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PPeerrffoorrmmaannccee IImmpprroovveemmeenntt ooff SSppookkee--sshhaappeedd IInntteerriioorr 
PPeerrmmaanneenntt MMaaggnneett MMaaggnneettiicc GGeeaarr 

Y. Mizuana, K. Nakamura, Y. Suzuki*, Y. Oishi*, Y. Tachiya*, and K. Kuritani*

Graduate School of Engineering, Tohoku University, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan 
*Prospine Co., Ltd., 117 Shinsengarida, Matsuyamatsugihashi, Osaki, Miyagi 987-1305, Japan

    Magnetic gears have several advantages such as having low acoustic noise and being maintenance-free because 
there is no mechanical contact. Among these gears, the flux-modulated type has a higher torque density and 
efficiency than the other types. Therefore, it is expected to be put into practical use. In previous papers, a 
spoke-shaped interior permanent magnet (IPM) rotor structure was proposed in order to reduce the eddy current 
loss in magnets. This paper presents three methods for improving the performance of the spoke-shaped IPM 
magnetic gear. First, the position of the magnetic bridges is changed from the air gap side to the back yoke side to
increase the effective magnetic flux. Second, amorphous alloy is used for the rotor core and pole pieces in order to 
reduce iron loss. Third, bonded Nd-Fe-B magnets for canceling the leakage flux are arranged to sandwich the inner 
rotor from both sides. As a result of prototype tests, the measured maximum torque of the proposed spoke-shaped 
IPM magnetic gear was 44% higher than that of the conventional one. In addition, the measured maximum 
efficiency reached 99.85% at 100 rpm.

KKeeyy wwoorrddss:: magnetic gear, interior permanent magnet (IPM), cancel magnet, amorphous alloy, magnetic bridge

11.. IInnttrroodduuccttiioonn 
  

Mechanical gears are one of the most important 
mechanical elements. Thus, they are widely used in 
various fields such as industry, transportation, and 
power generation. However, the mechanical gears have 
several problems including acoustic noise and vibration 
due to mechanical contact. Furthermore, they require 
lubricant for cooling and wear reduction, and periodic 
maintenance.

On the other hand, magnetic gears change speed 
and transmit torque without any mechanical contacts. 
Therefore, they have several advantages of low acoustic 
noise, low vibration, and maintenance-free compared to 
mechanical gears. In previous researches 1)-3), various 
types of magnetic gears have been introduced. Among 
them, a flux-modulated type magnetic gear 4)-5) has 
attracted attention recently.

Fig. 1 shows a basic structure of flux-modulated 
type magnetic gear. It consists of the inner and outer 
rotors and pole pieces placed between the both rotors.
This magnetic gear works as a gear when the magnet 
flux is modulated by pole pieces. Since all the magnets 
of the inner and outer rotors contribute to torque
transmission, a flux-modulated type magnetic gear has 
higher torque density and efficiency than the other 
types 6)-7).

For the practical use of a flux-modulated type 
magnetic gear, further torque improvement and loss 
reduction are necessary. In previous papers 8)-9), a 
spoke-shaped interior permanent magnet (IPM) 
magnetic gear was proposed for the reduction of eddy 
current loss in magnets caused by asynchronous 
harmonic fluxes.

This paper presents three ideas to improve the 
performance of the spoke-shaped IPM magnetic gear. 

First, some problems with conventional spoke-shaped 
IPM magnetic gear are pointed out. Next, solutions to 
the above problems are proposed and evaluated by 
using JMAG-Designer ver. 19.1, which is 
general-purpose finite element method (FEM) software. 
Finally, in order to prove the validity, prototype tests
are demonstrated.

22.. PPeerrffoorrmmaannccee iimmpprroovveemmeenntt ooff tthhee ssppookkee--sshhaappeedd IIPPMM 
mmaaggnneettiicc ggeeaarr

22..11 PPrroobblleemmss ooff ccoonnvveennttiioonnaall ssppookkee--sshhaappeedd IIPPMM 
mmaaggnneettiicc ggeeaarr 

Fig. 2 shows specifications of conventional 
spoke-shaped IPM magnetic gear. The diameter and 
axial length are 150 mm and 25 mm, respectively. The 
numbers of pole-pairs of the inner and outer rotor are 3 
and 31, respectively. Hence, the gear ratio is 10.33, 
which is given by the ratio of the inner and outer 
pole-pairs 4). The number of pole pieces is 34 given by 
the sum of the numbers of the inner and outer 
pole-pairs 4). The inner and outer magnets are 
embedded in the inner and outer rotor core as a spoke 
shape. Both rotors have 1 mm-wide magnetic bridges on 
the air gap side. Non-magnetic stainless steel is used

ポールピース

永久
磁石

回転子Rotors

Permanent
magnets

Pole pieces

FFiigg.. 11 Basic structure of flux-modulated type magnetic 
gear.
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Bridge position Air gap side 
Bridge width 1 mm 
Cancel magnets Not included 

Air gap 
2 mm (inner) 
1 mm (outer) 

Inner pole-pairs 3 
Outer pole-pairs 31 
Number of pole pieces 34 
Gear ratio 10.33 
Core material 35A250 
Pole-piece material SMC 
Magnet material Sintered Nd-Fe-B 

FFiigg..  22  Specifications of conventional spoke-shaped 
IPM magnetic gear. 
 
for the rotor back yoke to prevent a short circuit of the 
PM flux. Core material of the both rotors is 
non-oriented silicon steel with a thickness of 0.35 mm 
(35A250), while that of pole-pieces is soft magnetic 
composite (SMC). 

Fig. 3 (a) illustrates a vector diagram of magnetic 
flux density of conventional spoke-shaped IPM 
magnetic gear. From the figure, it is understood that a 
part of the PM flux flows through the magnetic bridges, 
which leads to reduction of effective PM flux. 

Fig. 3 (b) indicates losses of conventional 
spoke-shaped IPM magnetic gear calculated by 3D-FEM. 
As shown in the figure, the eddy current loss in the 
magnets is very small due to the spoke-shaped IPM 
rotor structure, while the iron loss is large. For 
improvement of efficiency, the reduction of iron loss is 
critical. 

Fig. 3 (c) shows leakage flux of conventional 
spoke-shaped IPM magnetic gear (A-A’ cross section in 
Fig. 2). From the figure, it is clear that the axial 
leakage flux is more severe in the inner rotor than the 
outer rotor because the larger size magnets are 
arranged facing each other. It is concerned that the 
axial leakage flux induces eddy current in the gear 
housing and decreases the efficiency. 
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(a) Vector diagram of magnetic flux density of 
conventional spoke-shaped IPM magnetic gear. 
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(b) Losses of conventional spoke-shaped IPM magnetic 
gear calculated by 3D-FEM. 
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(c) Leakage flux distribution of conventional 
spoke-shaped IPM magnetic gear (A-A’ cross section in 
Fig. 2). 
FFiigg..  33  Problems with conventional spoke-shaped IPM 
magnetic gear. 
 
22..22  MMeetthhooddss  ffoorr  ppeerrffoorrmmaannccee  iimmpprroovveemmeenntt  

Fig. 4 shows specifications of proposed 
spoke-shaped IPM magnetic gear. For the performance 
improvement, three ideas are employed for the proposed 
magnetic gear. 
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35 mm
25 mm

 
 

Bridge position Back yoke side 

Bridge widths 
2 mm (inner) 
1 mm (outer) 

Cancel magnets Included (5mm) 

Air gap 
2 mm (inner) 
1 mm (outer) 

Inner pole-pairs 3 
Outer pole-pairs 31 
Number of pole pieces 34 
Gear ratio 10.33 
Core material Amorphous alloy 
Pole-piece material Amorphous alloy 
Magnet material Sintered Nd-Fe-B 

FFiigg..  44  Specifications of proposed spoke-shaped IPM 
magnetic gear. 
 

First, for increasing the effective PM flux, the 
position of the magnetic bridges is changed from the air 
gap side to the back yoke side as shown in Fig. 5. Fig. 6 
indicates magnetic flux density waveforms in outer air 
gap. From the figure, it is understood that the magnetic 
flux in outer air gap is increased by arranging the 
magnetic bridges on the back yoke side. 

Second, in order to reduce iron loss, amorphous 
alloy is used for the inner and outer rotor core, and pole 
pieces. Fig. 7 shows comparison of total loss when the 
inner rotor rotates at 300 rpm. As shown in the figure, 
it is revealed that the total loss of the proposed 
magnetic gear can be significantly reduced by 
employing amorphous alloy for pole pieces. 

Third, bonded Nd-Fe-B magnets for canceling the 
axial leakage flux are arranged to sandwich the inner 
rotor from both sides as shown in Fig. 8. These cancel 
magnets are magnetized in the opposite direction to the 
axial leakage flux and fixed by the stainless steel frame. 
The thickness of the cancel magnets was optimized to 5 
mm so that the average axial leakage flux on surface of 
cancel magnets is zero as shown in Fig. 9.  

Conventional (air gap side) Proposed (back yoke side)

Magnetic bridges

 
FFiigg..  55  Position of magnetic bridges of conventional 
and proposed spoke-shaped IPM magnetic gears. 
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FFiigg..  66  Magnetic flux density waveforms in outer air 
gap. 
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FFiigg..  77  Comparison of calculated total loss when inner 
rotational speed was 300 rpm. 
 

Fig. 10 indicates the radial magnetic flux density 
waveforms in inner air gap with and without cancel 
magnets. From, the figure, it is understood that the 
magnetic flux in inner air gap is enhanced by the cancel 
magnets. Therefore, the cancel magnets are expected to 
contribute to the torque improvement in addition to 
canceling the axial leakage flux. 
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FFiigg..  88  Exploded view of inner rotor with cancel 
magnets. 
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FFiigg..  99  Calculated average axial leakage flux density 
on surface of cancel magnets. 
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FFiigg..  1100  Calculated radial magnetic flux density 
waveforms in inner air gap with and without cancel 
magnets. 
 

Fig. 11 shows comparison of the maximum torque 
when a rotational speed of the inner rotor is 300 rpm. 
The figure reveals that the maximum torque of the 
proposed magnetic gear is larger than that of the 

conventional one, and that amorphous alloy also 
contributes to the torque improvement despite low 
saturation magnetic flux density. 

To clarify the above reason, Fig. 12 (a) and Fig. 12 
(b) indicate contour diagrams of magnetic flux density 
when the rotor core materials are 35A250 and 
amorphous alloy, respectively. Pole piece material is 
SMC in both cases. As shown in the figure, it is clear 
that the magnetic bridges are magnetically saturated at 
lower magnetic flux density when amorphous alloy is 
used for the rotor core, which increases the effective PM 
flux, and results in the improvement of torque. 
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FFiigg..  1111  Comparison of calculated maximum torque. 
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(a) Non-oriented silicon steel (35A250) 
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FFiigg..  1122  Contour diagrams of magnetic flux density. 
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33..  PPrroottoottyyppee  tteessttss  ooff  ssppookkee--sshhaappeedd  IIPPMM  mmaaggnneettiicc  ggeeaarr 

 
Based on the simulation results of the previous 

chapter, the proposed spoke-shaped IPM magnetic gear 
was prototyped and its performance was compared with 
that of the conventional one. 

First, the effect of the cancel magnets is verified. 
Fig. 13 shows the experimental setup for measuring 
leakage flux. The axial leakage flux is measured with a 
Gauss meter at the five points shown in Fig. 14. 

Table 1 indicates the measured axial leakage flux 
with and without the cancel magnets. From the table, it 
is proved that the axial leakage flux can be remarkably 
reduced by the cancel magnets. 

Fig. 15 shows appearance of prototyped 
spoke-shaped IPM magnetic gear. As shown in the 
figure, it has an observation hole for measuring the 
leakage flux and the temperature inside the prototype 
gear. The gear housing is made of fiber reinforced 
plastic (FRP) in order to prevent generation of losses 
caused by stray electromagnetic field. 

 

 Gauss meter

Inner rotor Cancel magnetStainless frame
 

FFiigg..  1133  Experimental setup for measuring leakage 
flux. 
 

 
①①
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③③
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FFiigg..  1144  Measured points. 

 
TTaabbllee  11  Measured leakage flux density. 

Measured 
point 

W/o cancel 
magnets 

W/ cancel 
magnets 

1 0.229 T 0.005 T 
2 0.262 T 0.001 T 
3 0.144 T 0.006 T 
4 0.243 T 0.012 T 
5 0.258 T 0.012 T 

Fig. 16 indicates the experimental system for 
prototyped magnetic gear. In this system, the prototype 
magnetic gear operates as a step-up gear. The 
rotational speed of the outer rotor is regulated at an 
arbitrary speed by the servomotor. The load torque is 
controlled by the hysteresis brake. 

Fig. 17 shows comparison of the torque behavior at 
a constant speed of the inner rotor of 300 rpm. As 
shown in the figure, the load torque is increased 
stepwise until the magnetic gear is stepped out. The 
figure reveals that the measured maximum torque of 
the proposed spoke-shaped IPM magnetic gear is 44% 
higher than that of the conventional one. On the other 
hand, the measured torque is about 10% lower than the 
calculated one. This is because magnetic flux leaks 
more than expected by FEM. In IPM magnetic gear, the 
same poles of the inner and outer magnets face each 
other so that magnetic flux flows toward the pole pieces. 
However, not all of the magnetic flux flows toward the 
pole piece, and some flux leaks in various directions. In 
addition, flat structure shown in Fig. 2 contributes to 
increasing the leakage flux. For these reasons, effective 
magnetic flux decreases, and the measured torque is 
smaller. 

Fig. 18 shows comparison of the measured 
efficiency at a constant speed of the inner rotor of 300 
and 100 rpm, respectively. The figure demonstrates 
that the efficiency of the proposed spoke-shaped IPM 
magnetic gear is remarkably improved, and the 
measured maximum efficiency of the proposed 
spoke-shaped IPM magnetic gear reaches 99.85% at an 
inner rotor speed of 100 rpm. 

 
 

 
FFiigg..  1155  Appearance of prototyped spoke-shaped IPM 
magnetic gear. 
 
 Hysteresis brakeMagnetic gear

Torque detectors

Servomotor

 
FFiigg..  1166  Experimental system for prototyped magnetic 
gear. 
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(a) Conventional spoke-shaped IPM magnetic gear. 
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(b) Proposed spoke-shaped IPM magnetic gear. 

FFiigg..  1177  Measured torque behavior of conventional and 
proposed spoke-shaped IPM magnetic gears. 
 

 
44..  CCoonncclluussiioonn 

 
This paper presented three methods for improving 

the performance of the spoke-shaped IPM magnetic 
gear. First, a position of magnetic bridges is changed 
from the air gap side to the back yoke side. Second, 
amorphous alloy is employed for rotor cores and pole 
pieces. Third, bonded Nd-Fe-B magnets are arranged to 
sandwich the inner rotor from both sides in order to 
cancel the axial leakage flux. 

From the simulation results, it was revealed that 
all three methods are effective in the performance 
improvement of the spoke-shaped IPM magnetic gear. 

In the prototype tests, the axial leakage flux was 
reduced by more than 95% by using the cancel magnets. 
Furthermore, it was demonstrated that the proposed 
spoke-shaped IPM magnetic gear has 44% larger torque 
than the conventional one, and the measured maximum 
efficiency reaches 99.85% at an inner rotational speed of 
100 rpm. 
 
AAcckknnoowwlleeddggeemmeennttss  This work was supported in part 
by the WISE Program for AI Electronics, Tohoku 
University. 
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FFiigg..  1188  Measured efficiency of conventional and 
proposed spoke-shaped IPM magnetic gears. 
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    In recent years, it has been strongly required to reduce radiated noises from transformer cores used in electric 
power systems. The noises from transformer cores seem to be mainly caused by magnetostriction. Thus, it is 
necessary to establish a method for quantitatively calculating the force generated from the magnetostriction 
(magnetostriction force) with not only high-accuracy but also high-speed. This paper presents that the 
magnetostriction force is calculated based on a reluctance network analysis (RNA) by using a simple-shape wound 
core as an object of discussion. The validity of the proposed method is indicated by comparing with calculation 
results obtained from a finite element method (FEM). 
 
KKeeyy  wwoorrddss:: finite element method (FEM), magnetostriction force, reluctance network analysis (RNA) 

 
 

11..  IInnttrroodduuccttiioonn  
    

In recent years, it is strongly required to reduce 
noises radiated from transformers used in electric 
power systems. The causes of a noise of electric 
machines are mainly divided into the electromagnetic 
force and the magnetostriction generated in an iron core. 
Among them, the magnetostriction is considered to be 
the major cause of the noise for transformers1). 
Therefore, in order to reduce the acoustic noise due to 
the magnetostriction for transformers, it is necessary to 
establish a method for calculating the force generated 
from the magnetostriction (magnetostriction force). 
However, it is difficult to theoretically analyze the 
magnetostriction such as based on micromagnetics. To 
overcome this problem, Kitagawa et al. 2) presented the 
method which calculates the magnetostriction force by 
using the magnetic flux density distribution obtained 
from a finite element method (FEM), and the magnetic 
flux density versus magnetostriction characteristics of 
the core material obtained from the measurement. 

However, in order to design and analyze 
transformers for the purpose of acoustic noise reduction, 
it is essential to calculate displacement of a shape of an 
iron core by structural analysis, and the radiated sound 
by acoustic analysis, based on the magnetostriction 
force obtained from electromagnetic field analysis. It 
leads the analytical model to be very large, which 
requires a long calculation time and a huge computer 
capacity. Therefore, in order to realize electromagnetic- 
structural-acoustic coupled analysis, the analytical 
model should be simple as well as with high calculation 
accuracy. 

To solve the above problem, this paper presents that 
the calculation method of the magnetostriction force 
proposed in the reference 2) is applied to a reluctance 

network analysis (RNA). The RNA expresses an 
analytical object by one reluctance network. All the 
reluctances can be determined by B-H curve of the 
material and dimensions 3). The RNA has some 
advantages such as a simple model, fast calculation, 
and easy coupling with external electric circuits and 
motion equation. The RNA has been applied to the 
calculation of characteristics of various electric 
machines including transformers and motors 4)-6). In 
this paper, the validity of the proposed method is 
proved by comparing with the calculation results 
obtained from a two-dimensional (2-D) FEM. 

  
22..  RReelluuccttaannccee  NNeettwwoorrkk  AAnnaallyyssiiss 

  
In this chapter, a method for deriving a 2-D RNA 

model of a wound core made of an amorphous alloy, 
which is generally used for transformers, is explained. 

First, the analytical object is divided into multiple 
elements as shown in Fig. 1(a). Here, the core is divided 
into 3 in the thickness direction and 16 in the rolling 
direction, respectively. Each divided element can be 
expressed in a 2-D unit magnetic circuit as shown in Fig. 
1(b). Each reluctance can be determined in 
consideration of the nonlinear magnetic characteristics. 
Here, the magnetic nonlinearity is given by 

1
m

mH B B      (1) 
where the coefficients are 1 = 2.21 and m = 4.88×10-4, 
respectively. The order m = 15 is determined by the 
strength of the nonlinearity of the B-H curve. Fig. 2 
shows the measured B-H curve of the core material and 
its approximated curve. 

From the equation (1), the relationship between the 
magnetomotive force (MMF) fm and the magnetic flux ϕ 
in each reluctance can be expressed by the following 
equation: 

11 mm
m m

llf
S S

   
 

      (2)  
Corresponding author: Y. Hane (e-mail: yoshiki.hane 
@ecei.tohoku.ac.jp). 
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(a) Division of a wound core.

(b) Unit magnetic circuit.
FFiigg.. 11  Division of a wound core based on RNA.

FFiigg.. 22  B-H curve of core material and its approximated 
curve.

+
-

+
-

+
-

FFiigg.. 33  Schematic diagram of a 2-D RNA model of a 
wound core.

where the average cross-sectional area and magnetic 
path length of each element are S and l, respectively. 
Therefore, the nonlinear reluctance Rm is given by the 
following equation:

11 mm
m m

llR
S S

 
    (3)

Here, it is assumed that the magnetic properties of the 
core are isotropic for simplicity.

Fig. 3 shows a schematic diagram of the derived 2-D 
RNA model of the wound core. The MMFs are generated 
from the winding current.

33.. CCaallccuullaattiioonn MMeetthhoodd ffoorr MMaaggnneettoossttrriiccttiioonn FFoorrccee 
 

As mentioned above, it is difficult to theoretically 
calculate the magnetostriction force. Therefore, in this 
paper, the magnetostriction force is calculated by using 
the measured values of the magnetic flux density versus 
magnetostriction characteristics of the core material, 
based on the method proposed in the reference 2). The 
magnetic flux distribution of the core can be obtained 
from the RNA. In this chapter, first, the magnetic flux 
density versus magnetostriction characteristics used for 
the analysis are shown. Next, the calculation method of 
the magnetostriction force for the RNA is described.

33..11 MMaaggnneettiicc fflluuxx ddeennssiittyy vveerrssuuss mmaaggnneettoossttrriiccttiioonn 
cchhaarraacctteerriissttiiccss 

In general, it is difficult to measure the 
magnetostriction from the amorphous alloy because its 
thickness is very thin. Thus, in this paper, the 
alternative data is created by correcting the 
peak-to-peak value of the magnetostriction curve of the 
grain-oriented silicon steel 7) to 27 ppm which is 
nominal value of the magnetostriction of the amorphous
alloy. Fig. 4 shows the corrected magnetic flux density 
versus magnetostriction characteristics used as a 
look-up table in the analysis.
 
33..22 CCaallccuullaattiioonn mmeetthhoodd ffoorr mmaaggnneettoossttrriiccttiioonn ffoorrccee 

The magnetostriction force applied to the edges of 
each element is expressed by the following equation, 
based on the Hooke’s law.

S
dS p D   (4)

FFiigg.. 44  Magnetic flux density versus magnetostriction 
characteristics.
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where p is the magnetostriction force, which is expressed 
by the following equation when the shear force is 
neglected:

T
0x yp p   p   (5)

where px and py are the x- and y-axis components of p, 
which work in the rolling and vertical directions of each 
element, respectively. Here, D is the elasticity matrix 
expressed by the following equation.

1 0
1 0

(1 )(1 2 )
0 0 (1 2 ) / 2

E=
 

   
  

 
 

 


D   (6)

where E is Young’s modulus and ν is Poisson’s ratio, 
respectively. Here, E = 120 GPa and ν = 0.3, respectively. 
In addition, ε in the equation (4) is magnetostriction, 
which can be expressed by the following equation when 
the shear strain is neglected.

T
( , ) ( , ) 0x x y y x y= B B B B      (7)

Here, the magnetostriction εx(Bx, By) and εy(Bx, By)
generated in the x- and y-axis directions, that is the 
rolling and vertical directions, are expressed by the 
following equations, as the sum of strains generated by 
the magnetic flux densities Bx and By in the x and y axis 
directions, respectively.

0 0( , ) ( ) ( )x x y x x y yB B B B      (8)

0 0( , ) ( ) ( )y x y x x y yB B B B       (9)
where εx0 and εy0 are magnetostriction corresponding to 
the magnetic flux densities Bx and By in the magnetic 
flux density versus magnetostriction characteristics 
shown in Fig. 4.

44.. SSiimmuullaattiioonn RReessuullttss

By using the proposed method, the magnetostriction 
force applied to the wound core is calculated based on 
the magnetic flux density distribution obtained from
RNA when the sine wave voltage, with the amplitude of 
100 V and the frequency of 50 Hz, is applied. The 
validity of the proposed method is verified by comparing 
with the calculation results obtained from the 2-D FEM 
by using the JMAG-Designer Ver.18.1, which is 
general-purpose electro-magnetic simulation software. 
Fig. 5 shows the enlarged view of 2-D FEM model of the 

FFiigg.. 55  Enlarged view of 2-D FEM model of a wound 
core.

wound core, with 73,300 elements. In addition, Fig. 6 
and 7 show contour maps of calculation results of 
magnetic flux density and magnetostriction force 
obtained from the FEM, respectively.

Fig. 8 shows the edges where calculation results are 
compared. The average magnetic flux densities of

FFiigg.. 66  Contour map of calculation result of magnetic 
flux density obtained from FEM.

FFiigg.. 77  Contour map of calculation result of 
magnetostriction force obtained from FEM.

FFiigg.. 88  Compared edges of calculation results.
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(a) Edge #1              (b) Edge #2

(c) Edge #3              (d) Edge #4

(e) Edge #5              (f) Edge #6
FFiigg.. 99  Comparison of calculation results of magnetic 
flux density waveforms obtained from RNA and FEM.

elements adjacent to the edges #1~#6, and the 
magnetostriction forces applied in the direction 
perpendicular to the edges #1~#6 in the figure are 
compared between the RNA and the FEM.

Fig. 9(a)–(f) show the comparisons of calculation 
results of the magnetic flux density waveforms, which 
are obtained by taking the average value in the rolling 
direction in every element adjacent to each edge, for 
both the RNA and FEM. From these figures, it is 
understood that the calculated values of the RNA and 
FEM are in good agreement on the edges #1~#5, while 
there is a large error on the edge #6.

Fig. 10(a)–(f) show the comparisons of calculation 
results of the magnetostriction force waveforms, which
are calculated by summing the forces acting 
perpendicular to the edges for all elements adjacent to
the corresponding edge, for both the RNA and FEM.
From these figures, it is clear that the calculated values 
of the RNA and FEM are almost in good agreement, 
although the errors are larger compared with those of 
the magnetic flux density waveforms. On the other 
hand, there is a large error as well as on the edge #6. It 
is assumed that one of the causes of these errors is the
calculation accuracy of the magnetic flux density 
distribution due to the difference in the number of 
divided elements between the RNA and FEM.

(a) Edge #1              (b) Edge #2

(c) Edge #3              (d) Edge #4

(e) Edge #5              (f) Edge #6
FFiigg.. 1100  Comparison of calculation results of magneto-
striction force waveforms obtained from RNA and FEM.

Therefore, in order to verify the cause of the above 
errors, the magnetic flux density and magnetostriction 
force are calculated by using the more finely divided 
RNA model. Here, the core is divided into 5 by a ratio of
1:4:5:4:1 in the thickness direction, and 32 in the rolling 
direction, respectively. Fig. 11 shows a division of the 
finely divided RNA model of the wound core.

Fig. 12(a)–(f) show the comparisons of calculation 
results of the magnetic flux density waveforms. From 
these figures, it is understood that the calculated values
of the RNA and FEM are in good agreement on all the 
edges.

Fig. 13(a)–(f) show the comparisons of calculation 
results of the magnetostriction force waveforms. From 
these figures, it is clear that the measured and 
calculated values are almost in good agreement on all 
the edges. The cause of the error seems to be that the 
self-made algorithm of the magnetostriction force 
calculation for the RNA is strictly different from JMAG 
algorithm.

Additionally, the calculation time is less than 1 
second for the RNA whereas approximately 1 minute for 
the FEM, which indicates that the proposed method can 
significantly shorten the calculation time when the 3-D 
electromagnetic-structural-acoustic coupled analysis 
will be performed in the future.
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55.. CCoonncclluussiioonn

This paper presented the calculation method for the 
magnetostriction force based on the RNA.
As a result, it was clear that the proposed method can 
calculate the magnetostriction force with relatively high 
accuracy and in a very short time, compared with the 
results of the FEM.

FFiigg.. 1111  Division of a finely divided RNA model of a 
wound core.

(a) Edge #1              (b) Edge #2

(c) Edge #3              (d) Edge #4

(e) Edge #5              (f) Edge #6
FFiigg.. 1122  Comparison of calculation results of magnetic 
flux density waveforms obtained from finely divided 
RNA and FEM.

(a) Edge #1              (b) Edge #2

(c) Edge #3              (d) Edge #4

(e) Edge #5              (f) Edge #6
FFiigg.. 1133  Comparison of calculation results of 
magnetostriction force waveforms obtained from finely 
divided RNA and FEM.

In the future, we plan to perform structural and 
acoustic analysis by using the obtained 
magnetostriction force, and prove the validity of the 
proposed method experimentally.
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Structure and magnetic properties of Sm(Fe0.8Co0.2)12 thin films 
by adding light elements 

 
M. Kambayashi*, H. Kato**, Y. Mori**, M. Doi*, *** and T. Shima*, *** 

* Graduate School of Engineering, Tohoku Gakuin Univ., 1-13-1 Tagajo 985-8537 Japan 
** Department of Engineering, Tohoku Gakuin Univ., 1-13-1 Tagajo 985-8537 Japan 

*** Elements Strategy Initiative Center for Magnetic Materials (ESICMM), National Institute for Materials Science, 
1-2-1 Sengen Tsukuba 305-0047, Japan 

 
The effect of light elements such as B, C and N on Sm(Fe0.8Co0.2)12 alloy was investigated in detail. The highest coercivity Hc of 

11.1 kOe was obtained for Sm(Fe0.8Co0.2)12-B thin films with the thickness of 100 nm and B content of 11.2 at.%. From X-ray diffraction 
patterns, peaks from (002) and (004) of ThMn12-type phase were clearly observed for the films. However, no significant improvement 
in magnetic properties was observed with the addition of C and N to the Sm(Fe0.8Co0.2)12 alloy, as was the case with the combined 
addition with B. It was confirmed that only the addition of B contributes significantly to the improvement of magnetic properties from 
the result of adding light elements to this series of Sm(Fe0.8Co0.2)12 alloy. 
 
Keywords: RFe12 compound, ThMn12-type structure, Sm(Fe0.8Co0.2)12 alloy, light elements, coercivity 
 

1. Introduction 
RFe12 (R: rare-earth elements) compounds1)-3) with a tetragonal 

ThMn12-type crystal structure are expected to surpass the 
magnetic properties of Nd-Fe-B sintered magnets, since RFe12 
compounds possess high saturation magnetization Ms and high 
anisotropy field HA by the largest composition ratio 1:12 of R 
atom versus Fe atoms which have high molar fraction among Rm-

nFe5m+2 systems. However, the RFe12 compounds are known to be 
very unstable from a thermodynamic point of view, and it has 
been realized that the RFe12 phase have been successfully 
stabilized only by substitution of the element M (M = Cr, V, Ti, 
Mo, W, Si and Fe)4)-7). Unfortunately, the substitution of Fe with 
a large amount of M causes a reduction in saturation 
magnetization Ms. Therefore, there is a strong demand for the 
realization of R(Fe, M)12 compounds having high phase stability 
by substituting a small amount of elements. 

In recent years, Hirayama et al. reported that the 
Sm(Fe0.8Co0.2)12 thin films with a film thickness of 595 nm 
deposited on a MgO (100) single crystal substrate with V 
underlayer grow epitaxially, and their representative magnetic 
properties of Ms of 1.78 T, anisotropy field HA of 120 kOe and 
Curie temperature TC of 586 ºC, which surpasses that of Nd2Fe14B 
compound. Since then, a lot of studies have been performed on 
Sm(Fe0.8Co0.2)12 compound with changing the fabrication 
conditions8)-10). Previously, we have successfully reported that the 
large coercivity of 1.2 T can be achieved by the addition of B to 
an anisotropic Sm(Fe0.8Co0.2)12 thin film11). It is thought that 
additive elements will play an important role for improving the 
magnetic properties of the Sm(Fe0.8Co0.2)12 compounds. 

Since the light elements B, C and N have small atomic radii, 
they are expected to be alloyed by interstitial or substitutional 
position in the ThMn12-type main phase or grain boundary phase 
and it is considered to have a great influence on the structure and 
magnetic properties of Sm(Fe0.8Co0.2)12 compound. The effect of 
light elements on this compound has not been fully studied yet, 
although the effect of N addition for R-Fe compounds have been 

widely investigated12). In this study, in order to see the effect of 
light elements on the structure and magnetic properties for 
Sm(Fe0.8Co0.2)12 thin films, Sm(Fe0.8Co0.2)12-X (X = B, C, N, B-C 
and B-N) have been fabricated and their structure and magnetic 
properties have also been investigated. 
 

2. Experimental procedure 
The samples were prepared by using ultra-high vacuum 

magnetron sputtering system with base pressure of less than 1.0 
× 10-8 Pa. First of all, a V underlayer of 20 nm was deposited onto 
the MgO (100) single crystal substrate at substrate temperature Ts 
of 350 ºC. Then, the Sm(Fe0.8Co0.2)12-X (X = B, C, N, B-C and B-
N) layer was deposited. Film thickness of Sm(Fe0.8Co0.2)12-B thin 
films was changed from 5 to 200 nm, while it was fixed to 100 
nm for another samples with C or N addition. The composition of 
B and C was designed and calculated by the deposition rate of co-
deposition of the targets. On the other hand, the amount of N 
addition was adjusted by the ratio of Ar gas and N2 gas during 
deposition. Highly accurate elemental analysis of light element is 
not easy, however, B content has been analyzed by inductively 
coupled plasma (ICP) spectroscopy to be Sm7.3Fe67.6Co16.0B9.1 

Fig. 1. Effect of film thickness on the XRD patterns for 
Sm(Fe0.8Co0.2)12-B thin films. The film thickness tSFCB was 
changed from 5 to 200 nm. Enlarged view of the high-angle 
(004) peak is also shown. 
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(at.%) for the film with B = 9.1 at.% was determined in a previous 
report11). Although the exact amount of C and N addition is 
uncertain at this moment, it was confirmed that the tendency can 
be understood because the amount of addition is continuously 
changed. The amount of B was changed from 0 to 11.3 at.%, the 
addition of C was designed by the deposition rate of each target 
and it was changed from 0 to 4.0 %, while for the addition of N, 
the flow rate ratio of N2 gas to Ar gas was changed from 0 to 
1.0 %. According to an energy dispersive X-ray spectroscopy 
(EDX) analysis, 14 at.% N was determined to the film with a flow 
rate ratio of N of 0.5 %, and it was about 22 at.% N to that of 
1.0 %. It was confirmed that the amount of nitrogen became 
constant when the flow rate exceeded that. Accurate elemental 
analysis of C and N will be performed later. Finally, the V layer 
of 10 nm was deposited as a cap layer for the prevention of 
oxidation. The structural analysis was performed by the XRD 
with Cu-Kα radiation from the out-of-plane configuration, the 
magnetization curves were measured by using a superconducting 
quantum interference device (SUQID) magnetometer, the film 
composition was determined by EDX, and in some cases an ICP 
spectroscopy analysis and APFIM was performed. All 
measurements were performed at room temperature. 
 

3. Results and discussion 
In order to investigate the effect of film thickness on the 

structure and magnetic properties for Sm(Fe0.8Co0.2)12-B thin 
films, Sm(Fe0.8Co0.2)12 thin films with B content of 9.1 at.% were 
prepared. XRD patterns of Sm(Fe0.8Co0.2)12-B thin films with 
different film thickness are shown in Fig. 1. The enlarged view of 
high-angle (004) peak was also shown. The peaks from (002) and 
(004) of ThMn12-type phase with the strongly texture toward 
(00l) direction were began to observe for the film with tSFCB of 20 
nm and they shifted to higher angle, indicating that c-axis shrank. 
Further increasing the film thickness, the intensity of these peaks 
increased and the position of the peak hardly changed up to 120 

nm, but changed to a low angle beyond that. 
The magnetization curves for Sm(Fe0.8Co0.2)12-B thin films 

with different film thickness are shown in Fig. 2. The solid and 
dotted lines denote the curve measured in applied field 
perpendicular and parallel to the film plane, respectively. It was 
confirmed that the Hc was increased with increasing the film 
thickness, and high Hc of 9.4 kOe, high Ms of 1230 emu/ cm3 and 
moderate high uniaxial magnetic anisotropy Ku of 34.7 Merg/ cm3 
were obtained for the film with tSFCB of 100 nm (f). With further 
increasing of film thickness, Hc was slightly decreased to 8.2 kOe 
for the film with tSFCB of 200 nm (h). 

Subsequently, the effect of B content to Sm(Fe0.8Co0.2)12-B thin 
films with the film thickness of 100 nm was investigated. The 
XRD patterns and their enlarged view of the high-angle (004) 
peak for Sm(Fe0.8Co0.2)12-B (100 nm) thin films are shown in Fig. 
3. The peaks from (002) and (004) of ThMn12-type compound can 
be observed for all the samples. With increasing B content, the 
intensity of these peaks decreased and shifted to higher angle for 

Fig. 2. Effect of film thickness on the M-H curves for 
Sm(Fe0.8Co0.2)12-B thin films measured in applied field 
perpendicular (solid line) and parallel (dotted line) to the film 
plane. The film thickness tSFCB was changed from 5 to 200 nm. 

Fig. 3. XRD patterns for Sm(Fe0.8Co0.2)12-B (100 nm) thin films 
with different B content of 0 to 11.3 at.%. Enlarged view of the 
high-angle (004) peak is also shown. 

Fig. 4. M-H curves for Sm(Fe0.8Co0.2)12-B (100 nm) thin films 
with different B content of 0 to 11.3 at.%. 
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the film with B of 6.3 at.% (c), indicating that the lattice constant 
of c-axis slightly shrank. Also, the peaks from (004) became 
sharper as the amount of B increased. It is considered that this is 
because a columnar structure having an average grain size of 
about 40 nm was formed11). 

The magnetization curves for Sm(Fe0.8Co0.2)12-B (100 nm) thin 
films with different B content are shown in Fig. 4. Without B 
addition, low Hc of 1.3 kOe was obtained for the Sm(Fe0.8Co0.2)12 
thin film. However, it was confirmed that the Hc was increased 
with increasing B content and high Hc of 11.1 kOe, high Ms of 
1260 emu/ cm3 and moderate high Ku of 32.2 Merg/ cm3 were 
obtained for the film with B of 11.2 at.% (g). By a slightly 
increase of B content, Hc was decreased to 10.1 kOe for the film 
with B of 11.3 at.% (h). 

XRD patterns and their enlarged view of the high-angle (004) 
peak for Sm(Fe0.8Co0.2)12-C (100 nm) thin films with different C 
content of 0 to 4.0 % are shown in Fig. 5. The peaks from (002) 
and (004) of ThMn12-type compound were observed for all the 
samples. With increasing C content, the intensity of these peaks 
decreased and the position was almost unchanged up to C = 2.0 % 
(d), and shifted to lower angle when it reached 3.0 or higher, 
indicating that the lattice constant of c-axis was slightly increased 
for the film with C = 3.0 % (e). At 3.0 % or higher C content, 

SmFe2 (220) and (440) peaks and ThMn12-type superlattice (132) 
peaks began to observe at 34.5º, 72.1º and 52.0º. 

The magnetization curves for Sm(Fe0.8Co0.2)12-C (100 nm) thin 
films with different C content are shown in Fig. 6. The out-of-
plane magnetic anisotropy and low Hc was obtained for the 
Sm(Fe0.8Co0.2)12-C thin film. It was confirmed that the Hc was 
slightly increased with increasing C content, however, with 
further increasing C content to 3.0 %, Hc was decreased and 
magnetic anisotropy was changed from the out-of-plane to the in-
plane anisotropy. 

XRD patterns and their enlarged view of the high-angle (004) 
peak of ThMn12-type compound for Sm(Fe0.8Co0.2)12-N (100 nm) 
thin films with different N content of 0 to 1.0 % are shown in Fig. 
7. The peaks from (002) and (004) of ThMn12-type compound 
were observed for the films with N content up to 0.25 %. With 
increasing N content as in the case of the Sm(Fe0.8Co0.2)12-B thin 
films, the intensity of these peaks decreased and shifted to higher 
angle, indicating the lattice constant of c-axis slightly shrank. It 
is also thought that peaks from the SmN (200) and (400) began 
to observe at 35.6º and 74.8º when N content was reached 0.2 % 
or higher, and the SmN (220) peak began to observe at 51.2º when 
it reached 0.25 % or higher. On the contrary to the results from B 
added films, C and N added samples are seemed to be almost 

Fig. 5. XRD patterns for Sm(Fe0.8Co0.2)12-C (100 nm) thin films 
with different C content of 0 to 4.0 %. Enlarged view of the 
high-angle (004) peak is also shown. 

Fig. 6. M-H curves for Sm(Fe0.8Co0.2)12-C (100 nm) thin films 
with different C content of 0 to 4.0 %. 

Fig. 7. XRD patterns for Sm(Fe0.8Co0.2)12-N (100 nm) thin 
films with different N content of 0 to 1.0 %. Enlarged view of 
the high-angle (004) peak is also shown. 

Fig. 8. M-H curves for Sm(Fe0.8Co0.2)12-N (100 nm) thin films 
with different N content of 0 to 1.0 %. 
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same width of the (004) peak, this is because the ThMn12-type 
structure has hardly changed. 

The magnetization curves for Sm(Fe0.8Co0.2)12-N (100 nm) thin 
films with different N content are shown in Fig. 8. It was 
confirmed that the Hc was slightly increased with increasing N 
content, and high Hc of 3.9 kOe was obtained for the film with N 
of 0.2 % (c). However, Hc was decreased and magnetic anisotropy 
was changed from the out-of-plane to the in-plane anisotropy for 
the film with N of 0.25 % (d). Furthermore, Hc decreased at the 
film with N of 0.5 % (e). 

From the detail microstructural observation by 3D atom probe, 
the addition of B to the Sm(Fe0.8Co0.2)12 film leads to the 
formation of amorphous intergranular phase and B rich shell can 
be observed in the vicinity of the grain boundaries. It was also 
found that C was abundantly present in the V buffer layer for C 
added films and it was also confirmed that N was present in the 
vicinity of the precipitated Sm and Fe. Therefore, no grain 
boundary phase was formed by the addition of C and N. The 
detailed microstructural results will be reported in the future13). 

Since Hc was increased by the addition of B, the films were 
prepared by adding C and N to the B content in which Hc was 
improved. XRD patterns for Sm(Fe0.8Co0.2)12 (100 nm) thin films 
with B, B-C and B-N addition are shown in Fig. 9 (a). The amount 
of B content to Sm(Fe0.8Co0.2)12 thin film was fixed at 11.2 at.%, 
while C and N were combined added to 2.0 % and 0.2 %, 
respectively. The peaks from (002) and (004) of ThMn12-type 
phase were clearly observed for all the films, indicating that the 
strongly textured structure toward (00l) direction was obtained. 
However, by the combined addition of the B-C and B-N, the 
intensity of the peak was significantly reduced, and the position 
of the peak was slightly shifted to lower angle for the film with 
B-C addition, while it shifted to higher angle for the film with B-
N addition. The magnetization curves for Sm(Fe0.8Co0.2)12 (100 
nm) thin films with B, B-C and B-N addition are shown in Fig. 9 
(b). Hc was decreased remarkably by adding C of 2.0 % and N of 
0.2 %, and the magnetic anisotropy of Sm(Fe0.8Co0.2)12-B thin 
films was changed from the out-of-plane to the in-plane 
anisotropy. 
 

4. Summary 
In this study, the effect of light elements such as B, C and N to 

the Sm(Fe0.8Co0.2)12 alloy was investigated. From XRD patterns, 
the peaks from (002) and (004) of ThMn12-type compound were 
clearly observed for Sm(Fe0.8Co0.2)12-B thin films. High Hc of 
11.1 kOe, high Ms of 1260 emu/ cm3 and moderate high Ku of 
32.2 Merg/ cm3 were obtained for the film with B content of 11.2 
at.% and tSFCB of 100 nm. It was found that the B addition was 
very effective in improving the magnetic properties for Sm 
(Fe0.8Co0.2)12 compounds. However, no significant improvement 
in magnetic properties was observed with the addition of C and 
N to the Sm(Fe0.8Co0.2)12 thin film. Magnetic anisotropy was 
changed from the out-of-plane to the in-plane and Hc was 
decreased with the combined addition of C and N to the 
Sm(Fe0.8Co0.2)12-B thin films. It was confirmed that only the 
addition of B contributes significantly to the improvement of 
magnetic properties of Sm(Fe0.8Co0.2)12 alloy. From the results of 
this study, the addition of C and N is not suitable for further 
improving Hc in the Sm(Fe0.8Co0.2)12 compound. However, in 
order to further improve the magnetic properties of Sm 
(Fe0.8Co0.2)12 thin film, it is considered that not only the addition 
of B but also the grain boundary diffusion effect of the non-
magnetic material plays a major role. 
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Fig. 9. XRD patterns and M-H curves for Sm(Fe0.8Co0.2)12-B 
(100 nm) thin films by adding C to 2.0 % and N to 0.2 %. 
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Many kinds of servers for communication base stations are being installed to provide information technology (IT) 

services. Hence, the servers require not only high-performance processer but also their cooling system. Among the 
cooling systems, a cooling fan is the most suitable due to good balance between performance and cost. Nowadays, the 
cooling fans are required to be improved the cooling performance and efficiency because the heat generation in servers 
is increased. In a previous paper, several cooling fan motors are designed and compared each other. As a result, an 
interior permanent magnet (IPM) motor with the magnets equally divided in the circumference direction has the 
highest efficiency. This paper presents prototype test results of the proposed IPM motor, which are compared to the 
calculation results. Next, stray losses caused by eddy current and harmonic current are investigated by using 
three-dimensional finite element method (3D-FEM). 
 

KKeeyy  wwoorrddss:: Cooling fan, interior permanent magnet (IPM) motor 
 

11..  IInnttrroodduuccttiioonn  
 

In communication base stations, many kinds of 
servers cooperatively operate to provide information 
technology (IT) services. According to increasing 
amount of information traffic, the servers and in which 
central processing units (CPUs) should be improved the 
performance, and their downsizing are also required. In 
order to improve the performance, increasing the clock 
speed of CPUs or employing the parallel processing are 
common ways. However, huge local heat generated in 
CPUs becomes serious problem along with increasing 
the processing performance. Therefore, cooling systems 
are rapidly gaining attention recently. 

Among of the cooling systems, a cooling fan is 
widely used for removing the local heat from CPUs in 
the server since they have good balance between 
performance and cost. Recently, further improvement of 
the cooling performance is strongly required. To improve 
the performance, air flow and pressure of the cooling fan 
should be increased, that is, torque and rotational speed 
of a cooling fan motor must be increased. In addition, 
efficiency improvement is also important since if only 
the output power of the cooling fan motor is increased 
while the efficiency remains constant, the loss will be 
larger, and it causes heat generation in the fan motor 
itself. However, the cost has been the most important in 
the cooling fans so far. Thus, the efficiency of 
conventional cooling fan motors is low, and the reports 
of the efficiency improvement are very few [1]-[5]. 

In a previous paper, to improve the efficiency of the 
cooling fan motor, several kinds of rotor structures were 
compared each other [6]. As a result, it was clear that an 
interior permanent magnet (IPM) motor with the 
magnets equally divided in the circumference direction 
has the highest efficiency. 

In this paper, prototype tests of the proposed IPM 
motor are demonstrated. Furthermore, stray losses 
caused by eddy current and harmonic current are 
investigated by three-dimensional finite element 
method (3D-FEM) using the JMAG-Designer software 
ver. 19.1. 
 

22..  OOvveerrvviieeww  ooff  pprrooppoosseedd  IIPPMM  mmoottoorr  
 

Table 1 shows specifications of a conventional fan 
motor and a target one. The rated speed of the 
conventional motor is 9000 rpm, the rated torque is 54 
mN·m, and the efficiency at the rated point is 80%, 
respectively. Therefore, the total loss is 13.5 W. 

Based on the conventional fan motor, to increase 
the air flow and pressure of the cooling fan, the target 
speed and torque are set to be 12600 rpm and 200 
mN·m, respectively. Therefore, the output power is 256 
W, which is about five times larger than the 
conventional one. On the other hand, the heat 
generation in the fan motor itself becomes problem if 
the loss is also five times larger. Thus, the loss target is 
less than 20 W, which results in the higher efficiency of 
93%. 

 Fig. 1 shows a schematic diagram of the IPM 
motor proposed in the previous paper [6], and indicates 
the magnetization direction of the magnets. It is a 
three-phase, 4-pole, 6-slot machine. The stator has 
three-phase concentrated windings. The permanent  

 
TTaabbllee  11  Specifications of a conventional fan motor and 
a target one. 

 Conventional 
fan motor 

Target fan 
motor 

Total loss (W) 13.5 20 or less 
Efficiency (%) 80 93 or more 
Mechanical output (W) 54 256 
Rated speed (rpm) 9000 12600 
Rated torque (mN·m) 57 200                                               

Corresponding author: S. Sakurai (e-mail: 
sho.sakurai.q2@dc.tohoku.ac.jp). 
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magnets are divided into 5 pieces per pole and evenly 
arranged in the circumference direction for reduction of 
is sintered Nd-Fe-B. eddy current loss in the magnets. 
The magnet material  

Here, general IPM motors have magnetic saliency 
to generate a reluctance torque in addition to a 
magnetic torque. On the other hand, as can be seen 
from the figure, the proposed IPM motor does not have 
the magnetic saliency since the magnets are uniformly 
embedded in the rotor core, that is, it is designed only to 
reduce the eddy current loss in the magnets. 

Table 2 indicates specifications of the proposed IPM 
motor. The diameter is 54 mm. The stack lengths of the 
stator and the rotor are 11.9 mm and 19.5 mm, 
respectively.  

 
33..  PPrroottoottyyppee  tteesstt  rreessuullttss  ooff  IIPPMM  mmoottoorr  

 
Fig. 2(a) shows the prototyped IPM motor. Since the 

prototype motor is an outer-rotor-type, it has an 
auxiliary jig so that the prototype motor can be fixed by 
clamping the jig between the motor mount stand as 
shown in Fig. 2(b). 

The dc supply voltage is 48 V, which is fed to the 
prototype motor through a three-phase PWM converter. 
The motor is driven by a sensorless vector control and 
the current phase is controlled to be zero, namely, id = 0
control is adopted. The rotational speed is set to be 
12600 rpm constant. The line voltages, the phase 
currents, and the input power are measured by a digital 
power meter. The torque and the rotational speed are 
measured by a torque detector. Thus, the output power 
can be obtained from the product of the torque and the 
rotational speed. 

Fig. 3 shows measured and calculated speed and  
 

  
FFiigg..  11 Schematic diagram of a proposed IPM motor 

and the magnetization direction of the magnets. 
 

TTaabbllee  22  Specifications of the proposed IPM motor. 
Diameter 54 mm 

Stack length Stator: 11.9 mm 
Rotor: 19.5 mm 

Rotor speed 12600 rpm 
Number of winding turns/pole 22 turns/pole 
Magnet pole pairs 2 
Gap length 0.5 mm 
Magnet length 2.0 mm 
Material of magnet Sintered Nd-Fe-B 
Material of iron 35A300 

output power. The output power linearly increases 
with torque since the speed is controlled to be 12600 
rpm constant. 

Fig. 4 shows measured and calculated torque 
characteristics. The intercepts of the measured and 
calculated curves of the current density axis are 
different since the stray loss and the mechanical loss 
are neglected in 3D-FEM. Contrary to this, both slopes   
which express the torque constant of the IPM motor are 
almost the same. 

Fig. 5 indicates measured and calculated loss 
characteristics. The copper loss Wc is calculated by 

 Wc = R𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 , (1) 
where the measured winding resistance is R, whose 
value is also used in 3D-FEM. The root mean square 
value of current is Irms. It is understood that the 
measured copper loss is larger than the calculated one 
because the measured current is larger than the 
calculated one at the same load as shown in Fig. 4. The 
difference of Wc at the rated torque is about 6 W. 

The iron loss Wi, eddy current loss in magnets We, 
and mechanical losses Wm are difficult to be measured 
directly. Therefore, the sum of these losses is calculated 
by 

 Wi + We + Wm= Pin – Pout - Wc , (2) 
where the measured input power is Pin, the measured 
output power is Pout, respectively. On the other hand, in 
3D-FEM, the iron loss Wi is calculated by using 
steinmetz’s equation as follows: 

 Wi = AhBm2f + AeBm2f 2, (3) 
where the hysteresis loss coefficient and the eddy 
current loss coefficient are Ah and Ae, respectively. The 
maxim flux density is Bm and the frequency is f. It can be 
seen from Fig. 5 that the difference between measured  
  

  
(a) Prototyped IPM motor 

 

  
(b) Experimental setup 

FFiigg..  22  Appearance of the prototyped IPM motor. 
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and calculated values is about 10W at the rated torque. 
The main reason is that the stray loss and the 
mechanical loss are neglected in 3D-FEM. 

Fig. 6 denotes the measured and calculated 
efficiency. The calculated efficiency is given by 

 η = 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜+𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐+𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖+𝑊𝑊𝑊𝑊𝑒𝑒𝑒𝑒

×100 (%). (4) 

The measured efficiency at the rated torque is 
about 88.9%, which is higher than that of the 
conventional fan motor shown in Table 1. However, it is 
less than the calculated value of 94.1% since the stray 
loss and the mechanical loss are neglected in 3D-FEM. 
 

44..  IInnvveessttiiggaattiioonn  ooff  ssttrraayy  lloossss  
 

From the above results, it was clear that the stray 
loss cannot be neglected. Therefore, in this chapter, the 
cause of the stray loss will be clarified by using 
3D-FEM. 

First, eddy current losses in the jig and the motor 
case are estimated. Fig. 7 shows the 3D-FEM model of 
the prototyped IPM motor including the jig and motor 
case. The material of these parts is stainless steel 
(SUS304). The stray loss is calculated using this model. 

Fig. 8 shows the eddy current losses of the jig and 
the case. From this figure, the eddy current loss of the 
jig is about 2.3 W at the rated torque, while that of the 
case is about 0.3 W, respectively. Fig. 9 indicates the 
calculated efficiency considering the eddy current losses  
 

 
FFiigg..  33  Measured and calculated output 

characteristics. 
 

 
FFiigg..  44  Measured and calculated touque 

characteristics. 
 

of the jig and the case. It is understood from the figure 
that the calculated values are slightly close to the 
measured ones, but the error is still remained. 

Next, the influence of the harmonic current on the 
iron loss and the eddy current loss in the magnets are 
investigated. Fig. 10 shows the measured current 
waveforms at 0 mN·m and 200 mN·m, respectively. In 
order to consider the harmonics, the measured current 
waveforms are used as the input current for 3D-FEM. 

Fig. 11 indicates the comparison of iron loss. It can 
be seen from the figure that the iron loss is increased by 
about 1.5 W when the harmonic current is considered. 

Fig. 12 denotes the comparison of eddy current loss. 
It is clear that the eddy current losses of every parts are 
increased by the harmonic current. Especially, the 
magnet is affected, and its loss is increased by 0.8 W at 
the rated torque. The sum of eddy current losses is 
about 4 W at the rated torque. 

As described above, since almost all the stray losses 
can be considered in 3D-FEM, the calculated and 
measured toque and efficiency are compered again. 

Fig. 13 shows torque characteristics. The intercepts 
of the calculated and measured curves of the current 
density axis are almost the same since no-load loss can 
be estimated quantitatively. 

Fig. 14 indicates loss characteristics. It is 
understood from the figure that the calculated copper 
loss is agree well with the measured ones, while the  

 

 
FFiigg..  55  Measured and calculated loss characteristics. 

 

 
FFiigg..  66 Measured and calculated efficiency 

characteristics. 
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FFiigg.. 77 Schematic diagram of the prototype motor
including the jig and the motor case.

FFiigg.. 88 Calculated eddy current losses of the jig and 
the motor case.

FFiigg.. 99 Comparison of efficiency characteristics.

FFiigg.. 1100 Measured waveforms of the winding 
current.

FFiigg.. 1111 Comparison of iron loss characteristics.

FFiigg.. 1122  Comparison of eddy current loss 
characteristics.

FFiigg.. 1133  Measured and calculated torque 
characteristics.

FFiigg.. 1144  Measured and calculated loss 
characteristics.
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FFiigg..  1155    Comparison of losses at the rated point. 
 

 
FFiigg..  1166  Comparison of efficiency characteristics. 
 
 

error is still remained in the other loss including the 
iron loss because the mechanical loss cannot be 
considered in the calculation. 

Fig. 15 shows the comparison of losses at the rated 
point. From this figure, the calculated losses are 
increased by considering the harmonics. Especially, the 
eddy current loss in the magnets is significantly 
increased. 

Fig. 16 denotes efficiency characteristics. It reveals 
that the calculated efficiency is very close to the 
measured ones when the stray losses are taken into 
consideration.  
 

55..  CCoonncclluussiioonn  
 

In this paper, the prototype test results of the 
proposed IPM motor were demonstrated and compared 
to the calculated ones obtained from 3D-FEM. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
As a result, the measured and calculated slopes of 

torque curves are in good agreement, while the 
intercepts have an error due to the stray losses. In 
addition, there are relatively large difference between 
the measured and calculated copper and iron losses, and 
therefore, the calculated efficiency has an error of 5% at 
the rated torque. 

To improve the above errors, the stray losses were 
investigated by using 3D-FEM. Specifically, eddy 
current in the jig and the motor case, and harmonic 
components of the winding current were considered in 
3D-FEM. As a result, the calculated torque became 
almost the same as the measured one. Furthermore, the 
calculation accuracy of the copper and iron losses were 
also improved, and thus, the calculated efficiency was 
very close to the measured one. 

In future works, the stray losses identified by this 
work will be reduced, and thereby, the efficiency will be 
improved to the target value of 93%. 
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