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Abstract—In this paper, we analyze the rotor eddy currents 

losses provoqued by the stator slot harmonics developed in the 
permanent magnets or pole pieces of synchronous machines. An 
analytical approach is presented to evaluate the effect of slot ripples 
on rotor field and losses calculation. This analysis is then tested on a 
model by 2D/3D finite element (FE) calculation. The results show a 
good agreement on loss calculations when skin effect is negligible 
and the magnet is considered. 
 

Keywords—Analytical modeling, Eddy-currents, Finite-element 
methods, Power losses, Slot harmonics effect.  

I. INTRODUCTION 
HE synchronous machines with permanent magnets rotor 
are considerably used in recent years due to their simple 

structure and high power density [1-2]. However, the rotor’s 
pole pieces and the permanent magnets of synchronous 
machines (PMSM) are exposed to several harmonics which 
rotates asynchronously with the rotor. This represents a source 
of losses which can be significant. Moreover, the high 
conductivity of PM leads to significant eddy current losses 
and this may cause the PM thermal demagnetization |3-4].    

To avoid such impediments, the losses in the magnets and 
pole pieces must be evaluated during the machine design.  

In order to estimate precisely the rotor power losses, the 
contribution of the following three types of harmonics should 
be considered:  a) times harmonics from the Supply Pulse 
width Modulation (PWM), b) the space harmonics which 
depend on stator winding slots, c) the harmonics created by 
the stator slotting when the rotor moves.  

However, the effect of the stator slotting is not assessed in 
detail. Hereby, the permeability is decreased, due to the 
openings of stator slots, which cause a variation of induction, 
and therefore lead to induced currents provoqued into the 
surface layer of the rotor [5-6].  

Different opinions for calculating the rotor losses due to 
stator slotting are presented in literature. Some authors 
estimate negligible these losses, others believe that they 
should be considered [8-12].  
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Reference [11], proposed an analytical method to estimate 
losses due to space harmonics with slot ripple included a 
surface machine magnet. The loss calculations are not applied 
for the geometry of the machine’s rotor, but in a simplified 2D 
multilayer rotor model. These analytical equations show that 
the eddy current losses are proportional to the slots opening, 
the number of stator slots and the number of pole pair of the 
machine. 

In reference [5], an analytical formulation has been found 
for surface eddy current losses noted ‘Ps’. The hypothesis was 
taken into account that the depth of penetration of eddy 
currents is equal to half of the skin thickness. The surface 
losses as a function of  velocity ‘v’ of the rotor, the slot pitch 
‘td’, the amplitude of flux density created by the slot ripple 
‘ΔB’ and the characteristic factor of material Ks , are given by: 
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Recently, reference [12] presented both 2-D analytical and 

finite elements approaches to estimate eddy current losses in 
the non-magnetic conductive region on a rotor of a 
synchronous machine with salient poles. The analytical 
equation shows that the losses are proportional to the square 
of velocity. The result is in agreement with the reference [13]. 
Nevertheless, the comparative study gives a difference of 50% 
between the analytical model and the FE 2D loss calculation. 
This justified the lower accuracy besides the more complexity 
of the analytical model for loss calculation. 

In this study, an Interior Permanent Magnet Synchronous 
Machine (IPMSM) as described in Fig.1, with 72 stator slots 
fed by voltage supply is designed by quasi sinusoidal winding 
distribution. The harmonics analysis is concerned with the slot 
harmonics because the short pitch winding. 

The objective of this paper is to estimate the rotor eddy 
current losses due to the slot harmonics of stator by an 
analytical model. The level of magnetic flux induction caused 
by these harmonics will be evaluated, using the FE method 
with the technique of rotation of the rotor. Then both 
analytical model and FE is proposed to estimate the 
corresponding losses. Finally, a comparison of both analytical 
model and FE is carried out to check the validity of the loss 
model for permanent magnet and pole piece. 
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II. ROTOR HARMONIC FIELD ANALYSIS 
The rotor of IPMSM uses the “focus principle” in which 

magnets are located with a circumferential magnetization. It is 
composed of a shaft which is often made of magnetic iron, 
with a nonferromagnetic hub in order to prevent magnetic flux 
leakage through the shaft. The magnets are inserted between 
the pole pieces.  

FE 2D model formulated by the potential vector Az is used 
to analyze the time variation of the magnetic field in the 
machine when the rotor moves.  

Fig. 1 shows the flux lines simulated by 2D-FE by ANSYS 
package for one pole pair of the IPMSM, when the stator slots 
are fed by sinusoidal supply and the PM’s are actuated. 

 
 

Fig. 1 Distribution of flux lines in one pole pair in the IPMSM 
 

The problem concerns two sources of harmonic fields 
which perturb the air gap flux density, and provoqued rotor 
losses in the machine. 

First, when the 3-phase machine is fed by balanced 
sinusoidal voltages and the magnets are demagnetized, time 
variation of magnetic flux density in the air gap can be 
represented by the superposition of two fields, one is related 
to the fundamental field of stator and the other is due to the 
sinusoid of the slot harmonic [14].  

Secondly, the effect of slotting can be visualized when the 
rotor rotates at synchronous speed Ns and only the magnets are 
actuated. The surface slot ripple flux density in the rotor can 
be approximated by the slot’s first harmonic. 

However, to evaluate the losses due to slot ripples, the 
contribution of both harmonics magnetic field must be taken 
into account. Indeed, the magnetic materials of rotor see both 
harmonic fields and, it is difficult to consider the contribution 
of one harmonic field without other in losses calculation. 

Fig. 2 shows the flux density components waveforms on the 
rotor surface of the magnet for 90° mech rotation. It can be 
observed that the slot ripple’s magnetic field distribution 
depends on the number of stator slots ns, the slot pitch and 
geometry of slot-tooth.  If the opening of the slot corresponds 
to the width of the slot, the frequency of the stator tooth is 

then:    
 

sss NnF =                                                              (3) 
The magnetic flux density due to stator opening can be 

found according to Richter [15]. References [16][12] 
presented the application of this analysis in the case of our 
study.  
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Fig. 2 Radial and tangential components ( BR, BT) on magnet 

obtained with  2D-FE, versus  rotor position mechanical angle. 
 

The harmonics spectra content for flux density radial 
component in rotor surface are plotted in Fig. 3 and Fig. 4. It 
can be observed that the 18th harmonic is the most important. 
Consequently, the pulsation flux due to the slot effect can be 
represented by an analytical function of the wave that slides at 
velocity v equal to the linear speed on the rotor surface. 
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Fig. 3 Harmonic Spectrum for radial component of magnetic flux 

density in rotor magnet surface 
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Fig. 4 Harmonic Spectrum for of magnetic flux density in rotor pole 

piece surface 
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In the following section, the analysis of a simplified model 
will be discussed. 

III. LOSS MODEL IN THE MAGNET DUE TO STATOR SLOT 
HARMONICS 

The effect of the stator slotting on the field and rotor eddy 
current losses can be modeled approximately by the study of a 
parallelepiped shape magnetic material submitted to the slot 
harmonics field. 

A. 2-D Analytical model  
The calculation of eddy current losses due to the stator slot 

ripples are based to the following assumptions: 
   - The induced currents are directed along the axis of the 
machine, so the study can be done with a 2D model [17]. 
   - The pulsation flux which occurs on the stator tooth pitch 
due to the slot harmonic, has a single component By(x,t), and   
can be written in the form: 

 )cos(),( 0 kxtBxtBy −= ω
                

(4)
  

       
 

Where B0: the peak value of magnetic flux density (T) 
              ω:  the tooth frequency (rad /s) 
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is the linear velocity of the wave (m/s)
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            ns
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=  
is length of the wave or slot pitch (m)

 
             R:  radius of the rotor 
 

For parallelepiped magnet, the study can be reduced to 
calculate loss for a conductor piece of wavelength λ, 
permeability µr =1.1, resistivity ρ = 9 nΩm and supposing the 
dimensions: t*H*L described in Fig. 5.  

For a layer of thickness h of the piece, and assuming 
homogeneous magnetic flux density along the x direction, the 
eddy currents Jz(x,t) circulate in paths in rectangular form. 
Then, it can be represented by resistive coils covering the 
volume of the layer. 
 

 

Fig. 5 Analytical model of 2D eddy current in one layer 
 

Using Kirchoff’s law, the current i(t) in closed turn of a 
resistance r is given by: 

 
 0=+

Φ ri
dt

d                                                           (5) 

 
For a length of λ/2 raised from a coordinate x=x0 and 

calculated for the length L=1m, the flux is defined as:  
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 Then, the time variant flux density By  induces voltage e 

in one path of the turn which is expressed by: 
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where, the resistance r of this turn and the current density 

J(t) are:  
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Finally, the eddy current losses in the magnet’s layer can be 

obtained by integration x from 0 to λ/2 
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Equation (10) gives the power losses in a single layer of 

permanent magnet. The losses are proportional to the square 
of velocity v, the amplitude of magnetic flux density B0,, the 
number of slots ns and the volume of layer.   

 The following section aims to compare formula (10) by the 
2D model of one layer of conductor piece. 

 

B. 2D-FE of slot effect 
The 2D-FE model presented in Fig. 6 is an approximation 

of the harmonic slot effect on the machine losses. The 
distribution of magnetic flux density is modeled by a 3-phase 
currents sheet and periodicity on side edges. 
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Fig. 6  2D-FE model of slot effect. 

 
To take into account the effect of attenuation of the 

magnetic field, the magnet is divided by 10 conductive layers 
of high resistivity (i.e. 9 nΩm) and permeability µr = 1.1. The 
time variation of magnetic flux density in each layer is 
assumed homogeneous along x. 
 

 
 

Fig. 7 Flux lines created by a 3-phase current sheet, at 8Hz 
 

  
  Fig. 7 clearly depicts two closed edges flux lines created 

by the 3-phase current sheet for one slot pitch in the FE 
model. 
 

C. Comparison between analytical model and FE results   
We will now proceed to verify the analytical formula (10) 

by the finite element calculation. A low frequency 8Hz is 
chosen to verify if this approach is already applicable in the 
absence of skin effect. 

C1. Study of one layer of the magnet  
A single layer of finite element mesh structure on the 

magnet’s surface such a choice permits to avoid the problem 

of non homogeneity of the field is considered. FE simulation 
is performed with the following data: 

 
µr=1.1, ρ=9 nΩ.m, v=89.76e-3 m/s, h=0.25 mm, λ= 11.28 mm.  
 

It can be observed a good agreement between analytical and 
2D-FE-computations for induced currents in the magnets 
layer. The results are summarized in Table I. 

A comparison at 8Hz between both computation methods is 
carried out to check the validity of the analytical method. The 
results presented in Table II show the good agreement 
between the obtained values in both methods. 

Good agreement concerning the loss evaluation when 
current density quantities match well is resulted. Also, the 
calculation is verified for variable slot pitch wavelength λ. 

 
Thus, we have confirmed the formula (10) in terms of 

homogeneity field. This is a perfect homogeneity imposed by 
the nature of the modeling layer meshes at the elementary 

level of FE modeling. 

 

 

C2. Study of multilayer of the magnet 
Now we want to consider more layers on the magnet’s 

surface. In this case, the attenuation of field should be taken 
into account. 

Formula (10) is applied to each layer of the piece conductor 
of magnet which has the height of 0.25 mm. The peak value of 
magnetic flux density B0i is calculated by FE for each layer. 

x 

y 

z .

 
       TABLE  I   

AMPLITUDE OF EDDY CURRENT FOR ONE  LAYER MAGNET, AT 8HZ 

B0 [mT] Analytical  
[A/m²] 

Finite         
Element [A/m²] Deviation      [%] 

3.67 651 
 

626 
 

 
4.06 

 
 

26.48 
 

 
2640 

 

 
2522 

 

 
4.71 

 
 

52.54 
 

5020 5012 4.54 

 
TABLE  II 

 LOSSES IN A SINGLE  LAYER’S SURFACE  MAGNET, AT 8HZ 

B0 [mT] Formula (10) 
[w/m] 

Finite         
Element [w/m] Deviation      [%] 

 
6.57 

 

 
3.36e-7 

 

 
5.05e-7 

 

 
6.15 

 
 

26.48 
 

 
8.8e-6 

 

 
8.08e-6 

 

 
8.92 

 

52.54 3.46e-5 3.23e-5 
 

7.2 
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Fig. 8 Comparison between analytical and FE computations for eddy 

current losses along  conductive piece of the depth H, at 8 Hz. 
 
Whatever the value of B0 and λ, the difference in the eddy 

current losses calculation between the analytical model and 
FE model is always less than 10% as shown in Fig.8. 

The eddy current losses decrease with increasing the depth 
H. To propose an analytical expression for the peak value of 
magnetic flux density with depth from values calculated for 
each layer, it can be assumed that the amplitude of magnetic 
flux density with depth is the form: 

 

    
τ
y

i AeB
−

=0                                    (11) 
 
 A and τ representing the field attenuation in the depth of the 
magnet piece and B0i being the peak value of the magnetic 
flux density in ith layer. 

The identification by curve fitting gives the constants: 
 

  A = 0.0133 and τ = 0.0012 
 
The total eddy current losses in pole piece are the sum of 

losses for layer thickness dy, and can be expressed by: 
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The application of the analytical formula (12) in the case of 

the conductive magnet piece, gives good results close enough 
to FE model. A difference, at low frequency (8Hz), is about 
20% which seems to be quite acceptable. 

The good correspondence between the analytical and finite 
element loss calculation comes from the fact that in 2D, we 
only have one component of field and eddy current Jz(x,t). 
This is not the case in 3D, where we will examine at the next 
section. 
 

 

IV. EDDY CURRENT LOSSES MODEL IN ROTOR POLE PIECE 
DUES TO THE SLOT HARMONICS 

A. 3D-FE model of slot effect 
The losses in laminations steel of the pole piece due to the 

slot effect are very difficult to be estimated because the 2D 
study is not relevant in the laminated steel. The model will be 
developed in 3-D based on a 3D-FE model.  

The magnetic field due to the slot effect is modelled by the 
three-phase current sheet, as show in the Fig. 9.  

The flux lines in the model are calculated in single 
laminated steel modeled by the resistivity (i.e.3.7 nΩm) and 
permeability µr = 1000. 

When the thickness of the laminated sheet is small, the 
induced currents tend to move in the x direction, as shown in 
Fig. 10, as λ >> ez, the z direction can be ignored. This is the 
basis of our analytical development. 
 

 
Fig. 9 Flux lines created by 3-phase current sheet in the 3D model, at 

8Hz and for laminated sheet 0.35mm 
 
 

 

  
 
 
 

 
 
 
 
 
 
 

 
Fig. 10 Path of eddy currents in a laminated sheet of thickness 

ez =0.35mm 
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B. 3D Analytical model 
In this model, we assume that the contribution of magnetic 

flux density Bx  is negligible compared to the component By. 
 Only the path of currents induced in x direction is taken 
into account. Fig. 11 reveals the path model of eddy current. 
 

 
Fig. 11 Model of the path of eddy current in the laminated steel 

 
With the same way as the 2D model, the flux and the EMF 

are calculated. 
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The eddy current losses through the thickness of the sheet 

can be written by:  
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C. Comparison between analytical model and FE results   
The analytical formula (12) is tested in the case of the 

single layer of the steel. A comparison between the peak value 
of current density J0 and the power loss for one sheet is 
described in Tab. III and Tab. IV.  

The results show that the losses estimated by the analytical 
model are about 50% less than the losses calculated by the FE. 
The principle reason of this deviation can be explained by the 
contribution of the component of magnetic flux density Bx in 
the FE computation. Contrary, this component is neglected in 
the analytical approach.  

 

V. CONCLUSION 
The controversial problem of rotor losses generated by 

stator slotting may be resolved only by application of different 
methods, with cross-verification of results. We propose here 
analytical model 2D/3D in case of homogeneous field with aid 
of FE estimation of the field attenuation.  

When applied in magnets, this method gives acceptable 
results in absence of skin effect. Its application in laminated 
steels didn’t prove successful, but we think it can be 
improved. 
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