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 Abstract – The pursuit of greener technologies has prompted 

research into alternatives to heavy rare-earth (HRE) permanent 

magnet (PM) materials in electric machines, notably Interior 

Permanent Magnet Synchronous Machines (IPMSMs). This study 

examines how an IPMSM performs with HRE-free PMs, aiming to 

reduce environmental impact and costs linked to HRE material use. 

Using a two-dimensional transient Finite Element Method (2D-

FEM) IPMSM model in Ansys Maxwell 2D, torque and power 

characteristics across different speed ranges for IPMSM models 

with two HRE-free PM materials and traditional HRE PMs were 

compared. Scaling law was implemented on HRE-free PM models 

to maintain the maximum torque.  

I. INTRODUCTION 

The contemporary household electrical devices, cordless 

power tools, and electric or hybrid vehicles are equipped with 

Interior Permanent Magnet Synchronous Machines (IPMSM) 

incorporating rare-earth permanent magnets (PMs). High 

efficiency and high torque density IPMSM typically use rare-

earth NdFeB magnets. Such rare-earth PMs include elements 

like dysprosium (Dy) and terbium (Tb) to reduce the risk of 

permanent demagnetization at elevated temperatures. Nd is a 

light rare-earth element, while Dy and Tb are heavy rare-earth 

(HRE) elements [1]. HRE PMs deposits are unevenly 

distributed, and recent production has been concentrated in 

specific countries. Additionally, there is a growing need to 

minimize the usage of HRE elements due to the associated 

risks and costs of working with such scarce resources [2].  

The main goal of this study was to replace HRE with HRE-free 

PMs in an IPMSM, analyze the machine's electromagnetic 

performance, and compare it with the baseline configuration. 

Another important aspect was scaling (downscaling or 

upscaling) the HRE-free design to maintain maximum torque 

and operation range compared to the baseline design.  

II. THEORETICAL BACKGROUND 

A. IPMSM d-q model  

Voltage equations of an IPMSM in the d-q rotating reference 

frame where the d-axis of the rotating reference frame is 

aligned to PM flux-linkage 𝛹PM are defined by (1) and (2): 

𝑢d = 𝑅𝑖d − 𝜔e𝛹q = 𝑅𝑖d − 𝜔e𝐿q𝑖q (1) 

𝑢q = 𝑅𝑖q + 𝜔e𝛹d = 𝑅𝑖q + 𝜔e(𝛹PM + 𝐿d𝑖d) (2) 

where 𝑖d,  𝑖q and 𝑢d, 𝑢q are the d-q reference frame voltages 

and currents, 𝑅 is the phase resistance and 𝜔e is the electrical 

angular velocity. Flux linkage in the q-axis due to the current 

excitation is defined as 𝛹q = 𝐿q𝑖q, where 𝐿q is incremental 

inductance in the q-axis. The total flux linkage in the d-axis is 

defined as 𝛹d = 𝛹PM + 𝐿d𝑖d, where 𝛹PM is the flux-linkage 

due to the PM, and product of current and incremental 

inductance 𝐿d in d-axis is flux-linkage in the d-axis due to 

current excitation.  

The model’s parameter estimation was performed based on a 

finite element method (FEM) model of the IPMSM 

implemented in Ansys Maxwell 2D software. The analysed 

IPMSM has 4 poles, tangential interior PMs and 3-phase, 6-

slot stator with double-layer fractional-slot concentrated 

windings. We evaluated 5 different operation points (OPs), i.e., 

5 different 𝑖d and 𝑖q combinations with a 2D transient FEM 

analysis. To evaluate the steady state performance, currents 

𝑖d, 𝑖q and the electrical angular velocity 𝜔e were defined as the 

inputs within the numerical analysis. From the results, non-

linear dependences 𝛹d(𝑖d, 𝑖q), 𝛹q(𝑖d, 𝑖q) and 𝑇em(𝑖d, 𝑖q) were 

obtained for all OPs. Obtained variables depended on current 

combinations and were average values with respect to rotor 

position. 𝛹PM was calculated from no-load. Detailed workflow 

for parameter estimation was presented in [3]. Based on the 

obtained variables torque- and power vs speed characteristics 

were calculated with equations for maximum torque per 

ampere (MTPA) and field-weakening (FW) control, as 

presented in [4].    

B. Evaluated PM materials 

Magnetic properties of three commercially available PM 

grades are presented in Figure 1 at 20℃ and 120℃, 

respectively. The baseline design used HRE NdFeB (Arnold 

Magnetics N42UH). The applied HRE-free PMs for 

comparison were two compression-bonded NdFeB PMs: 

specifically, N42SH from JL MAG Rare-Earth Co. [5], and 

Mag-Fine MF18C from Aichi Corporation. Mag-Fine PMs use 

copper and aluminum for diffusion instead of Dy and Tb [6].   

 

Figure 1: Demagnetization curves for evaluated PM materials at 20℃ and 

120℃. 

III. RESULTS 

A comparison of obtained Torque- and power-versus-speed 

characteristic’s for IPMSMs with the discussed PM materials 

are presented in Figure 2. All characteristics were calculated 

with demagnetization curves for 120℃, which was assumed 

the steady state temperature of PMs. The analysis results 

showed that by replacing the N42UH PMs in the IPMSM 

model with HRE-free N42SH, the maximum torque in MTPA 
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region is increased by 2%, meanwhile the use of Mag-Fine 

PMs decreases it by 28%. This is related to the remanent 

magnetic flux density and coercivity. 

 
Figure 2: Comparison of torque- and power-vs-speed characteristic’s for 

N42UH, Mag-Fine, and N42SH PMs in the IPMSM design at maximum 

current and temperature of PMs of 120℃. 

It was observed that in FW region with Mag-Fine PMs in the 

model, significantly higher speeds and wide constant power 

range were achieved due to significantly lower remanent 

magnetic flux density. On the other hand, with N42SH and 

N42UH PMs, considerably lower speeds were reachable and 

the constant power ranges were significantly shorter. The 

obtained values of respective maximum speeds are collected in 

Table 1.  

 

Figure 3: Comparison of torque-vs-speed characteristics for N42UH 
(baseline), upscaled Mag-Fine and downscaled N42SH based IPMSM 

designs at maximum current and temperature of PMs of 120℃. 

To maintain the baseline maximum torque with presented 

HRE-free PM materials, axial scaling was applied. 

Specifically, the IPMSM model featuring Mag-Fine PMs 

underwent upscaling through a 28% increment in stack length, 

while the variant employing N42SH PMs underwent 

downscaling via a 2% reduction in stack length. After scaling 

the targeted maximum torque was reached, as visible on  

Figure 3. In FW region the upscaled model with Mag-Fine PMs 

again reached significantly higher speeds compared to other 

two designs. Despite scaling, there has been a notable shift in 

the base speed of scaled model. In the case of Mag-Fine, the 

base speed point was shifted to the left and with a significant 

decrease in comparison to the baseline design. Conversely, for 

N42SH, the base speed was shifted slightly to the right with an 

increase relative to the baseline model. Base speed values for 

the all the designs are presented in Table 1. 

 

Table 1: Comparison of base speed, maximum speed, and maximum torque. 

IPMSM 

model 
PM type 

Base 

speed 

(p.u.) 

Maximum 

speed (p.u.) 

Maximum 

torque 

(p.u.) 

Baseline 

N42UH 1 2.66 1 

Mag-Fine 1.15 ≫ 3 0.72 

N42SH 0.99 2.45 1.02 

Axial scaled 
Mag-Fine 0.83 ≫ 3 1 

N42SH 1.02 2.51 1 

 

IV. CONCLUSION 

Utilizing two HRE-free NdFeB, N42SH and Mag-Fine 

(MF18C) PMs as alternatives to the standard HRE NdFeB 

(N42UH) demonstrates the potential for enhancing or 

compromising IPMSM performance, contingent on the chosen 

PM material. A straightforward substitution with N42SH PMs 

led to increase in maximum torque within the MTPA region, 

with reduction of maximal operating speed. Conversely, the 

adoption of Mag-Fine PMs resulted in a torque reduction, 

albeit enabling significantly higher operational speeds suitable 

for high-speed applications. The results of axial scaling of the 

HRE-free NdFeB PM IPMSM models were: 

• maintaining the same maximum torque as the baseline 

design, 

• shifting the base speed, i.e. upscaling shifts the base 

speed point to the left side (a decrease), meanwhile 

downscaling shifts to the right (an increase) compared 

to the baseline base speed. 

Moreover, there is a room for further optimization of IPMSM 

geometry with HRE-free PMs to maximize the maximum 

torque or speed. In the full paper a detailed analysis of back 

electromotive force, torque components versus load angle, and 

demagnetization risks will be presented. 
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