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Abstract— There has been a global push for higher torque 
density and lower cost traction motors. The use of non-heavy rare-
earth (non-HRE) permanent magnet materials in traction motors 
are being investigated for the sustainability, profitability and 
affordability of electric vehicles and to broaden their adoption. A 
20,000-rpm permanent magnet traction motor using non-HRE 
magnet materials is proposed. A dual three-phase winding 
configuration driven by a segmented dual three-phase drive is 
proposed to reduce the current ripple, and as a result, the DC Link 
capacitor, as well as to ease the voltage constraint at high speed 
and eliminate any risk of uncontrolled regeneration. Furthermore, 
the dual winding configuration enables a fault tolerant design 
which is useful for reliability. The paper presents comprehensive 
electromagnetic, thermal and mechanical designs and analyses 
using an integrated approach. The results have shown that the 
design is robust against demagnetization and confirmed its 
thermal and mechanical viability.  

Keywords— traction motors, non-heavy rare-earth motors, 
electric vehicle 

I. INTRODUCTION

There has been a steady increase in global CO2 emission 
since 1900 with a sharp rise since 1945[1][2]. In the US, the 
transportation sector is responsible of 28% of the greenhouse gas 
emissions [3]. These observations have led to global 
environmental consciousness and tighter regulations of CO2 
emissions in several countries, resulting in the expansion of the 
electrification of passenger and commercial vehicles.  

TABLE I. KEY SPECIFICATIONS 

Peak power (kW) 100 

Continuous power (kW) 55 

Maximum speed (rpm) ≤20,000 

Battery operating voltage (Vdc) 650 

Power factor > 0.8

Maximum current (A) 600 

Maximum efficiency (%) > 97

Torque ripple (%) ≤5 

Maximum temperature (oC) 150

Active volume including  

end windings (@50 kW/l) (Liter) 
2 

Fig. 1. Summary of specifications. 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
1



Due to their high torque, power density and excellent 
efficiency, most electric traction motors currently in production 
are permanent magnet synchronous motors, which use costly 
heavy rare-earth magnet material such as Dysprosium (Dy). 
However, the price and supply of Dysprosium have historically 
shown volatilities. To deal with these risks, substantial progress 
has been made in the permanent magnet (PM) material 
technologies to significantly reduce or eliminate Dysprosium 
from the material composition. Dysprosium-free PM materials 
are now commercialized by major suppliers [4-6]. This can help 
lower the cost of traction motors and accelerate the market 
penetration of electric vehicles. However, Dy-free PM materials 
have lower coercivity, thus they are more prone to 
demagnetization, compared to conventional heavy rare-earth 
counterparts. Therefore, special attention should be paid to 
demagnetization when designing Dy-free PM motors. 

For battery electric vehicles, research and development 
efforts on traction motors are currently pushed toward high-
power density to maximize passenger comfort and cargo space, 
while keeping high efficiency to maximize the vehicle’s range 
[7]. To this end, a high-speed (up to 20,000 rpm) non-heavy rare-
earth permanent magnet traction motor with a peak power of 100 
kW is designed to target the U.S. Drive specifications presented 
in Table I and Fig.1.  The motor uses a permanent magnet 
material free of Dysprosium (Fig. 2) [8]. An outer rotor Halbach 
Surface Permanent Magnet with concentrated tooth winding 
(Fig. 3) was selected for the following reasons: 

1) It offers the opportunity to integrate the power 
electronics within the inner hollow volume of the 
stator, 

2) Magnet retention against centrifugal force is 
naturally provided by the rotor yoke and the rotor 
support structure. In addition, the rotor has a robust 
continuous construction as opposed to a spoke PM 
rotor which has a segmented rotor construction or 
an interior PM rotor which relies on thin lamination 
bridges and posts for structural integrity,  

3) The airgap radius is at the outermost possible 
location which helps maximize the torque density. 
In fact, a previous study has shown that this 
topology has the highest power density among 
several potential candidates [9], 

4) Tooth winding is chosen for the associated high 
direct inductance that improves flux weakening 
capability. Such winding also enables low torque 
ripple. 

A dual three-phase winding configuration is proposed so the 
motor can be powered by a dual three-phase segmented drive 
featuring interleaved switching to reduce the current ripple and 
thereby the DC Link capacitor [10] (Fig. 4). This winding 
configuration also halves the back electromotive force (EMF) 
on each set of windings, and therefore eases the voltage 
constraint at high speed and eliminates uncontrolled 
regeneration. Moreover, the dual winding configuration enables 
fault tolerance which, although not required, is useful  for 
operating at reduced performance to allow the vehicle to 
continue to move. 

II. ELECTROMAGNETIC CHARACTERIZATION OF THE DESIGN 

The designed 18 slot – 20 pole motor with the dimensions 
and the different materials used is shown in Fig. 3. Since non-
HRE PMs are more prone to demagnetization than their 
conventional counterparts with HRE, special attention must be 
paid to the demagnetization risk. Hence, a Halbach 
magnetization arrangement was chosen to: a) maximize the 
airgap flux density; and b) reinforce the resistance to 
demagnetization. The magnetic loading under peak torque 
condition is presented in Fig. 5. The torque waveform was 
calculated and is presented in Fig. 6 with an average torque of 
163 Nm and only 1.3% ripple, the design meets the peak power 
and torque quality requirements. The line-to-line open-circuit 
voltage waveform at 20,000 rpm is shown in Fig. 7. It is very 
close to the sinusoidal shape and its peak value is below the 
650V DC-link voltage. This confirms that there is no risk of 
uncontrolled regeneration. To evaluate the risk of 
demagnetization, extreme scenarios of transient three-phase 
short-circuit fault and purely negative peak current were 
simulated at 20,000 rpm using Finite Element Analysis (FEA) 
featuring dynamic non-linear demagnetization modeling. The 
assumed temperature of the permanent magnets is 150oC. The 
resulting reduction of the torque capability can be observed in 
Fig. 8. Figure 8(a) compares the effects of a three-phase short-
circuit fault and purely negative d-axis current. The three-phase 
short circuit fault is more severe and causes 12% torque 
reduction. The order of occurrence of the two types of faults 
(Fig. 8(a)) and the timing of the three-phase short-circuit fault 
(Fig. 8(b)) do not affect the torque reduction. Moreover, if 
several subsequent faults are applied, the torque stabilizes at 144 
Nm and still meets the peak torque requirement (Fig. 8(c)). This 
confirms that the design is resistant to demagnetization and a 
12% design margin was introduced to compensate for the worst 
case demagnetization  as shown in Fig. 6 [9]. Finally, the 
calculated active volume is 2.48 L. This includes the end 
windings assumed as arc-shaped (Fig. 3) but excludes the stator 
inner hollow space where the power electronics will be 
integrated. 

 
Fig. 2. Dysprosium-free Neodymium Permanent Magnet Used: TDK 

NEOREC45MHF [8]. 
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Fig. 3. Heavy Rare-Earth-Free Outer Rotor Permanent Magnet Traction 

Motor. 

 
Fig. 4. Segmented drive of a dual three-phase channel motor enabling 

reduction of DC bus capacitor ripple current [10]. 

 
Fig. 5. Magnetic loading under peak torque condition. 

 
Fig. 6. Peak torque waveform with 12% design margin. 

 
Fig. 7. Line to line back EMF waveform at 20,000rpm. 

  
(a) 

 
(b) 

 
(c) 

Fig. 8. Demagnetization Resistance Under Transient Three-Phase Short-
Circuit at 20,000rpm and with a PM Temperature of 150oC: (a) Effect of the 
timing of the fault; (b) Effect of purely negative d-axis peak current versus 

three-phase short circuit;   (c) Effect of subsequent faults. 
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Fig. 9. AC Loss Calculation. 

A. AC Loss

Given the high operating frequency, especially at high
speeds, 5x30/33 round Litz wire based on AWG33 strands was 
necessary for the stator winding [11].  The induced eddy current 
loss was evaluated on a sample of strands for all the positions of 
the Litz wire bundles on a tooth-wound coil as described in Fig. 
9 [12,13]. Two-dimensional finite element analyses were carried 
out for a given current at 20,000 rpm. The average of the AC 
loss factors calculated on the bundles is used as the overall AC 
loss factor. For other speeds, the AC loss factor is calculated by 
scaling the AC component of the loss with the speed squared. 
The calculated AC loss factors for a range of speeds are 
presented in Fig. 9: the fraction of AC loss is less than 5% of the 
DC Copper loss due to the choice of a Litz wire based on 
AWG33 strands. 

B. Eddy Current Loss in Permanent Magnets

The rotor uses a four-segment Halbach arrangement per pole 
with laminated permanent magnets (Fig. 3). Hence the magnets 
are segmented both circumferentially and axially and the eddy 
current flow is three-dimensional. In order to accurately 
calculate the eddy current loss, a three-dimensional finite 
element model was created with an axial length equal to the 
thickness of a PM lamination as described in (Fig. 10). PM 
lamination thicknesses of 1, 2 and 3 mm were analyzed. The 
eddy current losses in PMs are evaluated for one operating point 
(600 Arms at 20,000 rpm). For other operating points, the losses 
are scaled with the current squared and speed squared. The 
calculated total eddy current loss is presented in Fig. 10. A PM 
lamination thickness of 1 mm was chosen to minimize the eddy 
current loss while ensuring manufacturability [14]. 

Fig. 10. Calculation of PM Eddy Current Loss. 

C. Electromagnetic Performance

The calculated torque, power, efficiency and power factor of 
the of the design are presented in Fig. 11. It shows that the design 
can provide the required continuous 55 kW power with 12% 
design margin for the whole speed range while staying within 
the current and voltage limits. Further, the efficiency 
specification is met, and the motor has a very good efficiency 
across the whole speed range (98% at base speed and 94.7% at 
top speed). 

Given the high operating frequency, commercially available 
thin-gauge silicon steel laminations were considered [15-18]. 
The various electromagnetic loss components are presented in 
Fig. 12 for a 0.2 mm thick stator and rotor laminations [16]. The 
stator iron loss is the predominant loss component across the 
whole speed range. The magnet eddy current losses are kept low 
even at high speed due to the segmentation and lamination of the 
permanent magnets. Besides, all the loss components are the 
highest at 20,000 rpm operation, resulting in highest heat losses 
and temperatures at this operating condition. Lastly, analyses 
have indicated that the tooth shoes and tooth shanks have the 
highest loss density, and as a result, they are potential hot spots. 
Fig. 13 shows the iron loss and efficiency for various 
commercially available thin gauge silicon steel lamination 
thicknesses: 0.25 mm Di-Max HF-10 from AK Steel [15], 0.2 
mm powercore® 020-150Y320 from Thyssenkrupp [16] and 
0.178 mm Arnon 7 from Arnold Magnetics [17,18]. It suggests 
that the 0.2 mm thick silicon steel is the best compromise 
between iron loss and cost.  

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
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Fig. 11. Performance Under 55kW Continuous Operation for  0.2mm 
lamination thickness. 

Fig. 12. Electromagnetic loss components for 0.2mm lamination thickness. 

Fig. 13. Iron Loss and Efficiency for various lamination thicknesses. 

III. MECHANICAL VIABILITY

The overall mechanical assembly is presented in Fig. 14. 
Mechanical stress analyses have been conducted at the 
maximum speed of 20,000 rpm to verify the mechanical 
integrity of the assembly. The results are shown in Fig. 15.  

According to Fig. 15(a), the stresses are below 860 MPa. 
Commercially available high strength stainless steel with a 
tensile strength of 1300MPa and yield strength of 1000MPa can 
be used for the rotor support [19]. Fig.15(b) shows a maximum 
displacement of 0.22mm. It should be noted that the 
displacement is radially outward and increases the designed 
1mm mechanical airgap. Hence, there is no risk of rubbing 
between the rotor and stator. Further improvement of the rotor 
support is being carried out to reduce the deformation. The 
above results support the viability of the proposed rotor 
assembly concept. 

Fig. 14. Mechanical assembly. 

(a) 

(b) 

Fig. 15. Mechanical Stress Analysis at 20,000 rpm: (a) Equivalent Stress; (b) 
Deformation. 
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IV. THERMAL VIABILITY

Thermal modeling and analysis focused on three-
dimensional finite element analysis to evaluate impacts and 
interactions between passive thermal design elements and the 
active cooling design.  The thermal model was developed using 
material properties from literature [11,20,21]. This included 
evaluating the thermal impacts of alternative materials (such as 
lamination materials), active cooling locations, and active 
cooling heat transfer coefficients to identify cooling 
performance metrics. The thermal approach looked at applying 
cooling as close as possible to the heat generation sources in the 
windings and the magnets.  The windings were cooled by using 
a 3D printed ceramic heat exchanger similar to [22]. The phase 
separators are converted into heat exchangers.   The magnets 
were cooled using an oil flow through the rotor.  The combined 
approach is very well suited to cooling the magnets, windings, 
stator yoke, and tooth tips as illustrated in Fig. 16. The 
preliminary results presented in Fig. 17 show that, with the 
combined cooling approach, the maximum temperature reaches 
about 163°C. With additional refinement of the cooling design, 
further temperature reductions are expected.  Table II compares 
the maximum temperatures in the motor resulting from the 
different losses due to varying lamination materials.  While 
thinner laminations reduce the stator iron loss, they tend to be 
more expensive and their saturation flux density is lower. This 
results in the need for higher current, and consequently more 
losses in the in the windings.   Table II also highlights a case 
where the boundary condition representing the rotor cooling was 
removed.  Although the magnet temperature increases 
dramatically compared to a rotor with active cooling, the 
temperature is below the temperature limit of 150°C.  Removing 
the requirement for rotor cooling benefits the motor in terms of 
reduced complexity and cost. 

TABLE II. IMPACT OF LAMINATION THICKNESS ON MAXIMUM 
TEMPERATURE 

Lamination 
Thickness (mm) 

Maximum Temperature (°C) 

Magnets Stator Windings Notes 

0.250 77.5 180 176

0.200 76.1 162 163

0.178 75.7 156 160

0.200 135 167 167 No rotor cooling

V. CONCLUSION

A high-speed non-heavy rare-earth outer rotor Halbach 
surface PM traction motor was designed with an integrated 
approach considering the electromagnetic, thermal and 
mechanical aspects to meet an aggressive set of specifications. 
The design meets the 100kW peak - 55kW continuous power, 
torque ripple, current, voltage and efficiency requirements. 
Furthermore, the design is robust against demagnetization even 
under the worst-case scenarios. Given the high operating 
frequency, elaborate winding AC loss and PM eddy current loss 
models were developed to accurately predict these critical loss 
components and ensure a reliable input to the thermal analyses. 
Although the very aggressive volume specification is not met, 
the calculated hot spot temperature is close to the specification, 

and mechanical stress analyses have confirmed the viability of 
the design. Moreover, the possibility of avoiding active cooling 
of the rotor greatly simplifies the integration of the cooling 
system. Further refinement of 1) the mechanical design to 
reduce the deformation at high speed; 2) the cooling system 
design to reduce the hot spot temperature down to 150oC; and 3) 
the integration of the cooling system to the assembly are 
currently being carried out. 

(a) 

(b) 
Fig. 16. Cooling Strategy: (a) Stator Support and Rotor Cooling; (B) Slot Heat 

Exchanger. 

Fig. 17. Temperature Distribution at 55kW-20,000rpm using 0.2 mm 
lamination material. 
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