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Outline
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• Problem description: Multi-physics

• What are the tools
� Electro-magnetic computation
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� Structure-dynamic calculation

• Modelling
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� Acoustic simulation
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Induction Motor (IM) 

with squirrel-cage rotor

Induction Motor (IM) 
with squirrel-cage rotor

Switched Reluctance
Motor (SRM)
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What are the tools: Analytical model 

� Tables to determine the mechanical order and associated frequency 

regarding the source of the excitation

� Example:

1 157

1692

5 12 17
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What are the tools: Numerical model

� Own software applied for entire simulation chain

&

iMOOSE & iMOOSE.trinity
Finite/Boundary Element 
Solvers and Tools
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What is iMOOSE

� iMOOSE – innovative and modern Object-Oriented 
Solver Environment
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Why do own software development

� Simulation & Design of Electrical Machines

Design

Validation

Theory

Implementation
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Virtual Reality
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Virtual Reality
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Electromagnetic computation

� Modelling

• 2D/3D possible in general

⇒ 2D whenever possible, 3D requires huge computational cost

• static, time harmonic, transient

• with or without movement
� This example: Induction Machine (IM) with squirrel-cage rotor

• 2D, multi-slice model

• transient simulation

• rotor movement

⇒ transient phenomenon must die out before analysis
of the simulation results can start

electromagnetic
computation

FE-model
current, speed

transient simulation
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Electromagnetic computation

� Electromagnetic model of IM

• 2p = 4, NS = 36, NR = 26, m = 3

mounting
kerf

stator

air gap

distributed
phase winding

rotor bar rotor
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Electromagnetic computation

� Skew of the IM is modelled with multi-slice technique

� 5 models are coupled

• each ≈ 15.000 triangular elements
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Electromagnetic computation

� Simulation parameters

� Results from each simulation time step

• magnetic vector potential

⇒ flux-density distribution:

• derived from the flux density (Maxwell-Stress Tensor)

• net-force F

• torque T

• surface-force density σ

AB
rr

curl=

f 1 48.96 Hz stator frequency

n 1200 rpm rotor speed

I 1 85 A stator-phase current

∆t 243.153 ms simulation-time step

∆α 0.875 ° rotational step angle

N 4200 number of simulation-time steps
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Electromagnetic computation
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Electromagnetic computation
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Electromagnetic computation

� Torque behaviour

• transient phenomenon from transient solving

• average torque: T = 4.31 Nm

• peak-to-peak torque ripple: ∆T = 0.45 Nm
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Electromagnetic computation

� Surface-force density derived for each time step

leaving edge of tooth

first element

up-running edge
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Electromagnetic computation

� Behaviour of surface-force density

• force pulsates, depending on n, NR, NS, f1, p

A
S

IM
 W

o
rk

s
h

o
p

 M
a

rc
h

 1
, 
2

0
0
7

, 
A

a
c

h
e

n

 2007 Univ.-Prof. Dr.-Ing. habil. Dr. h.c. Kay Hameyer

Electromagnetic computation

� Spectrum of surface-force density

• significant frequencies are selected

 2 f 1 = 98 Hz  N R n  + 2 f 1 = 422 Hz 

 N R n = 520 Hz  N R n  - 2 f 1 = 618 Hz 

 2 N R n = 1040 Hz  2 N R n  + 2 f 1 = 942 Hz 

 N S n = 720 Hz  2 N R n  - 2 f 1 = 1138 Hz 

double stator frequency f = 2f
1

1st rotor-slot harmonic f = 26n

1st stator-slot harmonic f = 36n

2p = 4, NS = 36, NR = 26
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Structure-dynamic calculation

� Example: Induction machine
� Deformation → displacement of individual nodes

structure-dynamic
calculation

frequency domain
forces
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Structure-dynamic calculation

� Tension σ is coupled by Hooke’s law with strain ε

E: Young‘s modulus, µ: Poisson‘s ratio

,εσ ⋅= H
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Structure-dynamic calculation

� System equation by Threshold-Accepting Method:

• potential energy

• kinetic energy

• Lagrange function

• Minimisation of Lagrange function

• F is the damping

, d d Ω∂⋅−Ω=Π ∫∫
Ω∂Ω

εσεε s

T

p uH
rr

,d 
2

Ω⋅= ∫
Ω

uT &rρ

pTL Π−=

,0 








∂

∂
+









∂

∂
−









∂

∂
=

u

F

u

L

u

L

dt

d

&r
r

&r

A
S

IM
 W

o
rk

s
h

o
p

 M
a

rc
h

 1
, 
2

0
0
7

, 
A

a
c

h
e

n

 2007 Univ.-Prof. Dr.-Ing. habil. Dr. h.c. Kay Hameyer

Structure-dynamic calculation

� Discretisation results in the differential equation of 
motion:

K: global stiffness matrix

D: vector of nodal deformation
C: damping matrix

M: mass matrix
F: exciting force matrix

� Time derivative

⇒

.FDMDCDK =⋅+⋅+⋅ &&&

Dj
dt

dD
D ω==&

.)( 2
FDMCjK =⋅−+ ωω
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Structure-dynamic calculation

� Mechanical model

bearing

A-side

B-side

end shield

with rubber ring

stator with winding
rotor with short circuit rings

shaft

spiral steel springs
housing
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Structure-dynamic calculation

� Simulation result

⇒ deformation of entire machine in frequency domain

⇒ example deformation at t = 0 for f = 618 Hz
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Structure-dynamic calculation

� Deformation revolves, here stator and housing

A
S

IM
 W

o
rk

s
h

o
p

 M
a

rc
h

 1
, 
2

0
0
7

, 
A

a
c

h
e

n

 2007 Univ.-Prof. Dr.-Ing. habil. Dr. h.c. Kay Hameyer

Structure-dynamic calculation

� Deformation revolves, here stator
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Structure-dynamic calculation

� Deformation revolves, here housing
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Structure-dynamic calculation

� Excitation in axial direction (skewing!)
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Structure-dynamic calculation

� Analysis of the deformation:

• modes of deformation r

• body-sound index LBSI

� Example: mode analysis

r =6
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Acoustic simulation

� Three sources for acoustic noise:

• broad band fan and ventilation noise (500 - 1000 Hz)

• single tones from the bearings > 3000 Hz

• vibration and oscillations excited by electromagnetic 

forces

→ single tones in the entire audible spectrum

� Acoustic simulation considers electromagnetically 
excited vibration as noise source

acoustic
simulation

frequency domain
deformation
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Acoustic simulation

� Acoustic noise:

• vibration is decoupled from the surface of the machine

⇒ Boundary Element Method (BEM)

� Sound pressure derived from Helmholtz equation:

� Discretisation results in the system equation for solving:

H and G are system matrices and v the vector of the 

local surface velocity

02 =⋅+∆ pkp

.vGpH ⋅=⋅
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Acoustic simulation

� Example for acoustic simulation:
Switched Reluctance Motor (SRM)

� Model consists only of exterior surface of the SRM
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Acoustic simulation

� Deformation is transformed from the mechanical model 
onto the surface of the acoustic model
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Acoustic simulation

� Acoustic sound pressure is calculated on an analysis 
surface, e.g. a sphere (1 m distance from surface of SRM)
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Acoustic simulation

� From p the sound particle velocity is derived
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Measurement set-up
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Automotive generator’s  deformation
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Computed acoustic noise power
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Comparison of simulation -
measurement
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Conclusions

� Numerical simulation

• consideration of structure-dynamic and acoustic 

behaviour of electrical machines a-priori during design

• examples of IM and SRM show potential

� Presented method

• designed to be used for any electrical machine

• verification by measurement is possible

� Structured analysis

• consideration of manufacturing faults

• optimisation of materials and electrical values


