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A B S T R A C T 

Arangement of permanent magnets with double V and delta layer plays an important 
role for IPM motors. In  range of high speeds, rotors are often deformed and displaced  
by radial forces. The air gap can be changed by the deformation and displacement of 
outer rotors due to electromagnetic forces affected by  magnet arrangements with  V or 
delta shapes. Hence, the magnetic flux density at  the air gap will be reduced with angle 
changse  of V magnet layers. In this research, a finite element approach is developed to 
simulate and investigate the deformation and centrifugal force of various IPM motors. In 
addition, the mechanical stress and deformation of the segment  and  bridge area of IPM 
rotors have to be also investigaed by both the radial and centrifugal forces. Thus, a 
modelling of  electromagnetic and mechanical problems is presented to consider the 
different rotor structures. The obtained results have been then applied to design an IPM 
at a high-speed. 

 
1. INTRODUCTION 

Nowadays, the IPM motor is one of the best choices for 
electrical vehicles (EVs) because of the high-power 
density, peak torque and efficiency [1], [2], [7], [15]. In 
practices, for a high-speed of the EVs, the mechanical 
stresse and centrifugal force are very important quantities 
that need to be taken into account, because the rotor 
structure can be destroyed/deformed by centrifugal and 
electromagnetic forces at a very high speed. 

In this approach, a finite element technique is presented 
to investigate the mechanical stress and displacement for 
the full load condition at a maximum speed of 16000 rpm. 
The electromagnetic forces on the rotor segment are 
computed to introduce to a finite element (FE) model. The 
occurrence of centrifugal force in the rotor of IPM are 
proposed by two double V (VV) and delta shapes. For a 
rotor, the bridge and segment area are very important parts 
that have to be considered in the design. In practices, due 
to the less leakage flux, the bridge has usually a thin 
structure to get  a better electromagnetic performance. 
However, it is difficult to operate with the centrifugal 
forces at a high speed [3], [8]-[10].  

For VV and delta shapes of the rotor, each segment is 
produced a hole to reduce the centrifugal forces and rotor 
mass. The VV and delta shape topologies are pointed out in 
Figure 1. By this topology, the attractive, electromagnetic 
and centrifugal forces need to be considered, where the 

centrifugal force is defined in the radial direction of the 
rotor. 

 

  
Fig. 1.  Topologies of VV and delta shapes. 

2. COMPUTATION OF RADIAL MAGNETIC 
FORCES WITH AIR-GAP DISPLACEMENTS 

The change of radial air gap length can be obtained via a 
mathematical model of the IPM considering both the rotor 
centrifugal distortion and oval stator deformation. The 
magnetic flux density at the air gap can be defined via two 
components of magnetomotive forces (MMFs) in the stator 
and rotor. In addition, for a high-speed condition, the 
magnetic flux density at the air gap deformation is 
considered with the no-load and full load cases. Finally, the 
centrifugal force is defined by the Maxwell stress tensor 
technique [5], [11]-[14]. In this approach, the extended 
formulations are proposed to calculate the components of 
magnetic fields at the air gap, and the radial forces with 
different deformations of the air gap. It should be noted 
that the magnetic fields along the length of air gap plays an 
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important role in the formulations. But, the length of air 
gap taking of the deformation of rotor and stator into 
account is very complicated during the working of the 
motor. This means that it is very hard to accurately define 
the permeance of air gap with a single expression.  
 

 
Fig. 2. Deformations of the IPM stator and rotor. 

 
Hence, in order to define the air gap permeance of the 

IPM motor taking the stator and rotor deformation into 
account as illustrated in Figure 2, a superposition method is 
then presented. 

A three-phase IPM motor is carried out with a 
sinusoidal and balanced currents. The radial force variation 
at the air gap of the oval stator deformation is presented as 
[4]-[7]       

𝑔𝑔𝑠𝑠(𝛼𝛼) ≈ −
𝑒𝑒𝑠𝑠1 + 𝑒𝑒𝑠𝑠2
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where, the values (es1 and es2) are respectively the of 
maximum and minimum stator deformations, 𝛼𝛼 is the angle 
of the rotor position, g0 is the average of air-gap length, and 
𝛿𝛿𝑠𝑠1 and 𝛿𝛿𝑠𝑠2  are respectively the elip deformations of stator. 

The air-gap length of centrifugal distortion rotor 
changing around the magnetic circuit periphery is defined 
as [4]-[7] 

𝑔𝑔𝑟𝑟(α, 𝑡𝑡) ≈ �𝑔𝑔0 −
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and    𝑔𝑔0 = 𝑅𝑅𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑟𝑟𝑟𝑟.                                                              

where, 𝛿𝛿𝑟𝑟1, 𝛿𝛿𝑟𝑟2  are the elip deformations of rotor, er1 and er2  
are the air gap lengths, Rsi and Rso are respectively the inner 
and outer radials of the stator core. For stator deformation, 
one gets 

λ𝑔𝑔𝑠𝑠(α) =
1
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where, p is the number of pole-pairs.  For the deformation 
of rotor, the coefficients (αs1 αr0, αr1) are respectively 
defined as 

αs1 = (δs1 + δs2)/2,  αr0 = (δr1 + δr2)/2, αr1 = (δr1 − δr2)/2. 
(5a-b-c) 

     The MMF distributions of the stator and rotor carrying 
with a sinusoidal current quantity can be presented as: 

𝐹𝐹1(α, 𝑡𝑡) = �𝐹𝐹𝑚𝑚𝑚𝑚

∞

𝑚𝑚=1

cos(𝑣𝑣𝑝𝑝α ∓ ω𝑡𝑡),                (6) 

𝐹𝐹2(α, 𝑡𝑡) = ∑ 𝐹𝐹𝑚𝑚𝑚𝑚∞
μ=1 cos�μ𝑝𝑝α ∓ ωμ𝑡𝑡 + ϕμ�,    (7)   

where, Fmv and Fmμ are the MMF magnitudes of the 𝑣𝑣-th 
and μ-th harmonic components for stator and rotor parts.  

The centrifugal force on the central bridges is usually 
produced by the rotation of the rotor. The bilateral bridges 
of the V-shaped rotor are also introduced to support the 
central bridges. It schould be noted that the calculation of 
the centrifugal force on bilateral bridges is more 
convenient than that on the central bridges. In this context, 
the V-shaped rotor being equivalent to a central bridge is 
presented. The VV and delta designs are pointed out in 
Figure 3. The structure of rotor with spokes is split into 
several parts, i.e., the inner and outer rings, and spokes. 
The thickness of the central bridge is equal to spokes, 
whereas their mass density is suitable with what of the 
original rotor. The mass density and thickness of the outer 
ring is computed with an equivalent ring method [6, 7]. For 
an inner ring thickness, it is similar to what of the rotor 
yoke. The rotor mass is quite similar to what of the original 
rotor. The extension of centerline radius (δv) of an inner 
ring caused by the load Y can be defined as [7]    

δ𝑚𝑚 = 𝑅𝑅𝑣𝑣𝑞𝑞𝑣𝑣
2

𝐴𝐴𝑣𝑣𝐸𝐸
= 𝑌𝑌𝑌𝑌

𝐴𝐴𝑣𝑣2π𝐸𝐸
= 𝑌𝑌𝑌𝑌λ𝑚𝑚.           (8)  

The tension Nn in the spokes when the rotor rotates can 
be obtained                                         

𝑁𝑁𝑌𝑌 = 𝑌𝑌 − 𝑞𝑞𝑠𝑠ω2

2𝑔𝑔
(𝑟𝑟2 − 𝑅𝑅12).             (9)  

This deformation is presented as 

δ𝑧𝑧 = λ𝑧𝑧𝑋𝑋 + λ𝑧𝑧′
𝑞𝑞𝑠𝑠ω2

2𝑔𝑔
𝑅𝑅22,                      (10) 

where , the terms (λ𝑠𝑠 and  λ𝑎𝑎′) can be defined as: 

  λ𝑠𝑠 = 1
𝐴𝐴𝑠𝑠𝐸𝐸

(𝑅𝑅2 − 𝑅𝑅1),                     (11) 
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For geometric parameters of two IPM motors, the 
average circumferential force in bilateral bridges and the 
maximum tensile force in central bridges can be calculated 
via the above equations. 

3. FINITE ELEMENT APPROACH 

As presented, the finite element method approach has been 
developed to simulate and compute performances of the 
IPM motor. The strong saturation in the rotor bridge and  
segment areas is also taken into account. The deformation 
of the rotor bridge has been solved numerically. Thus, the 
structural finite element model has is pointed out for 
analysing the centrifigual forces on rotor design. The 
modelling of IPM motors with VV and Delta shapes are 
presented in Figure 3. The radial forces with the different 
speeds and temperatures are pointed out  in Figure 4 and 
Figure 5. For the  speed of 16000rpm and over speed of 
19200rpm, the phase current of 500Apeak and temperature 
of 150°C, the force value is approximately 375 Mpa. The 
most interesting part is the maximum contrifugal force and 
deformation of the rotor. 

The three different cases are now considered, that is: 
The first one is that the maximum temperature of 1500C 
degrees is obtained with 20% over the rated speed. This 
means that the rotation of mechanical rotor in the air is 
acted by a maximum centrifugal force. The second one is 
40% burst speed that rotor rotates in acceleration test. 

 

 
    Fig. 3. Modelling of VV and Delta designs. 

  
For a full load case, the maximum centrifugal force for 

the VV and delta designs are also obtained with 20% over 
speed of 19200 rpm and 40% burst for a speed of 22400 
rpm. The obtained results have shown  that the maximum 
temperature of 1500C at 20% over speed and 40% burst 
speed conditions. The maximum centrifugal force has 
appeared all in the segment area. But, the positions of these 

force are different.  

 
Fig. 4.  Stress results of VV design. 
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Fig. 5.  Stress result of delta design. 

 

 
Fig. 6.  PEEQ  analysis of VV design. 
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Fig. 7.  PEEQ analysis of delta design. 

 

 
Fig. 8. Validation of displacement VV. 
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Fig. 9.  Validation of displacement delta. 

 
Moreover, for the maximum stress of the V-shape IPM 

on the outer and inter bridges, it can be obtained with 375 

MPa at the speed of 16000rpm on the outer bridge, and 
552Mpa at the speed of 22400 rpm on the inter bridge. The 
power elasticity equivalent (PEEQ)  analysis of VV and 
Delta  designs are pointed out in Figure 6 and Figure 7. It is 
shown that there are no plastification at over speed above 
design limits and no fracture due to elongation or stress at 
burst speed. 

In particular, the centrifugal forces is the most important 
part in the stresses and deformation influenced directly by 
the attraction and electromagnetic forces. The validations 
of displacement VV and Delta are presented in Figure 8 
and Figure 9. The attraction forces help to counteract the 
stresses on bridges. The displacement of VV shape is 
around 45µm rad, and its dimention is 90µm under a 
maximum temperature of 150°C, which is less than the 
limit level. This means that there is no plasticity at over 
speed above design limits and no fracture due to elongation 
or stress at burst speeed. By considering  the two rotor 
models, it can show that the VV shape has less deformation 
distribution than the delta design. 

4. CONCLUSION 

In this article, the forces, such as electromagnetic and 
centrifugal forces  in the rotor have been succesfully 
simulated and computed. The developed method has been 
proposed to increase the forces on the bridges.   It is shown 
that width of bridges has significant affects directly to the 
electromagnetic performances. The use of bridges will help 
the V-shape rotor to operate with several forces. In 
addition, by producing a hole on the segment, it is a good 
solution to reduce mechanical forces. This is also shown 
the marked advantages in the structural analysis. However, 
it can operate with several mechanical stresses, but its cost 
is completely higher. Significantly, an express computation 
and validation of VV and delta designs for the practical 
IPM motors have been shown. 
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