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Abstract—Sleeves are frequently used for protecting high-

speed rotors from high centrifugal forces at high speeds. 

Currently, metal sleeves such as titanium and inconel alloys and 

fiber sleeves such as carbon fiber and glass fiber are commonly 

used. Metal sleeves have high eddy current losses due to 

armature reaction. Fiber sleeves can avoid high eddy current 

losses. However, heat dissipation abilities of the rotors are 

decreased. Moreover, fiber sleeves are sensitive to temperature 

and manufacturing processes. Hence, sleeve-free interior 

permanent-magnet (IPM) rotor structure is attractive. To avoid 

sleeves, electrical steels of high mechanical strength and low core 

losses are required. Amorphous metal has been proved as a good 

candidate for such application. It can help to improve the power 

density and efficiency based on a study of a 15.7 kW, 

125,000 rpm IPM demonstrator motor. However, because the 

mechanical strength of amorphous metal is easily degraded 

during core manufacturing, a high-silicon steel, 10JNEX900, is 

considered as an alternative. The electromagnetic and 

mechanical properties of 10JNEX900 are tested. A prototype 

made from amorphous metal 2605SA1 is tested to verify the 

simulation methods and it is used as a benchmark motor to study 

the feasibility of the new rotor core material. 

 
Index Terms—Amorphous metal, high-silicon steel, high-speed 

motors, iron losses, mechanical strength. 

I.  INTRODUCTION 

IGH-SPEED permanent-magnet (PM) motors have been 

applied for varieties of applications, such as electric 

engines for aircraft, flywheel energy storage systems, high-

speed spindles, turbo-molecular pumps, gas compressors, air 

blowers, turbochargers and micro-turbines, etc. [1]-[6]. In 

order to protect high-speed PM rotors from centrifugal forces, 

sleeves are commonly used. Generally, the commonly used 

sleeves can be categorized into two types: metal sleeves such 
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as titanium [7]-[10] or inconel alloy [11]-[13], and fiber 

sleeves such as carbon fiber [14]-[15] or glass fiber [16]. Both 

types of sleeves have a high yield strength. However, the fiber 

sleeves are thermally sensitive and their maximum operation 

temperature is much lower than that of metal sleeves. 

Moreover, during assembly of the rotors with fiber sleeves, the 

mechanical strength of the sleeves is easily degraded. 

Generally, the inner diameters of the sleeves are smaller than 

the outer diameters of the PMs to provide with a pre-stress. 

Then the sleeves are pressed axially into the rotors. 

Alternatively, shrink fitting methods are also feasible to 

assemble the rotors. Regarding fiber sleeves, the weakest areas 

locate at the edges of PM segments. PMs may cut into the 

fiber and cause sleeve failures. A failure of using fiber sleeve 

is reported in [17]. Hence, metal sleeves are superior to fiber 

sleeves and they are more frequently used.  

A key problem of conductive metal sleeves is their high 

eddy current losses induced by the nonsynchronous air-gap 

magnetic fields generated by slotting and current harmonics 

[18]-[19]. Based on [19] the eddy current losses first increase 

and then decrease when the conductivity of the sleeves 

increases. When the permeability of sleeves increases, the flux 

provided by PMs increases. However, the pole-to-pole flux 

leakage also increases. Based on [19] non-magnetic sleeves 

could help to reach the maximum flux provided by PMs. 

However, the existence of non-magnetic sleeves increases the 

equivalent air-gap length and reduces the magnetic loading 

[20]-[21]. It also leads to poor flux weakening ability of the 

motor. Hence, a sleeve-free high-speed interior permanent-

magnet (IPM) rotor is in demand. In [22] an IPM rotor made 

from amorphous metal 2605SA1 is proposed. By utilizing 

high mechanical strength and low core losses of the 

amorphous metal, high power density and high efficiency of 

the designed demonstrator motor are observed. However, 

because the mechanical strength of the 2605SA1 cores is 

easily degraded during prototyping, the tested maximum speed 

of the prototype is only 115,000 rpm, which is a little lower 

than the target maximum speed of 125,000 rpm 

(corresponding to 2083 Hz of the working frequency as the 

pole-pair number of the rotor PM is 1). Considering massive 

production of the proposed IPM rotors, an alternative steel 

with stable and high mechanical strength and low core losses 

is beneficial. Hence, a high-silicon steel (6.5 % Si), 

10JNEX900 is proposed and studied in this paper. In [23] the 
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high-silicon steel 10JNEX900 is introduced and targeted for 

high frequency application. By increasing the Si content in the 

steel sheets, the electrical resistance of the sheets is increased. 

As a result, the eddy current loss can be reduced. The yield 

strength of this steel is much higher than that of the 

conventional steels [1], which makes it suitable for the 

proposed IPM rotor [24]. In this paper, the feasibility of using 

10JNEX900 in high-speed IPM motor is studied. The designed 

demonstrator motor in [22] is used as a benchmark and the 

experimental data from the demonstrator is used to validate 

the simulation methods, which is employed to study the high-

speed IPM motor with 10JNEX900. 

The paper is organized as follows. The mechanical strength, 

magnetization ability and core losses of the amorphous metal 

2605SA1 and high-silicon steel 10JNEX900 are tested in 

Section II. Based on the tested data, the performances of the 

designed demonstrator motor made from the above mentioned 

two rotor core materials are evaluated and compared in terms 

of electromagnetic, mechanical and thermal behaviors in 

Section III. Section IV tests a prototype to verify the accuracy 

of the analysis results. Finally, the conclusion is drawn in 

Section V. 

II.  ELECTROMAGNETIC AND MECHANICAL PROPERTIES OF 

ELECTRICAL STEELS 

A.  Selection of electrical steels for high-speed IPM rotor 

The selection of electrical steels is very important for the 

design of electrical machines and there are generally many 

considerations, such as saturation flux density, core losses, 

yield strength and price, etc. The advantages and 

disadvantages of a steel are depending on specific application. 

In this paper, the yield strength and the core losses are the 

main consideration. High yield strength of rotor cores is 

desired to reduce the thickness of the flux bridge so as to 

avoid a high flux leakage. Meanwhile, for high-speed and 

high-frequency operation, it is also necessary to consider the 

high-frequency rotor core losses in order to avoid irreversible 

PM demagnetization due to high temperature. Amorphous 

magnetic metal (AMM) 2605SA1, high silicon steels and 

Nippon steels are potential candidates for high-speed IPM 

rotors due to their high mechanical strengths as can be seen in 

Fig. 1. However, Nippon steels are not considered in this 

paper due to their high core losses.  

 
Fig. 1. Yield strength and core losses of high-performance silicon steels [1]. 

In Fig. 1, there are two high-silicon steels. The difference is 

summarized in [23]. Because 10JNEX900 has better 

performance than 10JNHF600 in both yield strength and core 

losses, 10JNEX900 is considered in this paper. Based on the 

data provided by the manufacturer, AMM 2605SA1 has not 

only the lowest core losses, but also higher mechanical 

strength than high-silicon steels. The feasibility of using 

2605SA1 to high-speed IPM rotor has been assessed in [22]. 

The results show that 2605SA1 is able to improve the power 

density and efficiency of high-speed IPM motors. A drawback 

of 2605SA1 for high-speed IPM rotor application is that its 

mechanical strength is very sensitive to machining and might 

be significantly reduced during production. 10JNEX900 has 

stable mechanical strength, which is beneficial for massive 

production. In this paper 10JNEX900 is considered as an 

alternative for the proposed rotor core. 

The magnetization curves of 10JNEX900 and 2605SA1 

provided by the manufacturers are compared in Fig. 2. It can 

be found that when the magnetic field strength increases, the 
magnetic flux density of 2605SA1 increases more quickly 

than that of 10JNE900. However, the saturation flux density of 

the former is lower than that of the latter. 

 
Fig. 2. B-H curves of 2605SA1 and 10JNEX900 provided by manufacturers 

[25], [26]. 

The overall properties of the two materials are summarized 

and compared in Table I. Degradation due to prototyping of 

the materials is not considered in this table. In ideal case, 

2605SA1 has higher yield strength, lower core losses, and 

higher electrical resistivity. 2605SA1 is a better choice for the 

proposed IPM rotor. However, its thermal conductivity and 

saturation induction are lower than those of 10JNEX900. 

Furthermore, 10JNEX900 has a lower Vickers hardness. The 

cutting of 10JNEX900 is easier. Considering massive 
production and degradation problem, 10JNEX900 may be a 

better candidate.  
 

TABLE I 

PROPERTIES COMPARISON OF 2605SA1 WITH 10JNEX900 [22], [27], [28] 

 

Material 2605SA1 10JNEX900 

Mass density (kg/m3) 7180 7490 

Young’s modulus (GPa) 100-110 200-210 

Poisson’s ratio 0.3 0.33 

Yield strength (MPa) >700 570 

Thermal conductivity (W/m·k) 10 18.6 

Saturation induction (T) 1.56 1.8 

Electrical resistivity (||, µΩcm) 137 82 

Loss W10/400 (W) 1.5 5.7 

Thickness (mm) 0.023 0.1 

Vickers hardness 900 200~300 

Max. operating temperature (℃) 150 150 
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B.  Electromagnetic properties measurement 

To assess the feasibility of using 10JNEX900 and to find 

out the problems 2605SA1 facing with in the proposed IPM 

rotor structure, the properties of the two materials are tested 

and compared. Toroidal cores are used in the test and the 

dimensions of the cores are based on the standard IEC-60404-

6. The dimensions and a picture of the sample core are 

presented in Fig. 3. The structure of the measurement system 

is shown in Fig. 4. The toroidal core is wound with two sets of 

windings. The primary winding is excited with AC current i1 

fed by a linear power amplifier. Sinusoidal voltage u2 in the 

secondary winding will be induced by regulating the primary 

voltage u1. The regulating variable of the primary voltage u1 is 

obtained by comparing the secondary voltage u2 with a 

sinusoidal reference. Due to flux leakage, the core 

magnetization and resistance loss, the primary current i1 and 
voltage u1 may not be sinusoidal. Assuming that the magnetic 

field in the toroidal core is homogeneous, the B-H curve and 

the core losses can be calculated by using i1, u2, and the 

parameters of the toroidal core. More details about the 

measurement system can be found in [29].  

20 mm
Ø45 mm

Ø55 mm

   
Fig. 3. Dimensions and picture of the toroidal core for electromagnetic 

properties measurement. 
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Fig. 4. Structure of the measurement system for electromagnetic properties. 

The electromagnetic properties of the two materials of 

frequencies from 50 Hz to 3 kHz are measured. In Fig. 5 the 

B-H loops at 1 kHz and at room temperature (about 25 ℃) are 

compared as an example. It can be found that 2605SA1 has 

much narrower B-H loops than 10JNEX900, which means the 

former has much lower core losses than the latter.  

 
(a)                                                               (b) 

Fig. 5. Measured B-H loops at 1 kHz and at 25 ℃. (a) 2605SA1. 

(b). 10JNEX900. 

Because of very small thickness and relatively high 

resistivity of 2605SA1 and 10JNEX900, their eddy current 

losses are very low and their commutation curves are almost 

frequency-independent as illustrated in Fig. 6. To make a clear 

comparison, two conventional silicon steels of different 

thicknesses, M330-35A and M330-50A are also tested and the 

results are compared in Fig. 6. As high thickness leads to high 

eddy current loss, the commutation curves of M330-35A and 

M330-50A are frequency-dependent. When the magnetic field 

strength is fixed, the magnetic flux density at a higher 
frequency is lower. Because M330-50A is thicker than M330-

35A, the eddy current loss of the former are higher than that of 

the latter as shown in Fig. 6. 

 

 

 
Fig. 6. Measured commutation curves of four materials at 25 ℃ and different 

frequencies. 

C.  Properties degradation 

Based on the data provided by manufacturers and obtained 

from the above tests, 2605SA1 has lower core losses, lower 

saturation flux density and higher yield strength in ideal case 

than 10JNEX900. Regarding high-speed IPM rotor 

application, the 2605SA1 might be a better choice as it is 

helpful to reduce the rotor core losses, flux bridge thickness 

and flux leakage. However, the electromagnetic and 

mechanical performances of the 2605SA1 are very unstable 

and they are very easily influenced by mechanical cutting, 

temperature and stress. The core losses of 2605SA1 are very 

sensitive to stacking stress. The higher the stacking factor, the 

higher the stacking stress. Fig. 7 shows the core losses of three 

2605SA1 cores with different stacking factors (SFs). They are 

compared with the raw ribbon to illustrate the degradation 

problem. It can be found that the higher the stacking factor, 

the higher the core losses. The core losses of the 2605SA1 

core with SF = 0.934 are about 4.6 times the losses of the raw 

ribbon. Because the 2605SA1 core is degraded when the 

stacking factor is high, it might even have higher core losses 

than the 10JNEX900 core after prototyping. 



 
Fig. 7. Measured core losses of the 2605SA1 cores of different stacking 

factors (SFs) and raw ribbon at 1 kHz and at 25 ℃. 

The influences of temperature on the magnetic properties of 

the two materials are presented in Fig. 8 and Fig. 9. Both 

materials are temperature sensitive. For example, the B-H 

curves and core losses at 1 kHz and different temperatures of 

the 2605SA1 core with SF = 0.934 are shown in Fig. 8. It can 

be noticed that when the temperature is increased, the 

saturation flux density of 2605SA1 is significantly decreased 

and the core losses are slightly reduced, whereas the 

maximum relative permeability is increased. When the 

working temperature is increased from room temperature (RT, 

about 25 °C) to 150 °C, the saturation flux density is reduced 

by about 9 % and the core losses are reduced by about 13.3 %. 

 
(a) 

 
(b) 

Fig. 8. Measured influences of the temperature on the magnetic properties of 

2605SA1 core at 1 kHz. (a) B-H curves. (b) Core losses. 

The influence of temperature on the magnetic properties of 

10JNEX900 core is presented in Fig. 9. It can be seen that the 
saturation flux density changes slightly while the relative 

permeability decreases significantly when the temperature is 

increased. At a higher temperature, a higher magnetic field 

strength is required to reach a specific flux density. Much 

different from 2605SA1 core, the core losses of 10JNEX900 

are increased when the temperature is increased. When the 

temperature is increased from RT to 150°C, the core losses are 

increased by 24.7 % and the relative permeability is reduced 

by about 60 %. 

 
(a) 

 
(b) 

Fig. 9. Measured influences of the temperature on the magnetic properties of 

10JNEX900 core at 1 kHz. (a) B-H curves. (b) Core losses. 

D.  Mechanical properties measurement 

Because the amorphous metal 2605SA1 is highly brittle, its 

mechanical strength might be significantly reduced during 

rotor core cutting and rotor assembly. In [30] single-layer and 

3-layer 2605SA1 samples without obvious defect are tested. 

The tested ultimate mechanical strength (UTS) of single-layer 

2605SA1 sample can be higher than 1000 MPa as illustrated 

in Fig. 10. The tested mechanical strength of 3-layer samples 

is lower than that of single-layer sample. However, the tested 

results are still comparable to the value of 700 MPa provided 

by the manufacturer. To assess the feasibility of using 

2605SA1 for high-speed IPM rotor, a demonstrator motor, 

whose maximum targeted speed is 125,000 rpm, is designed 

in [18]. A prototype is built and tested. The maximum speed 

reaches 115,000 rpm, which is a little lower than the targeted 

speed. To find out the failure reason, a multi-layer sample is 

separated layer by layer. Transverse cracks around the cutting 

contour of some layers are found as can be seen in Fig. 11. 

The transverse cracks significantly reduce the mechanical 

strength of the cores as 2605SA1 is highly brittle. When 20-

layer samples are tested, because defected layers exist in the 

core, the tested results are much lower than 700 MPa as 

presented in Fig. 12.  

 
Fig. 10. Tested mechanical strength of 2605SA1 without obvious defects [24]. 



 
Fig. 11. Transverse cracks of 2605SA1 ribbon. 

 
Fig. 12. Tested mechanical strength of 2605SA1 samples with 20 layers. 

Based on the tested results of 20-layer samples, it is 

believed that the failure of the prototype is mainly caused by 

reduced mechanical strength due to the influence of cutting. 

To solve this problem, three efforts can be made. The first 

choice is to remove the defected layers. But this method is 

unsuitable for massive production. Secondly, by adjusting the 

cutting parameters to improve the cutting quality so as to 

reduce the number of total defected layers. In this case, the 

mechanical strength will not be significantly reduced. 

However, because of lacking relevant machines, the authors 

need assistance from a third company. Hence, a third method 

is considered in this paper that another rotor core material, 

10JNEX900, will be used to replace the 2605SA1 rotor core 

and the feasibility is studied. The tested results of two 

10JNEX900 samples are presented in Fig. 13. Their stress-

strain curves are quite similar. This means the mechanical 

strength of 10JNEX900 is very stable. The tested yield 

strength of them is 570 MPa. Moreover, the stress-strain 

curves of 10JNEX900 are much different from those of 

2605SA1. 10JNEX900 fails at plastic region, whereas 

2605SA1 fails at elastic region.  

 
Fig. 13. Tested mechanical strength of 10JNEX900 [24]. 

Destroyed samples during tests are shown in Fig. 14. It can 

be seen that the 10JNEX900 sample is highly deformed, 

which is consistent with the tested results shown in Fig. 13. 

The samples are broken after the strain is higher than 14 %. 
This means 10JNEX900 is able to withstand small defects. In 

other words, small defects only slightly reduce the mechanical 

strength of 10JNEX900. Since the mechanical strength of 

10JNEX900 is stable and high, the degradation problem the 

2605SA1 cores facing with can be avoided when 10JNEX900 

is used. 

 
(a) 

 
(b) 

Fig. 14. Broken samples during mechanical strength tests. (a) 20-layer 

2605SA1. (b) 10JNEX900. 

III.  FEASIBILITY STUDY 

To evaluate the feasibility of employing high-silicon steel 

10JNEX900 for the proposed IPM rotor, the performances of 

the rotor made from 10JNEX900 in terms of mechanical, 

electromagnetic and thermal behaviors are evaluated. A 

prototype made from 2605SA1 is used as a benchmark. In this 

paper, the rotor made from 10JNEX900 core is named as HR 

(high-silicon steel rotor) and the corresponding motor is 

named as HM (high-silicon steel motor), while the rotor made 

from 2605SA1 core is named as AR (amorphous metal rotor) 

and the corresponding motor is named as AM (amorphous 

metal motor). 

A.  Rotor structure and specifications 

In [22] an IPM rotor made from high mechanical strength 

and low core losses material is proposed. The feasibility of 

using 2605SA1 for the proposed rotor to improve the 

performance of the motors, such as higher power density and 

higher efficiency, is studied and confirmed. The structure of 

the IPM rotor and the parameters of a demonstrator motor are 

presented in Fig. 15 and Table II, respectively.  
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Fig. 15. Proposed IPM rotor for high-speed application [22]. 

 

TABLE II 

PARAMETERS OF THE DESIGNED DEMONSTRATOR MOTOR 

 

Parameter Value 

Maximum speed nmax (rpm) 125,000  

Rated torque TN (Nm) 1.2 

Rotor diameter DR (mm) 20 

Air-gap length δ (mm) 0.5 

Axial length Lfe (mm) 50 

Flux bridge Tb (mm) 1.5 

PM thickness Hm (mm) 5 

Radius of shaft Rshaft (mm) 8.35 

Shaft thickness Tshaft (mm) 6 

Stator outer diameter DS (mm) 64 

Housing diameter Dh (mm) 84 

Total length Ltotal (mm) 160 



B.  Mechanical stress analysis 

To ensure that the rotors are safe at the maximum speed, 

the rotors’ stresses are firstly analyzed. By using software 

Abaqus, the stresses at the maximum speed of the two rotors 

made from different core materials are simulated and 

compared in Fig. 16. It is clear that the maximum stresses 

locate at the flux bridges’ inner contours of the rotor cores. 

Because of higher mass density of 10JNEX900, the maximum 

stress of HR is slightly higher than that of AR. The maximum 

stress of HR is 359 MPa, which is much lower than the tested 

yield strength (570 MPa) of the rotor core material. Since the 

mechanical strength of 10JNEX900 is stable, this safety 

margin is sufficient to run the HR to the maximum speed. The 

maximum stress of AR is 344 MPa. It is also much lower than 

the yield strength provided by the material manufacturer 

(700 MPa). However, based on the tested results of the 20-

layer 2605SA1 samples, it is known that because the 

mechanical strength of 2605SA1 cores might be significantly 

reduced due to the influence of cutting, the 2605SA1 rotor 

core might be in risk of being destroyed. To solve this 

problem, as aforementioned, it is necessary to remove the 

defected layers or to adjust the cutting parameters of the 

machine to reduce the number of defected layers. Otherwise, a 

bigger flux bridge is needed so as to decrease the stress and to 

ensure that the rotor can reach the maximum speed. In this 

case, the torque and power densities will be correspondingly 

decreased. As this paper is not focused on solving the 

degradation problems of 2605SA1 rotor and the goal of the 

paper is to study whether 10JNEX900 is feasible for the 

proposed high-speed IPM rotor, the problems of 2605SA1 

rotor are not further discussed. 

  
(a)                                                               (b) 

Fig. 16. Simulated mechanical stresses (Unit: MPa) in the rotor cores of 

different materials at 125,000 rpm. (a) 2605SA1. (b) 10JNEX900. 

C.  Electromagnetic performance 

The electromagnetic performances of the two motors are 

predicted with the assistance of a finite element analysis 

(FEA) software Flux 2D. The no-load magnetic flux density 

distributions of the two motors are compared in Fig. 17. It 

clearly shows that the magnetic flux density at the flux bridge 

regions of HR is slightly higher than that of AR. This is 

because the saturation flux density of 10JNEX900 is higher 

than that of 2605SA1. Furthermore, the magnetic flux density 

of the shaft of HR is much lower than that of AR.  

     
Flux 

density (T)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

 
(a)                                                          (b) 

Fig. 17. Simulated no-load magnetic flux density distributions of the motors 

with different rotors. (a) 2605SA1. (b) 10JNEX900. 

Because the flux leakage of HR is higher than that of AR, 

the air-gap PM excitation magnetic flux density of the former 

is lower than that of the latter as can be seen in Fig. 18. 

When the amplitude of phase current is 50 A, the torque of 

the two motors is around 1.2 Nm. In this case, the magnetic 

flux density distributions of the two motors are compared in 

Fig. 19. The air-gap magnetic flux densities are compared in 

Fig. 20. It is found that HM has higher maximum flux density. 

Hence, it is believed that the HM has better overload ability. 

 
Fig. 18. Simulated no-load air-gap magnetic flux density radial field 

component of the two motors. 

     
Flux 

density (T)
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(a)                                                          (b) 

Fig. 19. Simulated magnetic flux density distributions of the motors with 

different rotors when the amplitude of phase current is 50 A. (a) 2605SA1. 

(b) 10JNEX900. 

 
Fig. 20. Simulated air-gap magnetic flux density radial field component of the 

two motors when the amplitude of phase current is 50 A. 



Because IPM motor not only generates magnetic torque, 

but also provides reluctance torque, it is necessary to use flux-

weakening control to maximize the torque. When the phase 

RMS currents are 20 A and 40 A, respectively, the torque as a 

function of current leading angle of the two motors are 

compared in Fig. 21.  

 
Fig. 21. Simulated torque as a function of current leading angle of the two 

motors. 

It can be found that when the current leading angle is about 

30 degrees, the torque of the two motors is maximized. 

Moreover, when the phase current is increased, the difference 

of the maximum torque of the two motors is increased. This is 

mainly because 10JNEX900 has higher saturation flux density 

than 2605SA1.  

D.  Losses and temperature rise prediction 

Because high frequency occurs at high speeds, it is 

necessary to consider the influence of high-order current 

harmonics generated by PWM converters on the losses of the 

motors, including copper AC losses, rotor eddy current loss 

and so on. To better predict the losses of high-speed PM 

motors, coupled simulation between Matlab/Simulink and 

Flux 2D is applied. The structure of coupled simulation model 

is shown in Fig. 22. The control strategy is performed in 
Simulink, while the electromagnetic calculation is performed 

in Flux. The Simulink software receives necessary data such 

as phase currents, rotor position and torque from Flux, then 

proper space vector pulse width modulation (SVPWM) signals 

are calculated and sent to Flux. The electromagnetic 

performance of the motor will be calculated in Flux. 
SVPWM

Phase currents

Rotor position

Torque

 
Fig. 22. Structure of coupled simulation to predict the electromagnetic 

performance of the high-speed PM motors. 

In the coupled simulation, the eddy current losses in the 

PMs and copper windings are considered and they are 

calculated during simulation. Because the core losses are post-

processed in Flux, they are not taken into consideration in the 

coupled simulation. To consider the copper AC losses in FEA 

simulation, individual conductors in the slots are modeled and 

they are set as solid conductor regions. Then all the conductors 

of one phase are connected in series in the electric circuit. The 

magnet and the shaft are also set as solid conductor regions to 

calculate their eddy current losses. These simulation methods 

are commonly employed and more details can be found in [31] 

to [33]. The core losses are calculated based on Bertotti 

equation and the variable coefficients of the iron loss equation 

are extracted from the above measured loss data [34]. The 

rotor air-friction losses are calculated by using the introduced 

method in [22].  

At maximum speed and rated torque, the losses of the two 

motors are compared in Table III. Because HR can generate 

higher torque, the phase current needed to generate the rated 

torque is lower and this results in lower winding losses. Due to 

higher core losses of 10JNEX900 than those of 2605SA1, the 

HR has higher core losses than the AR. The shaft loss of HR is 

lower than that of the AR, this is because the saturation flux 

density of 10JNEX900 is higher than that of 2605SA1 and less 

flux lines pass though the shaft of the HR. Because the stator 

core losses of the HM are higher than the AM, the total losses 

of the two motors are comparable. 
 

TABLE III 

MOTOR CURRENTS AND LOSSES AT 125,000 RPM AND 1.2 NM WHEN THE 

PWM FREQUENCY IS 50 KHZ AND THE DC-BUS VOLTAGE IS 600 V 

 

Rotor core material 2605SA1 10JNEX900 

Phase RMS current (A) 42.39 37.88 

Current leading angle (deg) 40 30 

Shaft loss (W) 41.31 31.14 

PM loss (W) 26.00 24.04 

Rotor core losses (W) 5.08 9.60 

Stator core losses (W) 318.06 383.55 

Stator winding losses (W) 436.08 393.48 

Rotor air-friction losses (W) 15.96 15.96 

Total losses (W) 842.49 857.77 

Efficiency 94.91 % 94.82 % 

 

Due to high-speed operation, the power of the two motors is 

very high. The difference in efficiency between them is very 

small. The criterion to evaluate the two motors is the 

temperature rise. In this paper, water-cooled method is used. 

Hence, a computational fluid dynamic (CFD) software Star 

CCM+ is applied. To consider the temperature difference of 

the windings at different positions, precise three dimensional 

model is built and the mesh of the model are presented in 

Fig. 23. To improve the cooling performance, the stator is 

encapsulated with high thermal conductivity epoxy resin.  

  
Fig. 23. Mesh of the CFD model with precise 3-D stator structure. 

In the simulation models, the ambient and the inlet water 

temperatures are 300 K (26.85 ℃). The inlet water velocity is 

1 m/s. The temperature distributions of the two motors at 

maximum speed and rated torque are compared in Fig. 24. 

Because the losses of copper windings close to the air gap are 

higher than those at the bottom of slots and the cooling 



condition at the bottom is better, the windings close to the air 

gap is much hotter than the bottom windings. The maximum 

temperatures of each component of the two motors are listed 

and compared in Table IV. It is found that the HM has lower 

temperature than the AM.  

   

 
(a)                                                     (b) 

Fig. 24. Simulated temperature distributions on radial cross section of the 

motors made from different rotor core materials. (a) 2605SA1. 

(b) 10JNEX900. 

 

TABLE IV 

MAXIMUM TEMPERATURE OF THE TWO MOTORS AT 125,000 RPM AND 1.2 NM 

 

Rotor core material 2605SA1 10JNEX900 

Stator (oC) 138.2 132.9 

Rotor (oC) 159.5 149.3 

IV.  VERIFICATION BY TESTING OF A PROTOTYPE 

To verify the FEA and CFD analysis results, the tested 
results of a prototype made from 2605SA1 are compared with 

the simulated results. The manufacturing processes of the 

proposed IPM rotor made from 2605SA1 are illustrated in 

Fig. 25. 2605SA1 ribbons are firstly stacked and solidified and 

then are cut by wire electrical discharge machining method. 

When 10JNEX900 is used, the same methods can be used. 

Alternatively, 10JNEX900 core can be cut by laser. The 

hollow shaft is firstly welded by friction and then is slotted. 

The manufactured rotor is about 200 g while the whole motor 

is about 2.8 kg in weight.  

 
Fig. 25. Manufacturing processes of the proposed IPM rotor made from 

2605SA1. 
The test bench of the designed high-speed IPM motors is 

shown in Fig. 26. Two prototypes are directly connected 

through a coupling. A strain gage based torque sensor TS70 
produced by ME-Meßsystem GmbH is connected at the end-

cap of the tested prototype. During the test, one of the 

prototypes is driven as a motor, while the other is driven as a 

generator. 

 
Fig. 26. Picture of the test bench. 

The no-load back-EMF is firstly tested and it is compared 

with FEA result as presented in Fig. 27. The FEA results agree 

well with the experimental results. The error between FEA 

and test at 60,000 rpm is about 6.3 %. In views of engineering, 

this error is acceptable. The FEA analysis is correct and 

credible. Due to lower air-gap flux density of HM at no-load 

condition as shown in Fig. 18, the back-EMF of HM is slightly 

lower than that of AM. 

 
Fig. 27. Comparison of simulated and tested no-load back EMF as a function 

of speed. 

The torque as a function of current amplitude is presented in 

Fig. 28. It is found that HM has slightly higher torque than 

AM. Since the tested back-EMF of AM is a little lower than 

the FEA results, the tested torque is also a little lower. The 

decrease of the experimental back-EMF and torque compared 

to the FEA results might be mainly caused by the flux leakage 

at the ends of the shaft, the deviation of the stacking factor and 

the deviation of electromagnetic properties of 2605SA1 rotor 

core. 

 
Fig. 28. Comparison of simulated and tested torque as a function of phase 

current. 

The thermal behavior of the prototype is also tested. The 

temperature rises of the prototype at 10,000 rpm, 0.83 Nm and 

30,000 rpm, 0.51 Nm are measured and compared with the 

CFD calculation results as listed in Table V. Since the 

influence of PWM converter on the losses of the motor is 

considered through coupled simulation, the errors between 

CFD and experimental results are quite small. Hence, the 



analysis methods used in this paper are feasible and 

convincing, and the analysis results of the motors with 

different rotor core materials are credible. 

 
TABLE V 

TEMPERATURE RISES COMPARISON OF THE PROTOTYPE AT LOAD 

CONDITIONS 

 

Speed and 

load 

Phase RMS 

current (A) 

Temperature 

rise (K) 
CFD Experimental 

10,000 rpm, 

0.83 Nm 
31.62 

Windings 28.8 31.0 

Rotor 40.2 36.1 

30,000 rpm, 

0.51 Nm 
21.21 

Windings 17.6 17.1 

Rotor 42.6 37.4 

Note: the maximum temperature rise at the windings is located at the end-

winding. 

V.  CONCLUSION 

Amorphous metal 2605SA1 is beneficial in improving the 

performance of high-speed interior permanent-magnet (IPM) 

rotors. However, the mechanical strength of this material is 

easily degraded during mechanical processes, which may 

cause failures of the rotors and results in low yield ratio of 

massive production. Hence, high-silicon steel 10JNEX900 is 

considered in this paper as an alternative to 2605SA1. To 

evaluate the feasibility of employing 10JNEX900 for the 

proposed high-speed IPM rotor, the electromagnetic and 

mechanical properties of 10JNEX900 are tested and compared 

with 2605SA1. The experimental results of the materials show 

that the mechanical strength of 10JNEX900 is stable, around 

570 MPa. Then, by using the tested data, the performance of 

the designed motors made from the above mentioned materials 

in terms of electromagnetic, mechanical and thermal aspects is 

predicted. The motor made from 2605SA1 is used as a 

benchmark for comparison. The analysis results show that the 

motor made from 10JNEX900 has similar performance to the 

motor made from 2605SA1. By testing of a prototype made 

from 2605SA1, the accuracy of simulation results is assessed 

and confirmed. It is believed that the analysis methods in the 

paper for the proposed motors are credible. Based on our 

study, it is feasible to use 10JNEX900 in our proposed IPM 

motor and this material has high potential for massive 

production of the proposed IPM motor. 
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