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International Conhrenc;érriloctrlcal Machines

* Classic topology of electrical generation with three stages

Main exciter stage

[A Rolls-Royce

B o o
[ mion rotating parts

{*) GEU : Generator Control Linit

Figure 1: image issue du document descriptif du sufet de thése

Figure 3: systéme d'excitation over PMG [source: SAFRAN Power LK/USA, interne)
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Présentateur
Commentaires de présentation
As high speed machine are more and more used in order to answer high power density, mechanical aspects of electrotechnique are put forward …


= Context

lf\E}M, I-

International Conhrenc;érriloctrlcal Machines

* Increasing enthusiasm for high-speed machines to increase electrical
power density

* Develop a multiphysic model for high-speed electrical machine

Outer housing

Mechanical behaviour

Thermal management

Picture from: A. Tuysuz, F. Meyer, M. Steichen, C. Zwyssig, et J. W. Kolar, « EIeCtromagnetlc deS|gn Picture from: A. Binder, T. Schneider, et M. Klohr, « Fixation of buried and
Advanced Cooling Methods for High-Speed Electrical Machines », IEEE Picture from: www.motoranalysis.com/support/ surface-mounted magnets in high-speed permanent-magnet synchronous
machines », IEEE Trans. on Ind. Applicat., vol. 42, n° 4, p. 1031-1037, juill.

Trans. on Ind. Applicat., vol. 53, n° 3, p. 2077-2087, mai 2017, doi:
10.1109/TIA.2017.2672921.
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As high speed machine are more and more used in order to answer high power density, mechanical aspects of electrotechnique are put forward …


" Context

lf\E}M, I-

International Conhrenc;érriloctrlcal Machines

* Induction and Permanent Magnet Synchronous Machine will be
studied as they are more adapted for high-speed operation

Permanent magnet synchronous machine

el
N

Picture from : https://hal.archives-ouvertes.fr/hal-
01065265/document, Etude des pertes par courants induits dans les
deux frettes, une composite et une a base d’alliage métallique, d’'une
machine synchrone rapide a aimants permanents
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Picture from : en.wikipedia.org/wiki/Squirrel-
cage_rotor
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As high speed machine are more and more used in order to answer high power density, mechanical aspects of electrotechnique are put forward …

https://hal.archives-ouvertes.fr/hal-01065265/document
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|. Introduction

Il. Analytical modeling of a solid rotor and PMSM
Ill. Finite Element modelisation

V. Comparison of the results

V. Conclusion
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Présentateur
Commentaires de présentation
Here is a summary of our presentation which will allow to present the models used to study the mechanical handling of the rotor of both induction machine and permanent magnet machine


@Introduction

Objective: -

* Develop simple analytical models  WHY ?
‘ » For rapid mechanical pre-sizing of machines
l f » To allow therefore optimization procedures |

How mechanical handling is defined ?

* Various yield criteria used in the literature:
L Von Mises (ay,,) or Tresca (o7) equivalent stresses

* Plasticity criteria respected if

1

Soyy = \/_5\/(01 —0y)* + (o — oy1)* + (07 — 07)* < 0 0Or
or = max(|o; — ay|, loy — oyyl, loy — opyl) < 0 with g, the
material yield strength
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Présentateur
Commentaires de présentation
The use of simple mechanical models is crucial with high speed machine as mechanical constraints are higher than electromagnetic ones. Thus our objective was to find a simple model for each case of rotor machine that will be easily applicable and that gives relevant results. Moreover, the models have to be simple so that there calculation do not need huge processor capabilities and allow indeed the resolution of multiphysic problems.
Before going deapare we need first to define mechanical handling …. Blabla sur trescat et von misses et dire que trescat plus restrictif etc


'Analytical modeling of a rotor

* First approach:

Plane Stress approach
Considers a thin disk

only o,-(r)and ggg ()
OR

Lead to a 3D strain
tensor

€rr , €EQQ and €,

0,-(1r,z)andogg (1, z)

limit case

Picture from:

www.greencarcongress.com/2021/11/20211124-whylot.html|
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For the study of the solid rotor the studied models will be based on to different approache. The first one is the stress approach and considers a thin disk.  Thus in this approach we first consider a thin disk in wich  …
The second approach is the field displacement approach and considers …. 
Also the three models issued from the two approaches will consider isotropic linea elastic materials characteristics wich suit good our case . 


'Analytical modeling of a rotor
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* Second approaches:
Field displacement approach

Considers a long cylinder
Lead to a 3D stress

only u,.(r) and tensor

Ly (Z) O,r, Ogg and 0,

Picture from: www.cgtrader.com/3d-
models/industrial/industrial-machine/electric-motor-rotor-
stator

* |sotropic linear elastic materials characteristics:
> Hooke's law:

o= ATr (g)é + 2,u§

With (A, u) Lamé’s coefficient
TN e e e e
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For the study of the solid rotor the studied models will be based on to different approache. The first one is the stress approach and considers a thin disk.  Thus in this approach we first consider a thin disk in wich  …
The second approach is the field displacement approach and considers …. 
Also the three models issued from the two approaches will consider isotropic linea elastic materials characteristics wich suit good our case . 


“Solid and hollow cylinder

llllllllllllllllllllllll

Field displacement approach (H/r > 1):

r
Orr

1__
8 1-9 R,?
2 2
pv r
= —29) — (14 29)—
766 8(1—19)<(3 9) =+ ﬁ)R(})

_pv* ¥ . 2r2
t 92z = T4 19 R

* Solid rotor f =£3_2ﬁ< )

N

Long formulas found with Matlab
Symbolic calculation toolbox

 Hollow rotor >

o e e e N\
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Now let’s present the model based on the field displacement approach preferably applicable by the way to long rotors. ….
Boundaries conditions etc 


“Hollow disk with internal pressure

Plane Stress : Thin Disk

( 2
o (r) = M [(RZ

2
2r (3 19)(R + R?

2)(1,.2

pa) R2 R2

og (1) =

\

—RH)| +p.[-1

—(1+39)|-

R? RZ.R?

TRI-RZ (RE—RD).12

]

R? N R?.R?
R —RZ  (R?—R2).r2

p.[1+

]

XXV International Conference on Electrical Machines
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We will be each time here studying solid and hollow rotor disk. Thus this approach … H/r<<1 and considers only radial dependency of the constraints in the disk as it is a thin one. …
Right boundaries conditions … derivative of the stress null 


“Hollow disk without internal pressure

Plane Stress : Thin Disk

Only r dependancy

awm—w[(zez Y0 = R2)]
2 2 2
R N

r dependancy and z dependancy

( 2 2 )
—pw*(3 +9) 9(1+9) (H
| o (12) = g (= R = R+ s <?‘Zz>
Y 2 2
ope(r,2) = ;:2) [(1 +39)r* = (3+9) ((Ri2 + R, )r? + RiZReZ)] + p“;g(i ;19) <H? - ZZ)
\
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We will be each time here studying solid and hollow rotor disk. Thus this approach … H/r<<1 and considers only radial dependency of the constraints in the disk as it is a thin one. …
Right boundaries conditions … derivative of the stress null 


“Solid disk

Plane Stress : Thin Disk

r dependancy

( 2(3+9
< o, (1) = % (Rez _ rz)
2
00 (1) = 2 (3 + 9)R.2 — (1 +39)r7%)

r and z dependancy

( —pw?(3+ )

2 2
J Oy (r2) = ——g—— ("~ RS+ pa;(li(i :;)19) <h; B ZZ)
pw? 5 o P91 +0) <H2 2)
ogo(1,z) =— |3+ DR, — (1 +3I)r| + —z
B 8 [ | 20-9) \ 3

erc
trique de Nancy
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We will be each time here studying solid and hollow rotor disk. Thus this approach … H/r<<1 and considers only radial dependency of the constraints in the disk as it is a thin one. …
Right boundaries conditions … derivative of the stress null 


" Case of two layers disk

* Goal : determine pressure between materials due to mechanical
interference between them

©-00

Material 1

Material 2

b
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We will be each time here studying solid and hollow rotor disk. Thus this approach … H/r<<1 and considers only radial dependency of the constraints in the disk as it is a thin one. …
Right boundaries conditions … derivative of the stress null 


Stress calculation : pressure method

1. Calculation of the
displacement of each ring,
with pressures as parameters

2. Continuity of the displacement
field

3. Determination of the pressures
and thus of the pre-stress

Continuity of the displacement field :
op-ul=u2 4. I|dentification of the stresses in

the external ring

x . Gr.oupede'Recherche en /-\
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Stress calculation : displacement method

1. Calculation of the
displacement of each free ring

2. Calculation of the mechanical
interference between each
ring

3. Calculation of the pressure
Mechanical interference :

o E1=ul-u2

x . Gr.oupede'Recherche en /-\
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Stress calculation : superposition method

1. Calculation of stresses caused
by centrifugal forces only

2. Calculation of stresses caused
by force fit

3. Sum of the two stress tensors

Material 1

Material 2

o e e e N\
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Case of study

International Conference on Electrical

* Applications of the models to different topologies:

Solid rotor in steel Hollow rotor in steel PMSM's rotor

bandage (py, E,, VD)
magnet (p,, E;, v3)
rotor yoke (Pac, Eacr Vac)

b
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" Finite Element Modelisation

e 2D and 3D finite element simulation (Abaqus software)
* Materials characteristics : same as the analytical models
* Boundary conditions:

at x = 0 no displacement along x — direction
at y = 0 no displacement along y — direction

modes

x Gr9upe tk?::he he en /-\ "L
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The results of the analytical models are compared to fe ones. The fe simulations are done with Abaqus in both 2D and 3D approach. Boudaries conditions etc … mesh 


Numerical modeling of PMSM rotor

* Finite element simulation (Abaqus software)
 Similar approach to previous studies (Solid Disk)

* Two finite element models:
" Only the sleeve with internal pressure
=" Complete rotor with mechanical interference modelling
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@Analysis of the results for a hollow rotor

LSizing of 200 kW machine R, = 65.7 mm and H = 50

Simulated case:  Q = 30.000 rpm v=200 m/s, R; = 24.2 mm,

mm

Tr3ess§a's stress evolution in z=1 mm for a hollow disk with Ri= 24.2 mm

=—2D analytical model without z
. . ~[===2D analytical model with z
300t : : ' 3D analytical model

Stress (MPa)
]
=
=

20 30 40 50 60 70
Radial position (mm)

o Yield strength of the steel =400 MPa

> Mechanical handling M

* 2D FE Mode! N.B: maximum stresses at the

» 3D FE Model —

center

o For 2D stress tensor:

> Exact matching of models and 9%
overestimation in model with z

o For 3D stress tensor:

> Matching of the models along the
radius excepted at the end

ner qu: eerc aenic /M\
reen \S/ SAFRAN XXV International Conference on Electrical Machines
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Analysis of the results 


DAnaIysis of the results for a solid rotor

Simulated case:  Q = 30.000 rpm v=200 m/s, R; = 24.2 mm,
R,= 65.7mmand H = 50 mm
Tresca's stress evolution in z=1 mm for a solid disk
ith Re= 65.7 .
160 . o mare s M . o Same remarks as the hollow disk
' ' ' 2D analytical model without z
===12D analytical model with z +
140k 3D analytical model .
x 2D FE Model
_ * 3D FE Model with Re/H= 2.63 o For 3D stress tensor:
= x 3 del with Re/H= 0.13 .
Si0f | _ SRR - Matching of the  models
PR | i | | l f depending on the slenderness of
2100t xx"*nx*xxx |
7 the rotor
80 |
_ , , , , _ N.B:
60 ' ' : : ' — ~ :
0 10 20 30 40 50 60 70 Ormax(hollow) = 2074, (s0lid)

Radial position (mm)

‘\ Ene?gri 4 :lt:ic?u ‘I:\:‘e ec
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Analysis of the results


Comparison of results for PMSM application

Visualisation of the stresses in the sleeves

Von Mises's stresses evolution depending to sleeve's thickness

1800
Von Mises displacements method
A Von Mises pressure method i . .
3 Von ises Binder * Matching of the analytical and
B Von Mises suparposition
Moo -2 A Rt ' numerical results

* Finite element model of the
real geometry taken as

Von Mises's stresses (MPa)
=]
2

80O F -
— 0,
e=laba reference

600 i .

e=31.7%
400 Je=T17.6%
200 ! : ' ‘ ! .

1 1.5 2 2.5 3 3.5 4 4.5 5 55

Sleeve's thickness (mm)
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Conclusion
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* Simple analytical models were studied and gives relevant results

* Best models:
o PMSM : displacement method
o Solid and hollow rotor : 2D analytical

e Optimization operation can now easily be done with this models, CPU time
saving (5000 times)

e Mutliphysic design of high-speed machine can further be developed
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Influence of rotor plots number on the stresses

B Maximal stress W Stress at center

Number of rotor plots
D

0,00E+00 1,00E+08 2,00E+08 3,00E+08 4,00E+08
Tresca's stress (Pa)

A N\
\s/ SAFRAN XXV International Conference on Electrical Machines

Week influence
of rotor plots
number on the
stresses

Maximal
stresses are now
located in the
discontinuous
places of the
rotor ( edges)
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Maximal stress depending on magnets opening

6,06E+08

. 6,04E+08

Pa

~ 6,02E+08

6,00E+08

5,98E+08

5,96E+08

5,94E+08

Maximal stress

5,92E+08

5,90E+08
40%

50%

60% 70% 80%

Magnets opening (%)

90%

100%

XXV International Conference on Electrical Machines

Magnet opening
influence can be
neglected for
this topology
(<2%)

Three-layer
model is good
for mechanical
sizing

26




A very slight
influence of the
stress respecting
to axial length

2D models based
mechanical sizing
are sufficient (3-
5% oversize)

Tresca's stress along z axis at the center depending on rotor
1,40E+08 Iength l ‘f
1,30E+08
= =——|=0,6 m
(O
o.
=~ 1,20E+08 ——1=0,5m
v
g M/\ -
|
-l‘z 1,10E+08 L=0,3m
(%)
© ——1=0,2m
S 1,00e+08 o
2 | =0,1 m
[
9,00E+07
8,00E+07
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

Axial position (m)

herche en
de Nancy
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