculating the number of poles 
in the machine. The number of poles can be determined using the following equation: 
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where P is the number of poles, f is the supply frequency, and N is the synchronous speed. 
Here, the values for the supply frequency and synchronous speed are predefined in step 1 of 
the design process employed for the investigated RFPMS machines.  
The winding factor (KW1) is calculated using Eq. (3): 

 

                                                1W d pK K k=                                                     (3)                                                                     

where Kd and kp are the distribution and pitch factors, respectively [30]–[34].  
The outer diameter of the rotor Do is calculated using (4) and is directly proportional to the 
square root of the torque (T): 
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where Do is the outer diameter, Lrfpm is the active length, and σ is the sheer stress. 
Electrical loading is calculated using (5): 
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where Tph is the number of turns, D is the diameter of the airgap, and I is the RMS current.  
The value of the RMS current is selected such that I2R losses are not increased. These 
losses increase the heat generation of the machine and limit the value of electrical loading. 
Magnetic loading (B) is calculated using (6): 
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where Lstk is the stack length, and φ is the fundamental flux per pole. 
The pole pitch (Pp) is calculated by using (7): 
 



L. Ali et al: Design and Analysis of 3-kW Inner- and Outer-Rotor RFPMS Machines ... 
 

 
 518

                                                 is
p

D
P

p
π=                                                      (7)                                           

where Dis is the stator inner diameter of the investigated machines.  
Similarly, the slot pitch Qs of the machines is calculated using (8): 
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where s is the number of stator coils.  
Equation (9) is used to determine the peak current Ipeak, where η is the efficiency of the 
RFPMS machines, Pf is the power factor, and Vpeak is the peak voltage. 
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Upon applying the above equations, the parameters of both inner- and outer-rotor RFPMS 
machines are calculated. These values are listed in Tables 2 and 3, respectively. The 

designed machine models are shown in Figs. 2 (a) and (b), respectively.  
 

Table 2. Design parameters of the inner-rotor RFPMS machine model 

 

Parameter Value Unit 
Outer diameter of rotor 151.86 mm 

Inner diameter of rotor 141.86 mm 
Outer diameter of stator 243.86 mm 
Inner diameter of stator 163.86 mm 
Magnet pole thickness 10 mm 

Airgap length 1 mm 
Coil thickness 10 mm 

Number of magnetic poles on rotor 24 -- 
Number of stator coils 36 -- 

Number of turns per phase 135 -- 

 
 

Table 3. Design parameters of the outer-rotor RFPMS machine model 

 

Parameter Value Unit 
Outer diameter of rotor 183.86 mm 

Inner diameter of rotor 173.86 mm 
Outer diameter of stator 163.86 mm 
Inner diameter of stator 65 mm 
Magnet pole thickness 10 mm 

Airgap length 1 mm 
Coil thickness 10 mm 

Number of magnetic poles on rotor 24 -- 
Number of stator coils 36 -- 

Number of turns per phase 135 -- 
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3. Results and discussion 

 

The results for the inner- and outer-rotor RFPMS machine models are obtained using 
finite element analysis (FEA) with JMAG Designer 16.1 employed to simulate the models. 
FEA is the numerical technique used in simulations and is generally used to predict the 
outcomes of any designed system. The design specifications of the investigated models of 
RFPMS machines are listed in Tables 1–3, and the results of these models are discussed 
below:  

Figures 3 (a) and (b) show the contour plot of the magnetic flux density in the stator and 
rotor cores of the inner- and outer-rotor RFPMS machine models, respectively. From the 
given contour plots, it is evident that the magnetic flux density distribution in the outer-

rotor RFPM machine is higher than that in the inner-rotor topology. The maximum flux 
density in the inner-rotor model is approximately 1.87 T. However, this parameter attains a 
peak of 2.07 T for the outer-rotor RFPM machine. This is because the magnitude of the 

leakage flux is lower in the outer-rotor topology than in the inner-rotor counterpart. 
The back-EMF waveforms of both topologies, i.e., inner- and outer-rotor RFPM 

machines for small-scale WECSs, are shown in Figs. 4 (a) and (b), respectively. These 
figures show that the back EMF of the outer-rotor RFPM machine is also higher than that 
of the inner-rotor RFPM machine designed with the same specifications such as output 
power, voltage, frequency, synchronous speed, number of rotor magnetic poles, magnetic 
pole thickness, coil thickness, number of turns per phase, stator slots, number of stator 
coils, winding pattern, and air-gap length. As shown in Fig. 4 (a), the back EMF for the 
inner-rotor model is approximately 203 V, while it is approximately 220 V in the case of 
the outer-rotor model. The output waveforms of the outer-rotor RFPMS machine are shown 
in Fig. 4 (b). The higher magnitude of the back EMF in the outer-rotor topology is possibly 
owing to its higher magnitude of magnetic flux density distribution.  

Figures 5 (a) and (b) show the output torque (in Nm) for the inner- and outer-rotor 
RFPMS machine models, respectively, intended for small-scale WECSs. From the results, 
it can be observed that the output torque of the outer-rotor RFPMS machine is higher than 

that for the inner-rotor topology. As shown in Fig. 5 (a), the average output torque of the 
inner-rotor model is approximately 63.86 Nm, while it is approximately 73.86 Nm in the 
case of the outer-rotor RFPM machine. The higher magnitude of the output torque for the 
outer-rotor RFPMS machine topology is owing to its large outer-rotor diameter as 
compared to the inner-rotor model. 

The output power (in W) for both investigated topologies of the RFPMS machine, i.e., 
inner- and outer-rotor models, is shown in Figs. 6 (a) and (b), respectively. As shown in the 
results, the output power of the outer-rotor RFPMS machine is greater than that of the 
inner-rotor RFPMS machine. The output power for the inner-rotor model is 2.44 kW, while 

it is approximately 2.96 kW in the case of the outer-rotor model. This is because the 
magnetic flux density distribution and output torque of the outer-rotor model are higher 
than those of the inner-rotor model.  

The cogging torques for the inner- and outer-rotor RFPMS machines are shown in Figs. 
7 (a) and (b), respectively. The main reason for the generation of the cogging torque is the 
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interaction of the permanent magnet poles of the rotor with the stator slots. Thus, the 
cogging torque produced in the inner-rotor RFPMS machine is higher than that in its outer-

rotor counterpart. The average cogging torque produced by the outer-rotor RFPMS model 
is approximately 0.0031 Nm, while it is approximately 1.9110 Nm in the case of inner-rotor 
model. 
 

4. Comparative performance analysis 

 
In this section, the performance of the inner- and outer-rotor RFPMS machines for 

small-scale WECSs is discussed by comparing different performance-based results. 

A comparison between the back EMFs of the inner- and outer-rotor RFPMS machine 
models for a single phase is shown in Fig. 8. It is indicated that the back EMF of the outer-
rotor topology is slightly higher than that of the inner-rotor topology. 

The output power for the investigated RFPMS machine models is shown in Fig. 9. This 
comparison indicates that the power of the outer-rotor RFPMS machine for the small-scale 
WECSs is higher than that of its inner-rotor model when both types of machine are 
designed with the same output power, voltage, frequency, synchronous speed, number of 
rotor magnetic poles, magnetic pole thickness, coil thickness, number of turns per phase, 
stator slots, number of stator coils, winding pattern, and air-gap length. The calculated 
difference in the output power of the outer- and inner-rotor RFPMS machine models is 
approximately 0.52 kW. 

A comparison of the output torque for both investigated machines is shown in Fig. 10. 

From the figure, it can be perceived that the average output torque of the inner-rotor model 
is approximately 63.86 Nm, which is approximately 10 Nm lower than that of the outer-
rotor RFPMS machine.  

A comparison of the cogging torque of the inner- and outer-rotor RFPMS machines for 
small-scale WECSs is illustrated in Fig. 11. These results show that the average cogging 
torque produced for the outer-rotor model is approximately 99.8% lower than that for the 
inner-rotor model. 

A comparative analysis of the inner- and outer-rotor RFPMS machines is presented in 
Table 4 when both are designed to have the same number of rotor magnetic poles, magnetic 
pole thicknesses, coil thicknesses, number of turns per phase, stator slots, number of stator 
coils, and airgap lengths. From the table, it is evident that the performance of the outer-
rotor RFPM machine in terms of its output torque, back EMF, output power, and efficiency 

is much better than that of its inner-rotor counterpart. The output torque of the outer-rotor 
model is approximately 15.7% higher than that of the inner-rotor model. Similarly, the 
output power of the outer-rotor model is approximately 11.5% higher than that of the inner-

rotor RFPMS machine model. An increase in the back EMF of 7.8–7.9% and an efficiency 
of approximately 10% are observed for the outer-rotor RFPMS machine when compared to 
the inner-rotor counterpart. 
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Table 4. Comparative performance analysis 

 

 

 

 

 

 

 

 

 

 

 

5. Conclusion 
 

In this study, inner- and outer-rotor topologies of RFPMS machines that are generally 
used for small-scale WECSs were designed, investigated, and compared on the basis of the 
output power, torque, back EMF, and efficiency. These machines were designed 
considering the same parameters including the output power, voltage, frequency, 
synchronous speed, number of rotor magnetic poles, magnetic pole thickness, coil 
thickness, number of turns per phase, stator slots, number of stator coils, and airgap length. 

From the results, it was concluded that the outer-rotor RFPMS machine offers a higher 
output power, back EMF, torque, and efficiency as compared to the inner-rotor RFPMS 
machine when both are used for small-scale WECSs. 
 

 

 
 

 

Fig. 1. Design process for inner- and outer- rotor RFPMS machines for small-scale 

WECSs. 

Inner-rotor RFPMS machine model Outer-rotor RFPMS machine model 

Parameter Value Parameter Value 

Flux Density 1.87 T Flux Density 2.07 T 

Output Power 2.4 kW Output Power 2.9 kW 

Back EMF 203 V Back EMF 220 V 

Efficiency  80% Efficiency  90% 

Output Torque 63.8 Nm Output Torque 73.8 Nm 

Cogging Torque 1.92 Nm Cogging Torque 0.03 Nm 
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(a) 
 

 
 

(b) 

 

Fig. 2. (a) Inner-rotor, and (b) outer-rotor RFPMS machine topologies for small-scale 

WECSs. 
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(a) 

 

                                   
 

(b) 

 

Fig. 3. Flux density distribution for (a) inner-rotor, and (b) outer-rotor RFPM machine 

topologies. 
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(a) 

     
(b) 

 
Fig. 4. Back EMF for (a) inner-rotor, and (b) outer-rotor RFPM machine topologies. 

 

 
(a) 
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(b) 

 
Fig. 5. Output torque for (a) inner-rotor, and (b) outer-rotor RFPM machine topologies. 

(a) 

(b) 
Fig. 6. Output power for (a) inner-rotor, and (b) outer-rotor RFPM machine topologies. 
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(a) 

                           
(b) 

 
Fig. 7. Cogging torque for (a) inner-rotor, and (b) outer-rotor RFPM machine topologies. 

 
 

    
Fig. 8. Back EMF for inner- and outer-rotor RFPMS machines. 
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Fig. 9. Output power for inner- and outer-rotor RFPMS machines. 
 

 

Fig. 10. Output torque for inner- and outer-rotor RFPMS machines. 

 

                              
Fig. 11. Cogging torque for inner- and outer-rotor RFPMS machines. 
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