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Abstract—In permanent magnet motor, the rotor eddy 
current loss can make the rotor temperature rise, affect the 
efficiency of motor performance and even lead to permanent 
magnet demagnetization. In order to improve the efficiency 
of the motor and protect the magnet which is core part of the 
motor, some ways must be adopted to optimize the motor to 
solve the problem of eddy current. According to the problem 
of eddy current loss of permanent magnet motor, the 
principle of eddy current loss was simply analysed in this 
paper. The eddy current loss can be influenced by the shape 
of magnet and rotor surface, structure of rotor, slit width of 
the stator, rotor shield (sheath), air-gap length etc. Some 
methods of optimizing the eddy current loss were introduced 
for the further study of the eddy current loss. It is also 
helpful for the efficiency research of the motor for electric 
vehicles. 
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I. INTRODUCTION  
With the problem of population, lack of resources and 

environmental pollution in current days, people are faced 
with the challenge of the severe shortage of oil resources. 
Oil resource shortage is one of the major problems 
urgently needed to be solved in today's world. Vehicle 
emissions also become a great damage to the environment. 
The electric car is a kind of traffic tools with electric drive 
and gets rid of the traditional fossil energy demand. 
Therefore, development of the electric car is the effective 
way of solving the oil crisis and increasingly serious 
environmental pollution [1]. So it is inevitable to replace 
the internal combustion engine car by the new energy 
vehicles. 

Permanent magnet synchronous motor has high power 
density, smaller volume and no additional rotor copper loss. 
Besides, it works more efficiently and needs less 
maintenance cost. In recent years, permanent magnet 

motor, especially for the built-in permanent magnet motor, 
has been a hot research topic in the field of electric 
vehicles and other industries which need high power 
density[2]. However, in order to prevent dust, water, acid 
alkali and other foreign matter from the inside of the motor, 
motors typically adopt fully closed structure and require 
high degree of protection. Because of the fully enclosed 
structure, it can improve the reliability, reduce the 
maintenance workload and reduce noise. But at the same 
time, the internal heat of motor also cannot effectively 
dissipate due to the fully closed structure. As a result, it 
causes the high temperature of the stator armature, 
permanent magnet, the bearing and shaft [3]. 

The temperature rise of the motor can be divided into 
two parts. One part, which is made of stator iron loss, 
copper loss and so on, is from the stator. It occupies a large 
part of the total loss of the motor. The other part comes 
from the rotor. It consists of the rotor eddy current loss, 
wind friction loss and so on. Generally, it is only a little 
part of the total loss. Nevertheless, the rotor is inside the 
motor and it cannot use the same special water or air 
cooling channels as the stator, so the heat generated by the 
rotor loss will accumulate inside the rotor, which causes 
high temperature rise of the rotor, affects the structure 
strength of rotor, reduces motor efficiency and even leads 
to irreversible permanent magnet demagnetization when 
seriously [4].Thus it is necessary to reduce the rotor loss in 
the research of permanent magnet motor. It is accordingly 
indispensable to optimize the design parameters of the 
permanent magnet motor or improve the cooling 
performance of the motor. 

II. PRINCIPLE ANALYSIS OF EDDY CURRENT LOSS 
Eddy current of permanent magnet in the motor is a 

result of time and space harmonic components caused by 
stator cogging, non-sinusoidal distribution of 
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magnetomotive force of stator windings and magnet, non-
sinusoidal phase current of stator etc. in the air gap 
magnetic field. The heat generated by the eddy current loss 
cannot effectively spread out, which overheats the rotor 
and causes permanent magnet demagnetization. 

A. Time harmonics 
Using an AC synchronous motor as an example, 

through the proper mathematical change and some 
simplified assumptions, the stator voltage equation in the 
rotor coordinate system can be expressed as [5]:  

q s q q q d e d qf e f qt t qs e sv r i L pi L i M i M pi M iω ω ω= + + + + +  (1) 
d s d d d q e q df f dt e t ds sv r i L pi L i M pi M w i M piω= + − + − +  (2) 

Where, f expresses equivalent rotor excitation coil; t and s 
respectively expresses short circuit coil in d and q axis 
when making permanent magnet conductivity model. 

When ideal motor is in steady-state operation, time 
integral of (1) and (2) is zero. So it is the time constant. It 
means that magnetic field produced by the stator winding 
is relatively stationary to the rotor and will not produce any 
eddy current in the permanent magnet. But in fact, that 
magnetic field changes with time, so d, q axis current also 
changes with time. As a result, the eddy current loss will 
still be produced in permanent magnet. 

Transfer a, b, c three phase current into d, q axis 
current: 

cosai I θ= , cos( 120 )bi I θ= − o , cos( 120 )ci I θ= + o   (3) 

Where, 0
'tθ θ ω= + , according to the (3), we can get the  

(4): 
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As a result, the harmonic component of the stator winding 
current can make di  change with time. From (4), we can 
know that the frequency of d, q axis current is 'ω ω− . So 
it will produce eddy current loss in the magnet. 

B. Space harmonics 
Ideally, the magnetic field of the rotor in air gap is 

distributed in sine. But in fact, because of the limitation of 
manufacturing process of permanent magnet, the harmonic 
content in permanent magnet rotor magnetic field is very 
large. Besides, stator windings also produce harmonic 
content in air gap, and they are all not relatively stationary 
to the rotor, so they all can produce eddy current loss on 
the rotor [6].  

Make a Fourier transform for magnetic field of rotor: 

2 1 1 3( ) cos[(2 1) ] cos cos3 +
1

r iB B i B B
i
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∞

= − = +∑
=

L            (5) 

Where, θ  is the electric angle between the axis of A phase 
and d axis. Similarly, stator windings also produce 
harmonic content, no more introductions here. 

III. OPTIMIZATION METHODS OF THE EDDY 
CURRENT LOSS 

For a long time, domestic and overseas scholars have 
done a lot of research on how to reduce the eddy current 
loss. Fundamentally, they all focus on the air gap flux 
density. According to the description above, we can know 
that the eddy current loss is caused by harmonic of air-gap 
flux density, so optimizing the air gap flux density can 
indirectly optimize the eddy current loss. In this paper, a 
brief summary of optimal method was made. 

 

A. Optimization of magnet of surface mounted motor 
For surface mounted permanent magnet motor, the 

rotor structure is usually as shown in Fig. 1 (a). Waveform 
produced by this kind of magnetic pole structure is 
rectangular, so the air gap flux density contains much 
higher harmonics. As shown in Fig. 1 (b) , reference [7] 
made an optimization for this kind of magnetic pole 
structure, and put forward a new kind of structure using 
multiple pieces of permanent magnet instead of the 
conventional single piece. In this way, waveform of air gap 
flux density can be effectively improved.  

 
                          (a)                                      (b)  

Figure 1. Rotor structure schematic diagram. 
Magnet segmenting is one of the effective ways to 

solve the magnet eddy current loss. Reference [2] 
respectively studied eddy current loss of magnet 
segmented along the circumferential direction and axial 
direction, and got the relationship between the eddy 
current loss with and without segmenting. As shown in (6) 
and (7), (6) is along the circumferential direction and 
equation (7) is along the axial direction. 
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Here, N is the number of magnet segments, ψ  is the 
magnetic flux values passing through the magnet along 
the vertical direction. , , ,L WW L R R  respectively expresses 
the width, axial length and the equivalent resistance value 
of the whole piece magnet steel. It can be seen from the 
equations above that the more the number of segments is, 
the smaller the eddy current loss is. 
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B. Optimization of rotor of interior permanent motor 
Surface mounted motor can change the shape of 

magnet to make the air gap flux density close to sine 
distribution. But, for the interior permanent magnet motor, 
magnet always uses general type of shape because of the 
built-in magnet. So, usually, rotor surface shape or the 
internal rotor structure is optimized to achieve the purpose 
of making air gap flux density distributed in sine. In [8], as 
shown in Fig.2, nine pairs of variables which control the 
rotor surface shape were determined by using b-spline 
curve.  

 
Figure 2. Design variables of rotor surface. 

 
And then control variables were optimized to search 

the minimum value of the following (8). Where, 
V expresses polygon vertices, kB is the k-th space 
harmonics of the air-gap flux density, δ  is the length of 
the air gap, minδ  is the minimum length allowed of air 
gap. After optimization, the harmonic content of air gap 
flux density is effectively reduced. 

2min ( ) min
2

( ) min

k
n

f V B
k

Vδ δ
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=

≥

                                         (8) 

In [9], the internal rotor structure of IPM was 
optimized with adaptive finite element method. Similarly,  
(9) was used as the objective function. Where, k is the 
order of space harmonics, W is the harmonic losses. 

2( )kW kB= ∑                                                                (9) 
As shown in Fig.3, 15 design variables of rotor structure 
and magnet were closed to have an optimization.  

 
Figure 3. Design variables of rotor structure. 

 
In [10], it was found that different positions of magnet 

at the rotor have influences on eddy current loss of 
permanent magnet. And a conclusion was got that eddy 
current loss was reduced the most when magnet was 
placed in the V-type position as shown in Fig.4. 

 
Figure 4. V-type position of magnet 

C. Other optimizing ways 
In addition to the optimization methods said above, 

there are also many other optimization methods. Slit width 
of the stator, rotor shield (sheath), air-gap length etc. all 
have certain influence on eddy current loss. Reference [11] 
discussed the relationship between the eddy current loss 
and slit width of the stator and came to the conclusion that 
the decrease of the slit width can reduce permanent magnet 
eddy current loss. In addition, the number of stator slot 
also has a certain influence on eddy current loss. 

In [12], the influence of sleeve circumferential grooves 
on the rotor eddy-current loss was analyzed. It was found 
that circumferential grooves could effectively reduce the 
rotor eddy current loss, improve the rotor cooling 
conditions and reduce the rotor temperature rise. 

In [13], the relationship between the eddy current loss 
and air-gap length was discussed. It was described that the 
rotor eddy current loss decreases with the increase of air 
gap length, however, when the air gap length increases to a 
certain extent, the rotor eddy current loss will reduce 
slowly. At the same time, increasing the air gap length will 
accordingly reduce air gap flux density. In order to 
guarantee the air-gap flux density, the dosage of the 
permanent magnet must be increased, which increases the 
cost of the motor. So we have to weigh the pros and cons. 
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Besides, and it also put forward that auxiliary slots on the 
stator tooth can effectively reduce the eddy current loss. 

IV. CONCLUSION 
In this paper, the principle of eddy current loss was 

simply analyzed. It was caused by time harmonics and 
space harmonics in the air gap flux density. Some methods 
of optimizing the eddy current loss of the permanent 
magnet were introduced for the further study of the eddy 
current loss. There are optimization of magnet of surface 
mounted motor, optimization of rotor of IPM and other 
ways including optimizing the slit width of the stator, rotor 
shield (sheath), air-gap length etc. 
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