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Abstract 
Aiming at the problem of high temperature and even demagnetization failure 
of permanent magnet (PM) due to PM eddy current loss in PM synchronous 
high-speed motors, this paper proposes a technique to lessen PM eddy current 
loss by cutting the angle of PM poles to change the shape of PM structure. 
Firstly, an analysis is conducted on the mechanism of PM synchronous high-
speed motor eddy current loss production, the theoretical analytical model of 
PM eddy current loss is deduced, and it is theoretically proved that the mag-
netic pole shaving angle can reduce PM eddy current loss. Then, a 25 KW 
surface-type PM synchronous high-speed motor as an object, using two-di-
mensional time-step finite element method (FEM) to model and analyze PM 
eddy current loss. The results show that the smaller the PM pole shaving angle, 
the less its eddy current loss will be, it is possible to minimize the pole shaving 
angle of eddy current loss by 9.8% compared to the unshaved angle. Finally, 
the temperature field of the PM is calculated using a finite element method, 
and the outcomes demonstrate that the maximum temperature of the PM with 
a magnetic pole shaving angle can be reduced by about 5% compared with the 
unshaved angle. 
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Temperature Field, Two-Dimensional Time-Stepped Finite Element Method 
(FEM) 

 

1. Introduction 

Magnetic levitation permanent magnet (PM) synchronous high-speed electric spin-
dle with high transmission efficiency, high rotary accuracy, frictionless, long ser-
vice life, and can be actively controlled, extensively utilized in high-speed and ul-
tra-high-speed machining machines [1]-[3]. Its built-in surface type PM synchro-
nous motor rotor magnetic field in the process of coupling with the stator excita-
tion magnetic field will result from the permeability harmonics’ source of stator 
core slotting, stator winding uneven distribution of space harmonics, as well as 
stator excitation current due to the grid voltage fluctuations or the controller side-
band impact of time harmonics generated by the stator excitation current [4], these 
harmonics will be high-speed cutting the rotor PM and the formation of closed loop, 
it ultimately results in the creation of eddy current losses and the emission of en-
ergy as heat. Because of the tiny size of the built-in PM synchronous spindle mo-
tor, the heat dissipation conditions are poor, the heat generated by eddy current 
loss will lead to high temperature of PM, and in serious cases, even result in de-
magnetization failure of PM, which greatly affects the reliability and stability of 
the spindle operation [5]. In order to improve the dependable and stable operation 
of magnetically levitated PM synchronous high-speed motor spindles, it is crucial 
to examine the mechanism of eddy current loss generation in PM synchronous 
motors, research the methodology for precisely calculating the eddy current loss 
of PM, and investigate structural optimization schemes to lower the eddy current 
loss of PM. 

At present, domestic and foreign research around the PM synchronous motor 
eddy current loss calculation method is mainly reflected in the analytical method 
and finite element method (FEM). As in Literature [6], ignoring the effects of core 
saturation, magnetic leakage, and material nonlinearity and only considering the 
space harmonics caused by eddy current effect, magnetic conductivity harmonics 
caused by stator slotting and uneven eddy current distribution, the eddy current 
loss calculation model of the PM is deduced by the analytical method, and the 
eddy current loss data are obtained by the calculation of harmonic analysis method, 
and the information gathered from the experiments confirms that the computation 
is accurate. The two-dimensional time-stepped finite element method used in Lit-
erature [7] can not only take into account the eddy current effect and the cogging 
effect, but also the effects of core saturation, leakage, and nonlinear problems of the 
permeable materials on the magnetic field of the motor, and a more accurate result 
can be obtained in calculating the eddy current loss of the rotor of a high-speed 
PM motor. Literature [8] used the harmonic analysis method and time-step finite 
element method to calculate the harmonic loss of the motor rotor respectively, and 
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compared and analyzed with the experimental data, and the results show that the 
time-step finite element calculation results are more accurate. Although the analyt-
ical method can intuitively and quickly reveal the nature and law of the rotor eddy 
current loss, it can only be applied to a relatively special boundary situation, and it 
is difficult to take into account all the factors, while the FEM can be calculated re-
gardless of the complexity of the boundary conditions and basically can take into 
account all the influencing factors. 

Based on harmonic calculations, another part of scholars has conducted in-depth 
research on the methods of harmonic suppression. For example, Literature [9]-[11] 
cuts off the eddy current circuit of the PM by segmenting the PM of a non-high-
speed PM motor, which significantly reduces the eddy current loss of the PM. 
However, Literature [12] suggests that for high-speed PM motors, the number of 
chunks should reach a certain number to effectively reduce the eddy current loss, 
and if the number of chunks is too small, it will increase the eddy current loss. 
Although the process difficulty of PM chunking is not large, the number of chunks 
is too large and impractical, so for high-speed motors, the method of chunking 
PM to suppress eddy current loss is not suitable at present. In Literature [13], har-
monic magnetic field is suppressed by the method of unequal turns winding, and 
in Literature [14], the method of setting magnetic bridge in the stator yoke can 
also suppress harmonic magnetic field. Both methods can reduce the eddy current 
loss of permanent magnets. Literature [15] allows the shielding ring eddy current 
to eliminate part of the air gap harmonic magnetic field by adding a shielding ring 
of appropriate thickness inside the rotor sheath, thus improving the magnetic field 
waveform in PM and reducing the PM eddy current loss. Although the above meth-
ods can reduce eddy current losses, they all increase the difficulty of the motor man-
ufacturing process. 

Considering that the core of suppressing eddy current loss is to eliminate har-
monic magnetic field effectively, and by optimizing the PM structure of the exist-
ing surface-type and tile-shaped PM synchronous motors, it can not only satisfy 
this requirement, but also has the advantages of simple structure, lower manufac-
turing cost, and easy to implement. Thus, based on the harmonic suppression idea 
of effectively eliminating part of the harmonic magnetic field and improving the 
air gap density waveform, this paper proposes a harmonic suppression method of 
chipping the PM structure of surface-type and tile-type PM synchronous motors 
by taking into account that chipping can reduce the equivalent air gap length, which 
is capable of reducing the flux rate of change, to reduce the magnetic flux density 
on the PM to reduce the eddy current loss. Based on the mechanical and electro-
magnetic parameters of a 25 KW surface-type PM synchronous motor, firstly, the 
effect of different clipping angles on the eddy current loss of a 4 mm-thick tile-
type PM is calculated and analyzed using a two-dimensional time-stepping FEM. 
Then, the effect of different tile thicknesses on eddy current loss before and after 
PM chipping is investigated. Finally, the results of 2D time-step FEM are substituted 
into Ansys Icepak for thermal simulation to derive the temperature distribution of 
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the surface-type and tile-shaped PM synchronous motor spindles. 

2. Analytical Computational Modeling of Eddy Current Losses 
in Permanent Magnets 
2.1. Mechanism of Eddy Current Loss Generation in Permanent 

Magnets 

Considering that the structure of permanent magnet synchronous motorized spin-
dle is optimized in this paper, and the structural characteristics do not produce 
time harmonics, so only the eddy current loss caused by permeability harmonics 
and space harmonics is considered. 

2.1.1. Generation of Magnetically Induced Harmonics 

 
Figure 1. Schematic diagram of magnetic permeability change. 
 

As shown in Figure 1, the permeability harmonics arise because the stator core 
is slotted, resulting in different permeabilities between the yoke and the gap. As 
the rotor rotates, the air gap permeability corresponding to any segment of arc dx 
on the permanent magnet is constantly changing. The air gap is small and the mag-
netic permeability is large when it is at AB under the teeth. While at slot BC, the 
air gap is larger and the permeability is small. This variation is periodic in terms 
of slot spacing, with the permeability varying Z/λ times under each pair of poles 
and generating the corresponding tooth harmonics of the permeability. At this point, 
the air gap permeability can be written as (1) [16]: 

 0 0
1k

Zk tω
λ

∞

=

 Λ = Λ + Λ  
 

∑  (1) 

where 0Λ  is the constant component of the air gap permeability, kΛ  is the kth 
harmonic amplitude of the air gap permeability, Ζ is the number of stator slots, 
and λ is the number of magnetic pole pairs, and ω is the electrical angular velocity. 

The magnetic potential at the surface of the permanent magnet during no-load 
operation of the motor can be expressed as (2) [16]: 

 ( )cosmF F λζ=  (2) 
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where mF  is the magnetic potential amplitude, λζ  is the spatial angle of the mag-
netic potential of the permanent magnet concerning the reference axis. 

At this point, the air-gap magnetic density at any instant is written as (3): 

 ( ) ( ) ( ) ( ) 0 0
1

, , , cosm
k

ZB t F t t F k tθ θ θ λζ ω
λ

∞

=

  = ⋅Λ = Λ = Λ + Λ     
∑  (3) 

From (3), it can be seen that the number of harmonics of the magnetically 
guided teeth caused by slotting in the air-gap magnetic density waveform is the 

1kZ λ ± th harmonic. 

2.1.2. Generation of Space Harmonics 
Spatial harmonic magnetomotive force is caused by non-uniform distribution of 
stator windings. It is divided into phase band harmonic magnetomotive force and 
tooth harmonic magnetomotive force. In this case, the phase-band harmonic 
component is since the conductor currents distributed along the periphery of the 
armature do not belong to the same phase of the winding, i.e. the transition be-
tween phases is not smooth enough and there are jumps; the tooth harmonic com-
ponent is since the conductors are all concentrated in a finite number of slots 
and are not uniformly distributed along the armature, resulting in insufficient 
smoothing of the magnetic potential from slot to slot and jumps, as shown in Fig-
ure 2. 
 

 
Figure 2. Distribution of phase band windings. 
 

When the stator winding is energized with a three-phase sinusoidal current, the 
νth harmonic magnetic potentials generated by the A, B, and C phase windings are 
added together to obtain the νth harmonic synthesized magnetic potentials of the 
three-phase windings as follows [16]: 

 

( ) ( ) ( ) ( )

( )

( )

, , , ,

cos cos cos 120 cos 120

cos 120 cos 120

v Av Bv Cv

v

f x t f x t f x t f x t

vF x t v x t

v x t

φ ω ω
τ τ

ω
τ

= + +

  = + − −  

π π

π


 + + +    

 

 

 (4) 

where Avf , Bvf , and Cvf  are the νth harmonic magnetic potentials of phases A, 
B, and C, respectively, x is the spatial distance coordinates, and vFφ  is the νth har-
monic synthesized magnetomotive force amplitude, and τ is the polar distance. 

It has the following pattern: 
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1) When 3v k= , ( ), 0vf x t = , so there is no 3rd and multiples of 3rd har-
monic. 

2) When 6 1v k= ± , ( ) ( ), 1.5 cosv vf x t F v x tφ τ ω= π ± . 
3) When 1v kZ λ= ± , there are magnetomotive force tooth harmonics of the 

same order as the permeability tooth harmonics. 
From Equation (4), the amplitude of the harmonic magnetic potential varies with 

time and space, while the air gap permeability varies synchronously, and the prod-
uct of the two is the flux φ . There are two types of flux variations, one of which 
is generated by time-varying currents, i.e. the flux is a function of time t, and the 
other is generated by the relative motion between the permanent magnet and the 
magnetic field, i.e. the flux is a function of position variable x.  

From the law of electromagnetic induction [16]: 

 d d
d d

e
t t
ψ Φ

= − = −   (5) 

where e is the induced electromotive force in the loop, ψ is the magnetic chain of 
the crosslinked loop, and Φ is the loop area flux.  

From Equation (5), the change of harmonic magnetic potential will produce 
induced electromotive force on the surface of the conductor of the stator and ro-
tor, and due to the different flux densities or magnetic field variation strengths in 
each part of the conductor, resulting in different induced electromotive forces in 
each part, which in turn form harmonic currents of different sizes inside the con-
ductor and consume in the conductor’s internal resistance to form eddy current 
losses, as shown in Figure 3. 
 

 
Figure 3. Eddy current path. 

2.2. Permanent Magnet Eddy Current Loss Calculation Model 

Air gap harmonics (magnetic conductivity harmonics and space harmonics, etc.) 
generate eddy current losses in the permanent magnets on the surface of the rotor 
of a surface-mounted permanent magnet synchronous motor. During rotation, 
the air gap density and the magnetic density of the permanent magnets change 
accordingly, and the changing density induces eddy currents in the permanent 
magnets. 
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The variation of the air-gap flux density at a slot distance can be written in the 
form of a Fourier series in terms of [ ]0,2 Zα ∈ π , which is obtained when the slot 
is in the middle position [17]: 

 ( ) ( )11( ) 1 1 cosk
av c kkB B k kZδ α β α α∞

=
 = − − ∑  (6) 

where 
2

1 1

1 12
1

1

2sin
, ,

51

u
k

u

b bk
b

bbk k

τ δ δα γ γ
β

δτ

′   π   
   ′= = =

 ′  + π −  
   

 

( )
22

max min min 1 1
22

max max

1 2 2, , 1
2 2 212 1

B B B b bu u u u
B B uu

β
δ δ

− + −  = = = = + +  ++  
 

where avB  is the average flux density; uτ  is the slot spacing; u is the voltage spec-
ification; 1b′  is the total width of the region; and δ  is the air gap length, using the 
equivalent air gap length eδ  proposed by Carter. 

From the above equation, it can be seen that the ratio of notch width to air gap 
length affects the change of air gap flux, i.e. keeping the notch width constant, the 
air gap flux can be reduced by increasing the air gap length, and chipping the per-
manent magnets can change the length of the equivalent air gap. 

Based on the above principle, this paper proposes to cut the corners of the per-
manent magnets to increase the equivalent air gap length by changing the struc-
tural shape of the permanent magnets to reduce the eddy current loss. The tile-
type permanent magnet pole chipping scheme is shown in Figure 4, where the 
structural shape of the permanent magnet with right angles at both ends as shown 
in (a) is changed to a chipped structural shape with angles at both ends of the 
permanent magnet as shown in (b) without reducing the volume of the permanent 
magnet. 
 

   
(a) Unchamfered permanent magnet shape   (b) Chamfered permanent magnet shape 

Figure 4. Unchamfered and chamfered permanent magnet shape. 
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After chipping, the air gap length in Equation (6) changes and the surface of the 
permanent magnet poles is no longer isotropic and A is corrected to [18]: 

 ( )( )1 3 21 1 2 1 1M MK h hα θ θ= − − −  (7) 

According to the clipping angle scheme in this paper, where 1Mh  is taken as 0 
in Equation (7).  

Substituting Kα  into the equivalent air gap length equation, the equivalent air 
gap after clipping the angle poles is obtained as: 
 e stK K Kδ αδ δ=  (8) 

Because the magnetic permeability of permanent magnets and air permeability 
is close, it can be considered that the change rule of the magnetic density of per-
manent magnets and air gap magnetic density change rule is basically the same, 
and the introduction of the skin effect penetration depth PMδ  to consider the 
influence of the permanent magnet vortex reaction, can be calculated that the air 
gap harmonics in the permanent magnet internal sensing of the vortex density MJ  
is [6]:  

 
( )

e PMZ
m

t

B
J δ δα

σ −∂
=

∂
 (9) 

where the rate of attenuation of the magnetic field in the conductor is expressed 
in terms of the depth of penetration [19]: 

 1
PM f

δ
σµ

=
π

 (10) 

where PMδ  is the harmonic penetration depth in the permanent magnet, μ is the 
magnetic permeability of the material, σ is the conductivity of the material, and f 
is the harmonic frequency. 

According to the Poincarin vector [20], the power penetrating the closed surface 
S from within the volume V is: 

 ( ) ( )d d
S V

P S V= × = ∇ ⋅ ×∫ ∫E H E H


  (11) 

where E  is the electric field strength, J  is the eddy current density, H  is the 
magnetic field strength. 

Since the permanent magnet hysteresis loss exists only under special condi-
tions, the permanent magnet loss is almost exclusively eddy current loss, so the 
formula for calculating the permanent magnet eddy current loss can be simplified 
as [21]: 

 
2

2d d d
V V V

P V V Vρ
σ

= ⋅ = =∫ ∫ ∫
JE J J  (12) 

where V is the volume of the PM, ρ is the permanent magnet resistivity. 
According to the integral form of Faraday’s law of electromagnetic induction, 

we get: 

 d dd d
d dl

S

l S
t t
φ

= − = −∫ ∫∫E B


 (13) 
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where φ  is the total magnetic flux in the eddy current path, S is the total area in 
the vortex path. 

Substituting ρ=E J  into the above equation gives: 

 1 1 dd d d
dl l S

l l S
tρ ρ

= = −∫ ∫ ∫∫J E B
 

 (14) 

From Equations (6)-(12), it can be seen that the clipping angle can increase the 
equivalent air gap length to reduce the harmonic flux rate of change, and the eddy 
current density decreases with the decrease of the flux rate of change, so that the 
eddy current loss becomes smaller. Then, from Equation (12) and Equation (14), 
it can be seen that the permanent magnet eddy current loss is determined by the 
permanent magnet resistivity and eddy current density, in the case of the permanent 
magnet resistivity is unchanged, the magnetic flux density on the permanent mag-
net can reflect the size of the eddy current density. 

3. Finite Element Simulation of Eddy Current Loss in 
Permanent Magnets 

3.1. Electromagnetic Field Finite Element Simulation Model 

In this paper, a 25 kW table-applied permanent magnet synchronous motor is 
taken as an example, it has no metal sheath on the surface of the permanent mag-
net and is made of carbon fiber tied, and its detailed parameters are shown in 
Table 1. According to the parameters of Table 1, the finite element simulation 
two-dimensional model of the surface-mounted permanent magnet synchronous 
motor is drawn, as shown in Figure 5. Finite element calculation mesh using tri-
angular mesh, taking into account the main study in this paper the eddy current 
loss of permanent magnets, so the permanent magnets, and permanent magnets 
near the carbon fiber protective sleeve and air gap in the mesh partition to do 
encrypted processing, set up the triangular mesh length of not more than 0.4 mm, 
the permanent magnets a little far away from the windings part of the mesh set up 
the mesh length of not more than 0.5 mm, far away from the permanent magnets 
of the stator and rotor part of the mesh set up the mesh length of not more than 5 
mm. The mesh length is not more than 5 mm, and the meshing results are shown 
in Figure 6. 
 
Table 1. Parameters of surface-mounted permanent magnet synchronous moto. 

Parameters Numerical values 
Rated power/KW 25 

Rated speed/(r/min) 63,000 
Pair series 4 

Frequency/HZ 2100 
Stator outside diameter/mm 130 

Stator bore/mm 85 
Rotor outside diameter/mm 72.2 

Thickness of permanent magnet/mm 4 
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Figure 5. 2D model diagram of permanent magnet synchronous motor. 

 

 
Figure 6. Grid section of permanent magnet synchronous motor. 

3.2. Two-Dimensional Time-Stepping Finite Element Simulation 
of Permanent Magnet Synchronous Motor 

To simplify the analysis, the following assumptions are made: 
1) Neglecting the end effect of the eddy current, only the axial component of the 
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rotor eddy current is considered. 
2) The material is isotropic and the hysteresis effect of the ferromagnetic mate-

rial is neglected. 
3) Neglect the temperature effects of the magnetic permeability μ and the elec-

tric conductivity σ, which are only spatial functions. 
4) Negligible eddy currents in the stator-rotor laminated core and current source 

current region. 
Describing the field in terms of the magnetic field vector magnetic potential A, 

the problem of the fixed solution of the transient electromagnetic field can be ex-
pressed as [20]: 

 

d
d

0

Z

s
l l

ABCD EFGH

A A AJ
x x y y t

A A J
n n

A A

ν ν σ

ν ν
− +

  ∂ ∂ ∂ ∂   + = − −     ∂ ∂ ∂ ∂    


∂ ∂ − = ∂ ∂
 = =

 (15) 

where A is the internal magnetic field vector potential of the motor, ν is the mag-
netoresistivity, ZJ  is the source current density, and sJ  is the permanent mag-
net equivalent surface current density, and d dA tσ  is the eddy current density, 
and ABCD and EFGH are motor boundaries. 

Where the magnetic field vector potential A is given by the following equation 
[17]: 
 = ∇×B A  (16) 

From the Coulomb condition, the magnetic field vector potential is defined as 
follows [17]: 
 0∇⋅ =A  (17) 

In the two-dimensional case, A has only Z-axis components, in the case of a 
two-dimensional field containing eddy currents [17]: 

 1 0Z
Z

AA
t

σ
µ

∂ 
−∇ ⋅ ∇ + =  ∂ 

 (18) 

The following component form is derived from the definition of the flux density 
vector [17]: 

 ,Z ZA ABx By
y x

∂ ∂
= = −

∂ ∂
 (19) 

 
22

Z ZA AB
x y

 ∂ ∂ = +   ∂ ∂   
 (20) 

According to Stokes’ theorem, the magnetic flux Φ [17]: 

 d d d
a a
B a rotA a A l

Γ
Φ = ⋅ = ⋅ = ⋅∫ ∫ ∫  (21) 

The equation for the magnetic lines of force in a plane field is [17]: 

 ( )d d d d d 0Z Z Z ZA A A Ax y y x
y x y x

   ∂ ∂ ∂ ∂
× = − × + = + =   ∂ ∂ ∂ ∂   

B l i j i j k  (22) 
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The full differential of the isovector A line is [17]: 

 d d d 0Z ZA AA x y
x y

∂ ∂
= + =

∂ ∂
 (23) 

So, the magnetic lines of force are then isovectorial A lines. 
In this paper, no-load and load simulations of permanent magnet synchronous 

motors are carried out. Figures 7-10 show the magnetic induction intensity cloud 
diagram and magnetic force line cloud diagram of the permanent magnet syn-
chronous motor at no load and load, respectively. According to the simulation 
cloud diagrams, the magnetic lines of force and magnetic induction intensity of 
the prototype are symmetric along the center of the magnetic poles and are uni-
formly distributed at no load, but at load the magnetic field is distorted due to the 
armature reaction, resulting in that the magnetic lines of force and magnetic in-
duction intensity are no longer uniformly distributed. In the no-load state, be-
cause of zero current in the winding, does not produce three-phase winding mag-
netic potential, so there is only the magnetic conduction harmonics due to slotting 
in the motor; in the load state, the winding is a non-zero three-phase sinusoidal 
current, not only the magnetic induction intensity of the permanent magnets is in-
creased compared to the no-load state, but there are more magnetic potential har-
monics due to three-phase winding in the motor. Whether in the no-load state or 
load state, the magnetic induction intensity and the size of the magnetic lines of 
force at both ends of each permanent magnet are maximum, according to Equa-
tion (5), the induced electromotive force generated on both sides of the permanent 
magnet is the maximum, which produces the most eddy current losses. 
 

 
Figure 7. Unloaded magnetic induction intensity cloud. 
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Figure 8. Cloud of unloaded magnetic lines. 

 

 
Figure 9. Load magnetic induction intensity cloud. 

 

 
Figure 10. Load magnetic line cloud. 

https://doi.org/10.4236/ojapps.2024.1411216


X. J. Shen et al. 
 

 

DOI: 10.4236/ojapps.2024.1411216 3274 Open Journal of Applied Sciences 
 

Since it is the various harmonics that lead to the generation of eddy current 
losses in the permanent magnets, and the air-gap radial magnetization waveform 
contains the various harmonics, the air-gap radial magnetization waveform of the 
motor under the rated load is extracted as shown in Figure 11. It can be seen that 
the prototype air gap radial magnetization jumps up and down, and the sine wave 
tends to flatten. This is due to the cogging effect, which makes the air gap magne-
tomagnetism drop significantly at the position of the slot. 

 

 
Figure 11. Radial magnetic density of air gap. 

 

The use of Fourier analysis of the motor air gap radial magnetic field decompo-
sition can be obtained 1, 3, 5, 7, and other odd-order harmonic components, there 
are no even-order harmonic components because the magnetic field waveform is 
symmetrical concerning the centerline of the magnetic poles. Figure 12 shows the 
magnitude of the magnetic induction of each odd-order harmonic component af-
ter Fourier decomposition, and it can be seen that in addition to the space har-
monics (phase band harmonics) and the notch harmonics, there are also the 3rd, 
9th, 15th and 21st harmonics, which are saturated harmonics due to the material 
properties. 
 

 
Figure 12. Harmonic components of the radial magnetization of the air gap. 
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According to the flute law, the eddy currents in the permanent magnet in turn 
generate an induced magnetic field that impedes the variation of this harmonic 
field, and this induced magnetic field causes the high-frequency harmonic field to 
decay in the axial direction of the permanent magnet. The farther the permanent 
magnet is from the air gap, the smaller the eddy current loss inside the permanent 
magnet. 

The frequency of the vth harmonic is a multiple of the fundamental frequency, 
and as the number of harmonics rises, the depth of skin penetration decreases, re-
sulting in higher current densities in the rotor sheath as well as on the permanent 
magnets. 

When the prototype is operated at rated condition, 9 4.27δ =  mm, 11 3.86δ =  
mm, it can be seen that the high harmonic penetration depth of 11 and above is 
less than the thickness of the permanent magnet, and the skin effect can not be 
ignored, so it is necessary to set up an encrypted mesh of the skin layer of the 
permanent magnet during the simulation of the permanent magnet’s eddy current 
loss. 

3.3. Effect of PM Chipping Angle θ on PM Eddy Current Loss 

For this paper chipping program, the chipping angle θ is calculated to know that 
the chipping angle θ is less than 25˚ when the motor permanent magnets will be 
intersected together, so the minimum value of the chipping angle θ is set to 30˚. θ 
angle in addition to the initial 90˚, the other selected angle is equal to 60˚, 45˚, and 
30˚, to study the influence of the chipping angle of the permanent magnets for per-
manent magnet eddy current loss. 

Based on the selected motor parameters and set boundary conditions in this pa-
per, the magnetic line cloud diagrams of permanent magnets with four cutting an-
gles are obtained by finite simulation as shown in Figure 13, where the magnitude 
of the magnetic lines represents the magnetic induction intensity per unit area. As 
can be seen from the magnetic line cloud diagram in Figure 13, the maximum value 
of the magnetic lines of force appears at both sides of the permanent magnet, that 
is, the place where the permanent magnet is clipped, and the maximum value of 
the permanent magnet’s magnetic lines of force decreases gradually with the de-
crease of the clipping angle θ, decreasing from 0.0185 Wb/m at 90θ =  to 0.0178 
Wb/m at 30θ = . According to Equation (14), it can be seen that the eddy current 
density and the size of the magnetic induction strength are proportional to the rela-
tionship, that is, the eddy current loss and the size of the magnetic lines of force 
are also proportional to the relationship, so the permanent magnets for the chip-
ping process can reduce its eddy current loss, and the smaller the permanent mag-
net chipping eddy current loss will be less. 

The values of average flux density and eddy current loss of permanent magnet 
with different clipping angles θ extracted from the simulation results are shown 
in Table 2, from which it can be seen that as the clipping angle θ decreases, the 
average flux density and eddy current loss of the permanent magnet is gradually 
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reduced. The permanent magnet eddy current loss decreases from 15.81 W for 
90θ =  to 14.26 W for 30θ = , which is a reduction of 9.8%. The size of the per-

manent magnet flux density not only affects the size of the eddy current loss but 
also affects the performance of the motor, according to the simulation results, the 
permanent magnet chipping angle 30θ =  motor torque is only 0.51% lower than 
that of the unchipped angle ( 90θ = ), which has a negligible effect on the perfor-
mance of the motor. Therefore, the simulation results show that the eddy current 
loss of permanent magnets can be significantly reduced by chipping the end face 
of permanent magnets to change its structural shape under the condition of hardly 
affecting the performance of the motor. 
 

   
(a) 90θ =                                        (b) 60θ =  

   
(c) 45θ =                                      (d) 30θ =  

Figure 13. Clouds of magnetic lines of permanent magnets with 4 kinds of cutting angles. 
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Table 2. Average flux density and eddy current loss values of permanent magnets with dif-
ferent chipping angles θ. 

θ/(˚) Average magnetic flux density/T PM eddy current loss/W 

90 0.71 15.81 

60 0.70 15.12 

45 0.69 14.80 

30 0.67 14.26 

4. Simulation Analysis of Permanent Magnet Temperature 
Field 

The permanent magnet eddy current losses are transformed into heat, which is 
transferred to the surfaces of the motor components by conduction and then emit-
ted to the surrounding cooling medium by convection and radiation. Since heat ex-
change in the motor is a very complex process, the permanent magnet solution re-
gion needs to be simplified for simplicity of calculation. 

The following assumptions are made about the solution region and boundary 
conditions: 

1) Neglecting the penetration depth of the skin effect, the heat generated by eddy 
current losses is assumed to be internally generated. 

2) Neglect the effect of the motor stator on the rotor temperature field. 
3) Set the permanent magnet eddy current loss to be distributed evenly through-

out the block, i.e. the eddy current loss of the entire permanent magnet is distrib-
uted evenly throughout this permanent magnet. 

4) Assuming that the heat dissipation of the permanent magnet is in the form 
of mixed natural convection. 

Basic motor heat transfer equation: 
1) Thermal conduction [22]: 

 q kgradX= −  (24) 

where q is the heat flow density, k is the thermal conductivity,  
( )gradX T n= ∂ ∂ + +i j k  is the temperature gradient, , ,i j k  are unit vectors of 

x, y, and z axes. 
2) Heat convection [22]: 

 ( )S Bq h T T= −  (25) 

where h is the convective heat transfer coefficient, ST  is the temperature of the 
surface of the object, BT  is the temperature of the surrounding medium. 

3) Thermal radiation [22]: 

 ( )4 4
1 2q T Tες= −  (26) 

where ε is a factor whose magnitude varies with the surface condition of the heat 
generator, 8 25.7 10 W m Kς −= × ⋅  is the Boltzmann constant for a pure black-
body, 1T  is the surface temperature of the heating element, and 2T  is the abso-
lute temperature of the surrounding medium. 
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In this paper, the motor temperature field is calculated using a more realistic con-
ventional steady state algorithm, according to the relevant theory of heat transfer, 
the three-dimensional transient heat conduction equation is as follows: 

 

( )

1

2

2 2 2

2 2 2

0

x y z

S

e
S

T T T TK K K q c
x y z
TK
n

TK T T
n

γ
κ

α

 ∂ ∂ ∂ ∂ + + + =
∂ ∂ ∂

 ∂− =
∂

 ∂− = −
∂

 (27) 

where T is the temperature, q is the density of the heat source, c is the specific heat 
capacity, and γ is the density, and κ is for time, and 1 2,S S  are the adiabatic 
boundary surface and the heat dissipation boundary surface, and α is the heat dis-
sipation coefficient of the 2S  surface, and K is the normal thermal conductivity 
of the 1S  and 2S  surfaces, and , ,x y zK K K  are the thermal conductivity of the 
medium in this direction. 

In Ansys Icepak, we constructed three-dimensional models of permanent mag-
nets with a thickness of 4 mm without cutting angle ( 90θ = ) and with cutting 
angle 30θ = , and imported the simulation results of two-dimensional time-step-
ping finite elements into Ansys Icepak to simulate the steady-state temperature 
field of the two types of permanent magnet structures. 

The simulation settings are as follows: 
1) Set the density of NdFeB permanent magnet material to 7700 kg/m3, specific 

heat capacity 465 J/kg∙K, and thermal conductivity 7 W/m∙K. 
2) The air path was set up with a mixed natural convection using a flow-solid com-

bination, set up as a turbulence model, given an inlet velocity of 10 m/s and an 
ambient temperature of 20˚C. 
 

 
Figure 14. Temperature field of 90θ =  permanent magnet. 
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Figure 15. Temperature field of 30θ =  permanent magnet. 

 

After finite element simulation calculations, the temperature field cloud diagrams 
of the two structures of permanent magnets are obtained, as shown in Figure 14 
and Figure 15, from which it can be seen that the highest temperature point of 
the permanent magnets occurs in the middle part of the permanent magnets in-
stead of the vicinity of the maximum point of the eddy current loss of the perma-
nent magnets, which is due to the simulation assumption that the eddy current 
loss of the permanent magnets is the whole piece of the average distribution of the 
permanent magnets caused by the simulation. From Figure 14 and Figure 15, it 
can also be seen that the maximum temperature of the permanent magnet at 

90θ =  and 30θ =  is 73.60˚C and 69.95˚C, respectively, which indicates that 
the maximum temperature of the permanent magnet can be reduced by about 5% 
by changing the structure of the permanent magnet to the clipping angle 30θ = , 
which indirectly proves that the eddy-current loss of the permanent magnet can 
be reduced by changing the structure of the permanent magnet to the clipping 
angle form. 

5. Conclusions 

Aiming at the problem of high temperature and even demagnetization failure of per-
manent magnet due to permanent magnet eddy current loss in permanent magnet 
synchronous high-speed motors, which seriously affects the high-speed, stable, and 
reliable operation of motors, a method is proposed to reduce the eddy current loss 
of permanent magnets by cutting the angle of permanent magnet poles to change 
the shape of the permanent magnet structure. This paper adopts theoretical deriva-
tion and finite element simulation to take a 25 KW surface-type permanent mag-
net synchronous high-speed motor as an object, studies the influence of permanent 
magnet pole shaving angle θ on its eddy current loss and operating temperature, 
and obtains the following conclusions: 
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1) The theoretical calculation model of permanent magnet eddy current loss of 
permanent magnet synchronous high-speed motor is deduced, and it is theoreti-
cally proved that the permanent magnet eddy current loss can be reduced by chip-
ping the magnetic poles of the permanent magnet to change its structural shape. 

2) The permanent magnet eddy current loss of permanent magnet synchronous 
high-speed motor decreases with the decrease of pole clipping angle A. This is be-
cause as the clipping angle decreases, the air gap magnetization waveform improves, 
thus reducing the generation of harmonic magnetization. Under the condition of 
almost not affecting the performance of the motor, the eddy current loss of perma-
nent magnet pole clipping angle θ of 30˚ can be reduced by 9.8% compared with 
the unclipped angle. 

3) The use of permanent magnet pole chipping structure can reduce the perma-
nent magnet synchronous high-speed motor permanent magnet operating temper-
ature, in the rated power of permanent magnet pole chipping for the maximum tem-
perature, the unchipped can be reduced by about 5%. 
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