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Abstract— This paper presents the design of a dual-rotor, 

conical air gap, axial flux motor with ferrite permanent magnets. 

This unorthodox topology, which does not use rare earth magnets, 

enables the design to achieve a much higher efficiency than 

comparable commercially available NEMA 210 frame motors. 

Various design aspects, such as winding arrangement and cone 

angle, are evaluated through 3D finite element analysis, and the 

selected design has been prototyped and tested. The prototype 

achieves a peak efficiency above 96.7% and exceeds an efficiency 

of 96% over a wide range of torques and speeds.   

Keywords—Conical air gap, efficiency, ferrite magnet, grain 

oriented electrical steel, finite element analysis, permanent magnet 
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I. INTRODUCTION  

This paper presents an unorthodox motor topology design to 
achieve 5 kW at 1800 RPM in a NEMA 210 frame size, while 
maintaining an efficiency of over 96% for the US Department 
of Energy’s Next Generation Electric Machines: Enabling 
Technologies program [1]. Thus, the proposed motor provides 
an extremely efficient alternative to comparably rated industrial 
motors.  Additionally, this motor employs ferrite permanent 
magnets (PMs) and does not require rare-earth PMs. Table I 
provides a list of some comparable NEMA 210 frame motors. 
Also, the NEMA Premium efficiency for a 4 pole, 5 kW 
induction motor is only 91.7%, and the corresponding IE4 
efficiency is 91.9% [2].  While most NEMA frame motors are 
induction motors, various other types of motors, including PM 
motors, synchronous reluctance motors, and switched reluctance 
motors have been proposed to achieve higher torque densities or 
efficiencies [2]-[6]. 

II. MOTOR TOPOLOGY 

The proposed motor is a PM motor based on the NovaMAX® 
motors manufactured by Regal Rexnord®. The topology 
employs a dual-rotor, single-stator axial flux configuration, as 

TABLE I.  NEMA 210 FRAME MOTORS 

Motor Type 
Rated 
Speed 
(RPM) 

Rated 
Torque 
(Nm) 

Rated 
Power 
(kW) 

Nominal 
Efficiency 

(%) 
Reference 

Induction 1800 39.6 7.5 92.1 [7] 

PM 1800 39.6 7.5 94.5 [7] 

Synchronous 

Reluctance 
1800 29.5 5.9 90.2 [8] 

PM-assisted 

Synchronous 

Reluctance 

1800 41.4 7.8 93.1 [8] 

Switched 
Reluctance 

1500 47.4 7.4 86.7 [9] 

 

shown in Fig. 1(a).  Each rotor has ferrite PMs arranged to 

concentrate flux into pole pieces made of soft magnetic 

composite (SMC), as shown in Fig. 1(b). The flux from these 

pole pieces travels through the conical air gap to the stator. 

Because the flux in the stator is almost entirely in the axial 

direction, grain oriented electrical steel (GOES) is used to form 

the stator teeth.  When used in areas with unidirectional flux, 

GOES can outperform non-oriented electrical steel and improve 

the machine’s torque density and efficiency [10]-[14]. The 

windings are wrapped around the stator teeth, as shown in Fig. 

1(c). 

This topology has already demonstrated the potential for 

very high efficiency [15]. However, a few changes have been 

made to the existing motor's topology whose performance was 

described by [15]. First, instead of wrapping the windings 

around bobbins that would then be placed over the stator teeth, 

only a thin layer of insulation was placed between the windings 

and the stator teeth to facilitate a higher copper fill factor.  

Second, the air gap surface area was increased by adding a flat 

section to the stator teeth to match the flat section on the SMC 

rotor poles, as shown in Fig. 2. (It is impractical to form a sharp 

angle in the SMC pole pieces, instead.) This paper presents the 
This work was supported by the US Department of Energy under award 

number DE-EE0007875 



design of a motor that demonstrates that this topology can 

produce industrial motors with extremely high efficiencies. A 

prototype has been built and tested. The experimental testing 

proves that the topology is capable of obtaining over 96% 

efficiency, which makes it a great candidate not only for this 

rating but also for a variety of applications that require an 

extremely efficient motor design, such as fully or hybrid 

electrified transportation [16]. However, it should be noted that, 

although the design has low losses, it has not been optimized to 

reduce mass. If optimizing mass was critical, the rotor could be 

replaced with a Halbach array of NdFeB magnets to obtain a 

high torque density with high efficiency [17]-[20]. 

III. MOTOR DESIGN 

The impacts of various design decisions including the 

winding configuration, the cone angle, and the presence or  
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Fig. 1. (a) A transverse-section of the motor, (b) the prototype’s rotor, and (c) 
the magnetically active portions of the stator.  Red arrows show the direction 

of magnetic flux.  

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2. Transverse sections of (a) a stator design with the flat section and (b) the 
previous stator design without the flat section and (c) the prototype’s stator. 

 

absence of SMC tooth tips, were evaluated using 3D finite 

element analysis (FEA). ANSYS Maxwell, a commercial FEA 

package, was used to determine each design’s torque, rotor core 

losses, stator core losses, and stator housing eddy current losses. 

The bearing losses and stator copper losses were calculated 

directly. The loss models are explained in more detail and 

validated in [15]. 

A. Winding Configuration 

Winding configurations with different wire gauges and 

different numbers of radial layers were evaluated. Using larger 

wires increases the cross-sectional area of the windings, which 

reduces the cross-sectional area of the stator teeth, and increases 

the axial length of the windings, which increases the axial length 

of the teeth. Using more radial layers increases the windings' 

cross-sectional area and reduces the axial length of the windings 

and stator teeth. The rotor SMC poles were adjusted to maintain 

the same inner and outer diameters as the stator teeth for each 

winding configuration. The ratio of the PM surface area adjacent 

to the SMC poles to the surface area of the SMC poles adjacent 

to the air gap was kept constant. Table II describes the different 

winding configurations evaluated, and Fig. 3 illustrates the  

 



TABLE II.  WINDING CONFIGURATION 

Wire 

Size 

(AWG) 

Layers 

Copper 

Mass 

(kg) 

Stator 

Tooth 

Cross-

Sectional 

Area (mm2) 

Stator 

Tooth 

Length 

(mm) 

Stator 

Tooth 

Mass 

(kg) 

17 7 4.00 1350 63 0.841 

17 6 4.14 1552 72 1.098 

16.5 6 4.60 1484 76 1.084 

17 5 4.23 1758 84 1.437 

16 5 5.19 1634 93 1.412 

15 5 6.23 1526 101 1.421 

 

torques and efficiencies achieved by each winding 

configuration. Each configuration has either 294 or 295 turns 

around each stator tooth. 

Increasing the flux through the stator teeth increases the 

torque; thus, for the same current, designs with larger stator 

tooth cross-sectional areas achieve higher torques, as shown in 

Fig. 3(a). However, increasing the stator tooth mass increases 

the stator core losses. Thus, Fig. 3(b) shows that the 17 AWG 7 

layer design, which has the lowest stator tooth mass, achieves 

the highest efficiency at light loads. However, its low torque 

per amp coefficient leads to worse efficiencies at heavier loads. 

Increasing the wire size (lowering the AWG number) reduces 

the winding resistance, which increases efficiency at heavier 

loads, where the copper losses dominate the other losses. 

However, this also increases the mass and cost of the motor and 

reduces the torque per amp coefficient (due to the reduced stator 

tooth cross-sectional area). Thus, the 17 AWG 7 layer design 

was selected to maximize efficiency at lighter loads, such as the 

5 kW targeted by the program [1], and minimize motor mass 

and cost. However, the design is nonetheless capable of  

 

 
(a) 

 
(b) 

Fig. 3. Variation of (a) torque with current and (b) efficiency with torque for 

different winding configurations operating at 1800 RPM 

 

producing much larger torques with an efficiency still 

exceeding 96%, as shown in Fig. 3(b). 

B. Cone Angle 

This topology also introduces cone angle, which is labeled 

in Fig. 1(a), as a design parameter.  The motor investigated in 

[15], and the designs evaluated in the previous section, have 

cone angles of 110 degrees; for this section, cone angles of 110, 

130, and 150 degrees were evaluated for the winding 

configuration with 7 radial layers of AWG 17 wire.  The torques 

and efficiencies achieved with these three cone angles are 

illustrated in Fig. 4. 

Increasing the cone angle beyond 110 degrees brings the 

motor closer to a purely axial air gap; this reduces both the air 

gap area and the mass of the stator teeth.  The reduced air gap 

area reduces the flux in the stator, which slightly reduces the 

torque per amp coefficient, as shown in Fig. 4(a).  Thus, 

increasing the cone angle increases the copper losses for a given 

torque.  Accordingly, at heavier loads where the copper losses 

become dominant, the 150 cone angle designs do not achieve 

higher efficiencies than the lower cone angle design at heavy 

loads. However, at light loads, the core losses dominate the 

copper losses, so the larger cone angle designs, which have less 

stator mass and, thus, lower core losses, achieve higher 

efficiencies than the 110 degree design. 

C. Tooth Tips 

Additionally, SMC tooth tips can be added to the stator 

teeth to help collect more rotor flux and to reduce the magnitude 
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(b) 

Fig. 4. Variation of (a) torque with current and (b) efficiency with torque for 
designs with different cone angles operating at 1800 RPM.  Each design has 7 

layers of 17 AWG wire. 



 

 
(a) 

 
(b) 

Fig. 5. Variation of (a) torque with current and (b) efficiency with torque for 

designs with and without SMC tooth tips operating at 1800 RPM.  Each design 
has 7 layers of 17 AWG wire and a 130 degree cone angle. 

 

of the slotting harmonics.  Each of the designs in the previous 

sections employs tooth tips parallel to the air gap surface area.  

The circumferential width of each tooth tip is 5 mm, the axial 

height of each tooth tip is 5 mm, and the θ-z cross-section of 

each tooth tip is an isosceles right triangle.  The tooth tips are 

illustrated in Figs. 1(c) and 2(c).  Fig. 5 illustrates the torques 

and efficiencies achieved by the design with 7 radial layers of 

AWG 17 wire and a 130 degree cone angle both with and 

without SMC tooth tips. 

As shown in Fig. 5(a), the tooth tips increase the torque 

slightly by collecting more flux from the rotor.  The tooth tips 

also reduce the core losses on the rotor by reducing the slotting 

harmonics, but these core losses are already small [15].  There 

are some small core losses induced in the tooth tips, which can 

slightly reduce efficiency at light load; however, at heavier 

loads for a specific torque, the difference in copper losses 

resulting from the tooth tips can be noticeable. 

IV. EFFICIENCY MAP 

Based on the simulation results from the winding 

configuration, different cone angle, and tooth tips, the design 

with 7 layers of 17 AWG wire, a 130 degree cone angle, with 

stator tooth tips was selected for prototyping. Figs. 6(a) and (b) 

show its simulated efficiency map, and what percentage of the 

simulated losses are stator copper losses at each operating point, 

respectively for total airgap length of 3 mm. 

Fig. 6(a) shows that the motor should be able to achieve at 

least 96% efficiency over a large portion of its operating range. 

At light loads, the core losses are dominant, so the efficiency 

increases almost linearly with torque. However, at low speeds 

and heavy loads, the copper losses become excessive and  

 

 

 
(a) 

 
(b) 

Fig. 6.: Variation of (a) efficiency and (b) copper losses as a percentage of total 

losses with torque and speed for a design with 7 layers of 17 AWG wire, a 130 
degree 

 

reduce the efficiency. Fig. 6(b) shows that at the 1800 RPM, 

26Nm (5 kW) design point, there is a balance between the 

copper losses and the load independent losses (friction and most 

of the core losses). 

Fig. 7 provides the RMS back-emf value at different speed 

and total airgap lengths. These back-emf results were compared 

against the measured back-emf used to determine the actual air 

gap of the prototype motor. 

V. EXPERIMENTAL RESULTS 

Fig. 8 shows the motor testing setup similar to the testing 
setup of [15] in which the motor is driven by a Yaskawa A1000 
drive and the electrical input power of the motor is measured by 
a PZ4000 Yokogawa power analyzer. The initial experimental 
results achieve 96.7% efficiency at 1800 RPM and 26 Nm load  

 



 
Fig. 7 RMS line to line back EMF at different airgap length 

 

torque. Fig. 9 shows the experimental results over a range of 
torques and speeds while the efficiency of the previous design is 
shown as the baseline.  

 

 

Fig. 8. Experimental test setup 
 

        
 

 
 

Fig. 9. Efficiency versus torque measured at various speeds  

Fig. 10 shows the measured back-emf after the motor was 
raised to thermal steady-state by running at full load for a few 
hours. Based on a comparison with Fig. 7, it was determined 
that the total air gap of the prototype was about 4.2 mm. With 
the re-evaluated airgap length, the FEA model was simulated at 
different stator currents and rotor speeds. The results in Fig. 11 
show a similar trend of peak efficiency at rated torque except at 
2100 RPM. Also, there is a difference at the light loads with a 
comparison of Figs. 9 and 11. This may be due to an imprecise 
measurement in experimental testing or underestimating the 
frequency-related losses in FEA simulations.  

Fig. 12 shows the FEA power factor (PF) of the motor at 1800 
RPM rotor speed at different torque for maximum torque per 
amp (MTPA) operation. As a permanent magnet motor, the 
power factor is relatively high. 

 

 

Fig. 10. Line to line Back Emf measured at various speeds 
 

 
 

 

Fig. 11. FEA effieincy vs torque for various speed of actual airgap length  



 

Fig. 12. FEA powerfactor at 1800 RPM at different torque  

VI. CONCLUSIONS AND FUTURE WORK 

The simulations presented in this paper show that this dual-

rotor, single-stator, conical air gap PM motor can achieve much 

higher efficiencies than similarly sized NEMA frame motors 

without requiring rare-earth magnets. The impacts of different 

winding configurations, SMC tooth tips, and cone angle 

variations were evaluated. A motor with 7 radial layers of 17 

AWG wire, a 130 degree cone angle with tooth tips was 

prototyped and tested. The experimental results show a 

promising efficiency around 96.7% at the nominal 1800 RPM, 

5 kW operating point. Additionally, the prototype’s efficiency 

exceeds 96% over a wide range of torques and speeds. 
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