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Abstract The vibration and acoustic behavior of elec-
tric machines is an important aspect of the design pro-
cess. A crucial part of the modeling is the correct pre-
diction of the stator’s vibration behavior, character-
ized by the stator’s eigenfrequencies and eigenmodes.
For this purpose, a calculation approach called the an-
alytical beam element model (ABM) was presented in
a previous paper [18], where Euler-Bernoulli beams
were used to describe the vibration behavior of the
stator. The ABM introduced offers an alternative to
the finite element (FE) method and to classical analyt-
ical models. In this paper, the model is examined and
extended further. Different approaches conceived to
better describe the influence of the stator yoke’s thick-
ness by using Timoshenko beams and a multi-layer
discretization are presented and discussed. Further-
more, a new feature that considers the lever arm effect
of the stator teeth with respect to the yoke is intro-
duced. The results are compared to FE calculations
and measurements. Lastly, the improved ABM is used
to calculate the vibration behavior of four stators with
outer diameters ranging from 160 mm to 7m. The re-
sults are compared to FE results to prove the accuracy
of the ABM.
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Das Analytische Balkenelement-Modell: ein
neuer Ansatz zur Berechnung des
Schwingungsverhaltens elektrischer Maschinen

Zusammenfassung Die Berechnung des Schwin-
gungsverhaltens elektrischer Maschinen ist ein wich-
tiger Bestandteil bei der Dimensionierung elektrischer
Maschinen. Die schnelle und genaue Berechnung des
mechanischen Schwingungsverhaltens, das durch die
Eigenfrequenzen und -formen des Stdnders bestimmt
wird, stellt dabei eine Herausforderung dar. In dieser
Arbeit wird ein neuer Berechnungsansatz vorgestellt,
der auf einem analytischen Balkenelement beruht,
und eine Alternative zu der Finite-Elemente-Methode
(FEM) und den konventionellen analytischen Berech-
nungsansitzen ist. Das Analytische Balkenelement-
Modell (ABM) wurde bereits in [18] eingefiihrt und
anhand einer Beispielmaschine validiert. In dieser
Arbeit wird das ABM weiter untersucht, erweitert und
modifiziert. Der Einfluss der Stdnderjochhéhe auf
die Eigenfrequenzen und -formen wird modelliert.
Dafiir werden zwei unterschiedliche Balkenelement-
Modelle, der Euler-Bernoulli-Balken und der Timo-
shenko-Balken, verwendet, und der Stinder wird mit
mehreren Lagen von Balkenelementen modelliert.
Zusétzlich wird die Verbindung der Zéhne zum Stin-
derjoch untersucht. Eine Koordinatentransformation
wird verwendet, um die Hebelwirkung der Stédnder-
zdhne auf das Stdnderjoch zu beriicksichtigen. Das
modifizierte ABM wird anhand von Messungen und
FE-Berechnungen der Beispielmaschine aus [18] vali-
diert. Dartiber hinaus wird das ABM verwendet, um
das Schwingungsverhalten von vier unterschiedlichen
Statoren mit AulRendurchmessern von 160 mm bis 7m
zu bestimmen. Die Ergebnisse werden mit FE-Berech-
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nungen verglichen, um die allgemeine Giltigkeit des
ABM nachzuweisen.

Schliisselworter Elektrische Maschinen - Finite-
Elemente-Methode - Magnetische Kerne -
Numerische Berechnung - Analytische Berechnung -
Stator - Schwingungen - Eigenfrequenzen -
Eigenformen - Balkenelement
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1 Introduction

To determine the acoustic and vibration behavior of
electric machines, the exciting magnetic forces in the
air gap and the structural dynamic behavior of the
machine must be calculated [1-4]. The forces in the
air gap of the machine F(y/,t) can be converted into
force waves F,(w) with the order k describing the
shape of the force wave. If the frequency and shape
of a force wave coincide with an eigenmode and an
eigenfrequency of the electric machine’s sound rad-

iating parts, loud acoustic noise is emitted into the
surroundings. Thus, the correct calculation in two do-
mains, electromagnetic and structural dynamics, are
important.

The vibration behavior of electric machines is char-
acterized by the eigenfrequencies and eigenmodes of
the sound radiating parts. The radiating parts are the
stator, including the winding, and the housing. To
calculate the vibration behavior, different approaches
can be found in literature. Jordan and Frohne cal-
culate the eigenfrequencies and eigenmodes using an
analytical model based on a simplified circular ring
of the machine’s stator [1, 5]. The stator teeth and
the winding are considered as additional mass. This
model is expanded in the axial direction by Gieras [6].
In [7, 8], Verma and Girgis present a model that is
based on the energy method. Another calculation ap-
proach is the finite-element (FE) method. The geom-
etry is discretized into small elements for which the
equations of motion are solved. The FE method al-
lows the definition of different components, such as
the winding and the housing, using different mate-
rial models [9-13]. Due to its high accuracy, the FE
method is widely used to calculate the vibration be-
havior of electric machines [3, 10-12, 14-17].

The analytical models and the FE method have cer-
tain advantages and disadvantages. The analytical
models can be implemented easily, need low com-
putational resources and provide fast results. How-
ever, the models only provide valid results i}f certain
boundary conditions are fulfilled: the ratio 5= of the
yoke height hy to the outer diameter D, must be small
and the tooth eigenfrequencies must be significantly
higher than the yoke eigenfrequencies. Furthermore,
it is impracticable or at least difficult to include differ-
ent components such as winding, teeth and housing
in the model. The FE models can consider different
geometries and components and can give more ac-
curate results. However, they require high computa-
tional resources, a long modeling time and typically
a software license.

To provide a fast and accurate calculation model
that combines the advantages of the analytical models
and the FE method, the so-called analytical beam el-
ement model (ABM) is introduced in [18]. The model
is based on an Euler-Bernoulli beam element model
that consists of two nodes, each with three degrees of
freedom. The beams are used to build up a 2D model
of the stator, including the stator yoke and teeth. The
system’s equation is derived from the beam element
equations and is solved to determine the eigenfre-
quencies and eigenmodes. In [18], the ABM is vali-
dated using measurement results from the stator of
a high-speed electric machine.

The goal of this work is to examine and extend the
ABM further and to apply the model to machines of
different sizes for validation. First, the basic approach
of the ABM is summarized in Sect. 2. Then, differ-
ent new approaches to the consideration of the sta-
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Steps used to build up the analytical beam element model (ABM)

tor yoke’s thickness are discussed in Sect. 3. These
are the Timoshenko beam formulation, the multi-layer
discretization of the yoke and a new feature which
considers the lever arm effect of the stator teeth with
respect to the yoke’s intermediate surface, which are
introduced in this paper. The results are compared to
measurements and FE simulations in Sect. 4. In or-
der to prove the general applicability of the ABM, the
vibration behavior of four different stators with outer
diameters ranging from 160 mm to 7m are calculated.
The results from these machines are compared to FE
simulations in Sect. 5.

2 Analytical Beam Element Model — Basic
Approach

In this section, the ABM is briefly introduced. A de-
tailed description can be found in [18]. The individual
steps employed to build the ABM are shown in Fig. 1
and described in the Sects. 2.2 to 2.5. First, the basic
equation and the solution of a multi-mass oscillator
are described in Sect. 2.1. Based on the basic ap-
proach of the ABM, the new modeling approaches are
introduced.

2.1 Basic Equation of a Multi-Mass Oscillator

The stator of an electric machine can be described
by a multi-mass oscillator. This is a multi-degree-of-
freedom (DOF) system without gyroscopic effects that
can be generally described by

d?%(t) _ dx(t)

dr? D dt
where M, D and K are the mass, damping and stiffness
matrices, respectively. F is the vector of the applied

forces and X is the vector of displacements for each

DOF.
The system can be decomposed and diagonalized

M

+K%(» =F, 1

in terms of its eigenvectors ¥,, also known as its
eigenmodes, and the corresponding eigenfrequencies

fo,r- The eigenfrequencies wy,, =27 fp,, are calculated
by solving

det(-wiM+K) =0, 2)

which will provide g solutions for a system with g
DOFs. r is the order of the eigenmodes. In case of
a cylindrical structure such as the stator of an elec-
tric machine, the order r represents the number of
maxima or minima around the circumference.

The eigenvectors ¥, are determined by replacing
each of the g obtained eigenfrequencies in (1), rewrit-
ten in the frequency domain with no damping and
no external forces. The base transformation or modal
matrix ¥ is then defined as the matrix formed by the
q eigenvectors placed in its columns

V= [V, V... 9, 3)

The relationship between the vectors X (in the orig-
inal base) and X (in the transformed base) is given

by
I=¥X. 4)

Since the eigenvectors provide only the directions
of the new vector base, they can be arbitrarily scaled.
Typically, the mass matrix is used for the scaling, giv-
ing the relations

vIMY =1=diag(l) (5)
PTKY = of = diag(w] ,) (6)
v DY =D’ = diag2d, wy,,) @)

where r =1...q. In (7), it is assumed that the damp-
ing matrix can be approximated as a linear combina-
tion of the mass and stiffness matrices, and d, is the
modal damping factor for eigenmode r. As a result,
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the decoupled system equations in the transformed
base become

(~0’1+ joD' + w3) X (w) = YT F(w). (8)

Using this equation, the vibration response X to
a force excitation F of the system can be calculated.
This procedure forms the basis of the vibration and
acoustic analysis. The purpose of the ABM is to de-
scribe the mass and stiffness matrices and to calculate
the eigenfrequencies and eigenmodes.

2.2 Euler-Bernoulli Beam Element

In the basic approach introduced in [18], the Eu-
ler-Bernoulli beam element, as represented in Fig. 1a,
is used to discretize the stator of an electric machine
and to generate the mass and stiffness matrices.

The stiffness matrix K. for such a beam element
with three DOFs per node is

[ EA EA
o 120EI 621 - T lgEI G(E)'I
0 = = 0 -5
0 6E1 4E1 0 _S6EI 2E1
Ke=1 pa R l EA lz G
- lgEI (?EI N IOEI gEl
0~ % O T -
6EI 2EI 6EI 4E1
| o = T 0 %

E is the material’s Young’s modulus, [ is the beam ele-
ment length, A is the cross-sectional area and I is the
moment of inertia of the beam [19]. Shear strains are
neglected in this formulation. Similarly, the element’s
mass matrix M, is defined as

140 0 0 70 0 0

0 156 221 0 54 -13I
_pAlLl 0 221 42 0 131 -3
T420|70 0 0 140 0

0 54 131 0 156 -221

0 -131 =312 0 -221 42

, (10)

e

where p is the beam material’s mass density [19]. The
mass and stiffness matrices are defined by considering
the node DOFs shown in Fig. 1a as a vector written in
the sequence [ua, va, Pa, Up, Vs, P5] " .

2.3 Representation of the Stator Geometry with
Beam Elements

The cross-sectional area of the elements in the yoke
corresponds to the stator’s axial length I, multiplied by
the yoke height hy. The cross-section of the elements
which represent the teeth is assumed to be constant
and is defined by the stator’s axial length and the aver-
age width of the teeth. In case the teeth have tips with
a larger width, the tip’s additional mass is accounted

for by increasing the mass density of the last element
of each tooth.

Initially, the elements are not connected to each
other. This way, the free element equations, using
their own local coordinate systems, can be written by
replicating the single-element mass and stiffness ma-
trices on the diagonal of a global matrix. This proce-
dure produces the stiffness matrix K., and the mass
matrix M, [18].

2.4 Coordinate Transformation

The next step is to connect the beam elements to each
other. This is achieved by means of defined mas-
ter nodes named Pi;... Pr, and Qui...Qr;,, Which
use a cylindrical coordinate system and correlate with
the beam nodes A, B, C, and D, as illustrated in Fig. 1c.
The relation between an arbitrary element node ENin
its local coordinate system and a corresponding mas-
ter node MN in cylindrical coordinates is

UEN —sinf cosf O] |uyn
ven| =] cos@ sinf O |vyn]|- (11
PEN 0 0 1f|¢dun
——
XEN H(©6) XMN

0 is the angle between the r and y axes of the cylin-
drical and local coordinate systems. Based on the
trigonometric relations shown in Fig. 1c, the trans-
formation matrices are calculated as

g); HB:H(_%); HC:HD:H(g) (12)

for nodes A, B, C, and D, respectively. The angle a
is the angle between adjacent elements in the stator
yoke.

HA:H(

2.5 Stator Geometry with Master Nodes

Based on this, a complete nodal transformation from
ABCD (element nodes) to PQ (master nodes) is per-
formed by

XA“ Hy 0 e 0
i, 0 Hp .
3 : *Pyy
xAlz . HA =
fB H xPlZ
2 b pyg
2= R : (13)
*eu | |He %q
7 1
*Dyy Hp %o
iy He :12
XDy, 0 Hp :
. . ).CP“Q
XABCD A
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Beam element behavior in deformation. a Euler-
Bernoulli beam, b Timoshenko beam

A is the assembly matrix obtained by combining the
previously defined transformation matrices Ha, Hg,
Hc and Hp, surrounded by zeros. The final system
stiffness matrix K, and mass matrix M, of the con-
nected beams become

Ky =A" K A, (14) /\

and

Representation of the multi-layer structure of the
beam elements in the stator yoke

Mp =AT Moy - A. (15)

These two matrices are used for calculating the sta-
tor eigenmodes and eigenfrequencies according to the
procedure described in Sect. 2.1.

3 Different Modeling Approaches

/

Different approaches are investigated for taking into Modeling of the connection of the stator teeth and the
account the effect of the stator yoke’s thickness on the  stator yoke

eigenmodes and eigenfrequencies. These approaches

use the Timoshenko beam element or the multi-layer

structure which are presented and compared in the According to the Timoshenko formulation, the mass
following subsections. Furthermore, a translation matrix

transformation is introduced to consider the lever

arm effect of the stator teeth on the yoke’s intermedi- Me = Mians + Myot (16)
ate surface.

3.1 Timoshenko Beam

The first approach involves to replace the Euler-
Bernoulli beam element used in [18] with the Ti-
moshenko beam element. The Euler-Bernoulli beam
element assumes that the beam cross-section remains
perpendicular to the beam’s intermediate axis when
deformed. This assumption neglects the shear defor-
mations and is typically suitable for problems where
the beam thickness is relatively small compared to its
length. The Timoshenko formulation allows the beam
cross-section to rotate with respect to the intermedi-
ate axis and, therefore, takes into account possible
shear deformations. This allows the method to ac-
count for the natural tendency of the cross-section to
rotate back to its initial position, relieving the inter-
nal stresses and making the Timoshenko formulation
suitable for moderately thick beams. Fig. 2 illustrates
the assumptions made using the two formulations
discussed.
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can be written as the sum of the translational mass
Mans and the rotational mass M;.. Together with the
corresponding stiffness mass K, they are [19]

70(1 +7)? 0 0 35(1 +7)? 0 0
0 (70y% +147y+78) 35y +77y+44)% 0 35y +63y+27)  —(35y2 +63y+26)%
Moo - PAL 0 @52+ 77y +ah L 72+ lay+8) L 0 (35y2+63y+26)L  —(7y2+1ay+6) L
210(1 +7)2 |35(1 +7)? 0 0 70(1 + )2 0 0
0 (35y2+63y+27)  (35y2+63y+26)% 0 (70y?+147y+78)  —(35y> + 77y +44) %
0 ~@5y2+63y+26)8  —(7y2+14y+6) L 0 ~@52+TTy A0 2 +lay 9l
a7
0 0 0 0 0 0
0 36 -15y-3)1 0  -36 -(15y - 3)
Mo Pl 0 —(15y-3)1 (10y>+5y+4)> 0 (15y-3)I (5y%-5y-DI?
7301 +7)21 |0 0 0 0 0 0 ’
0 -36 (15y-3)1 0 36 (15y-3)1
0 —(15y-3) (GBy*-5y-1I* 0 (15y-3) (10y?+5y+4)1?
(18)
and
A4y 0 0 -401+y 0 0
0 12 6! 0 -12 6!
0 61 (4+y)2 0 -6 2-p?
Ke=C-1 4 A2 :
~4C1+y) 0 0 AL1+y 0 0
0 -12 -6l 0 12 -6l
0 61 (@2-yI? 0 61 4+p)?
(19)
C and y are defined by other by vertical beam elements with a cross-section
dependent on the number of elements around the cir-
C= _EBL and y = 12 (ﬂ) (20)  cumference and a length dependent on the number
A+ 12 \xGA

x is the shear correction factor used to consider the
non-uniform shear distributions. It is typically as-
sumed to be 5/6 [19]. G is the shear modulus. Under
the assumption that the material is isotropic, this can
be calculated as [20]

G E

T2+’
1 is the Poisson’s ratio. When considering an isotropic
material, the material is defined if two of the three
quantities E, G and p are known. It is worth not-
ing that (9) and (10) from the investigation of the Eu-
ler-Bernoulli beam correspond to a particular case of
the Timoshenko beam in which the shear modulus G
tends to infinity.

21)

3.2 Multi-Layer Structure

Another possible approach to considering the stator
yoke’s thickness accurately is to discretize the yoke
with multiple Euler- Bernoulli beam element layers, as
represented in Fig. 3. The layers are connected to each

of layers. It is worth noting that the vertical elements’
masses would overlap with that of the yoke elements,
since they occupy the same volume. Therefore, the
mass density of all the vertical elements in the yoke
is set to zero, so that they act solely as an ideal elastic
connection between the layers.

This approach also requires an extension of the as-
sembly matrix A defined in (13) to consider the con-
nection of the newly introduced beams. The exten-
sions are made following the same principle as pre-
sented in Sect. 2.2.

3.3 Tooth Connection Modeling

Since the beam elements representing the stator yoke
correspond to the yoke’s intermediate surface, a di-
rect connection between the tooth base and the yoke
nodes would produce a partial overlap of the tooth
and yoke beam elements. Taking the yoke height as
hy, the overlapping height is % as illustrated in Fig. 4.
Evidently, this fact becomes more relevant for the case
of a thick stator yoke.
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In this work, an additional translational transfor-
mation of the master nodes P is considered as means
to connect the nodes of the tooth bases to the yoke.
This translation corresponds to the lever arm effect of
the yoke cross-section modeled as a rigid body when
it rotates. For an arbitrary translation of (Ax, Ay) ap-
plied to a point P’ with respect to the point P, the
transformation matrix T(Ax,Ay) can be defined as

Upr 1 0 —-Ay||up
vpr|=10 1 Ax ||vp]. (22)
()bP’ 0 0 ]. (,bp
——
Zpr T(Ax,Ay) ip

In combination with the rotation matrix presented
in (11), a generalized coordinate transformation in-
cluding translations and rotation effects can be de-
fined as the multiplication H(6)-T(Ax,Ay). For the con-
nection of the nodes in the tooth base to the yoke, for
instance, the transformation matrix is calculated us-
ingf=73, Ax=0and Ay = _Thy Such complete trans-
formation can be considered when generating the as-
sembly matrix A, as explained in (13), so that the lever
arm effect of the tooth base with respect to the yoke’s
intermediate surface can be taken into account.

4 Comparison of the Modeling Approaches

For a comparison of the modeling approaches de-
scribed in Sect. 3, the stator S1 shown in Table 1 will
be used. At first, only the stator yoke without the teeth
is analyzed. This allows the evaluation of the differ-
ent methods for considering the yoke height without
the effect of the teeth. Then, the complete model with
the teeth is calculated using the ABM and is compared
with measurements and FE simulations. The results
of the FE simulations and the measurements have al-
ready been presented in [10, 21].

4.1 Stator Yoke

Table 2 summarizes the results of the ABM with the
Euler-Bernoulli (EB) beam, the Timoshenko (TS) beam
and the multi-layer (ML) approach to modeling the
stator yoke. 120 elements are considered around the
circumference for all the ABM models and the multi-
layer model is calculated with two layers. The results
are compared to the FE simulation results and the

deviations fa rgp/Ts/ML = W between the
, T

individual approaches (EB/TS/ML) and the FE model
are determined.

It can be seen that the model with the Euler-
Bernoulli beam element produces the highest devi-
ations fa, when compared to the FE model. This is
due to the fact that the shear strains are neglected in
this method, which is appropriate for slender beams
but becomes less accurate when the thickness of the
beam increases in relation to its length. The ratio of

the yoke height hy to the mean stator diameter D,
is 0.103 for the stator S1. In this case, the results
calculated using the Timoshenko beam element and
the multi-layer approach are more accurate. Although
these two aforementioned methods present similar
deviations for the case studied (fa, = 0.02%...4.88%),
the Timoshenko approach is the one which offers
more advantages. One is that it requires less elements
than the multi-layer approach, since only one layer
is necessary. Another is that the effect of the shear
strain is intrinsically considered in the constituent
equations of the Timoshenko beam, whereas, in the
multi-layer approach, this is accounted for by means
of the virtual vertical beams connecting the layers. As
a consequence, the stiffness for shear displacements
between the layers becomes dependent on the num-
ber of elements in the system in such a way that an
excessive number of elements (with consequently very
thin vertical beams) would produce a model which
underestimates the shear stiffness. Accordingly, the
multi-layer approach leads to different results for
different numbers of vertical beam elements.

4.2 Stator Yoke with Teeth

In Table 3, the results for the stator with teeth are sum-
marized and compared to measurements and results
of the FE simulations. In this case, only the ABM with
the Timoshenko beam element is considered since, as

Data concerning the stator S1

Geometric data Material data

Stator length I 110mm Mass density 7400 %
Outer diameter D, 160mm Young’s modulus 190 GPa
Inner diameter D; 82mm Poisson’sratio 0.3

Number of slots V4 24

Tooth width w; 4,7mm
Tooth height A 22.5mm
Tooth tip width wy; 8.92mm

Picture of stator S1

Tooth tip height A 2mm

Calculated eigenfrequencies of the stator yoke
using the Euler beam element, Timoshenko beam element
and multi-layer approach compared to FE calculations

Eigenpairs r=2 r=3 r=4 r=0 r=5

forfe inHz 1952 5319 9721 11293 14890
fo,res inHz 1991 5623 10771 11241 17 407
fares in% +2.0 +0.13 +10.8 —-0.45 +16.9
fo,rs inHz 1953 5367 9924 11241 15396
fartsin% +0.05 +0.90 +2.09 —0.46 +3.40
fo,rm in Hz 1909 5128 9280 11295 14162
farmL in % -2.20 -3.59 —4.54 +0.02 —-4.88
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discussed in Sect. 4.1, this produces better results for
the modeling of the stator yoke’s thickness. The ABMs
are composed of 120 elements in the yoke and 5 ele-
ments per tooth. Two variants of the Timoshenko ap-
proach are compared: one including the effect of the
lever arm discussed in Sect. 3.3 (TS,LA) and another
one neglecting this effect (TS).

Furthermore, the results are compared to the FE
model and to results of an experimental modal anal-
ysis. The experimental modal analysis is performed
by means of an instrumented hammer and one ac-
celerometer installed in the back of the yoke. De-
tails concerning the test procedure and the results ob-
tained can be found in the related papers [10, 21].

The deviations fa,, shown in Table 3 are calculated
with respect to the measured values. An exception is
made for the eigenmode r =5, which could not be
identified in the measurements due to its high fre-
quency (see [10, 21]). In this case, the deviations
marked with an asterisk (*) are calculated with respect
to the FE model.

In general, it can be seen that the calculated eigen-
frequencies show a good agreement with the measure-
ments, with a maximum absolute deviation of 7.43%.
Nevertheless, the deviations are generally lower when
the lever arm effect discussed in Sect. 4.1 is taken into
account. This becomes more evident for the mode
r =4, where large deflections of the teeth are present,
as can be seen in Table 5. The absolute deviation de-
creases from 7.43% to 4.06% when the lever arm effect
is considered.

5 Vibration Behavior of Different Stator
Geometries

In this section, the ABM is used to calculate the vi-
bration behavior of four different stators. The stators
are shown in Table 4 together with their geometric
and material data. The outer diameter of the stators
ranges from D, = 160 mm to D, = 7m and the number
of teeth ranges from N; =24 to N; =480.

The stator S1 has already been introduced in Sect. 4
and is used in a high-speed electric machine for a trac-
tion application [22]. Stators S2, S3 and S4 are taken
from real applications. The stator S2 is derived from
a conventional electric machine for a traction appli-

Calculated eigenfrequencies of the stator using
the Timoshenko beam element and lever arm approach
compared to FE calculations and measurement results

Eigenpairs r=2 r=3 r=0 r=4 r=5
Jfo,r,meas in Hz 1639 4048 9571 10101 n.a.
fo,re InHz 1638 4061 9511 10081 13952
farre in % -0.06 +0.32 -0.63 -0.2 n.a.
fo,r,1s in Hz 1612 4185 9568 9351 13589
farts in% -1.65 3.38 -0.03 -7.43 -2.60*
fo,r1s1a in Hz 1568 3935 9568 9691 13621

-4.33 -2.79 -0.03 —4.06 -2.37"

Jarts1a in %

cation. The stator S3 is derived from a prototype hy-
drogenerator and the stator S4 from a real operational
hydrogenerator.

The vibration behavior of the four stators is cal-
culated using 2D FE models. The material data in
Table 4 is used for the simulations. The results of the
FE calculations are used as a reference for the results
calculated with the improved ABM using the Timo-
shenko beam element, including the lever arm effect
of the teeth relative to the yoke. The eigenmodes ¥,
the eigenfrequencies fp , and their deviations fa, are
given in Table 5.

5.1 Stator S1

The eigenfrequencies of the eigenmodes r =2, r =3,
r=0, r=4 and r =5 of stator S1 are shown in Table 5.
As discussed in Sect. 4, the deviations are lower than
5%. The eigenmodes calculated using the ABM show
a good accordance with the eigenmodes calculated
using the FE model. Beside the eigenmode r =0, the
deviations fx, between the ABM and the FE model
are negative, indicating that the ABM is tendentially
less stiff than the FE model in this case.

5.2 Stator S2

Due to the larger size of stator S2, its eigenfrequencies
are reduced in comparison to stator S1. According to
the conclusions of Jordan [1], the bending eigenmodes
r=2,r=3, r=4, r =5 of the stator are reduced more
sharply than the eigenmode r = 0 due to the increased
size of the machine. The deviations fx , between the
calculated eigenfrequencies of the ABM and the FE
models are lower than 2%, except for eigenmode r = 5.
For the eigenmode r =5, the deviation is around 6%.
The calculated eigenmodes show a good accordance.
For the stator S2, the deviations between the ABM and
the FE model are both negative or positive.

5.3 Stator S3

The eigenmodes and eigenfrequencies of stator S3
show a good accordance between the ABM and the
FE model. The deviations between the eigenfrequen-
cies fa, are lower than 3% (see Table 5). It is striking
that the deviations are all negative. In comparison to
stators S1 and S2, the eigenfrequencies are lower due
to the larger size of the stator.

5.4 Stator S4

The calculated eigenmodes and eigenfrequencies of
stator S4 confirm the results so far. The deviations
between the ABM and FE model f, , are lower than
1.5%. Accordingly, it can be concluded that the ABM
and the FE model show a very high accordance. As
with the stator S3, the deviations fa , are all negative
(see Table 5).
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Geometric and material data concerning the four stators

Stator S1 S2

Geometric data

Stator length [ 110mm 220mm
Outer diameter D, 160mm 230mm
Inner diameter D; 82mm 145mm
Number of slots V¢ 24 48
Tooth width Ay 4.7mm 5mm
Tooth height Ay 22.5mm 24mm
Slot opening width hy, 2mm 2mm
Tooth tip width /ey 8.92mm 7.49mm
Tooth tip height A, 2mm 1mm
Ratio - 0.103 0.08

Material data

Mass density p
Young's modulus E
Poisson’s ratio p

The comparison of the four stators’ vibration be-
havior using the ABM and the FE model proves that
the ABM is capable of correctly predicting the vibra-
tion behavior of electric machines with outer diame-
ters from D, = 160mm to D, = 7m. Despite the eigen-
frequency f;-5 of stator S2, the deviation fa , is lower
than 5%, indicating a good agreement between the
ABM and the respective FE model.

The deviations between the ABM and the FE model
are mainly negative. This indicates that the ABM tends
to be less stiff than the FE method. Furthermore, it
is noteworthy that the deviation f,, decreases with
increasing size of the machine. To analyze this, the

Zrma |fA r

mean deviation f, = =" jg calculated.

The ratio D—z between the yoke height and the outer
diameter decreases with increasing size as well (see
Table 4). Accordingly, the influence of the shear strain
in the stator yoke is higher for machines with a high
ratio of 5-. The shear strain is only approximated by
the Tlmoshenko beam element and is better described
by the FE models. Thus, the deviations between the
FEM and ABM decrease with increasing size of the
stators S1 to S4. These observations can also be made
when calculating the vibration behavior using the an-
alytical model of Jordan [1]. This analytical model
is not capable of correctly calculating the Vibration
behavior of small machines with a high ratio of 5-
For machines with a small ratio of g , the analytlcal
model leads to better results. Accordlngly, the correct

S3 S4
330mm 1300mm
1600mm 7000 mm
1292mm 6280 mm
108 480
25mm 26mm
77mm 180mm
12mm 15mm
0.048 0.026

7400 5

190 GPa

0.3

description of the stator yoke’s vibration behavior is
the major challenge in the calculation of the Vibration
behavior for machines with a high ratio of ;-. It can
be concluded that the approach presented, us1ng the
Timoshenko beam element model, is capable of calcu-
lating the vibration behavior of machines of different
sizes, taking into account the vibration behavior of the
stator yoke.

6 Conclusion

In this paper, the ABM originally presented in [18] is
examined and expanded further. Different modeling
approaches are investigated to enhance the calcula-
tion accuracy of the ABM and the model is applied to
machines of different sizes for validation.

One major challenge is the correct description of
the stator yoke’s thickness and its influence on the vi-
bration behavior. To consider this effect in the ABM,
two different approaches are compared in this work:
the use of the Timoshenko beam element and the
modeling of the stator using a multi-layer structure.
Furthermore, the model is enhanced by adding a fea-
ture which considers the lever arm effect of the stator
teeth with respect to the yoke’s intermediate surface.

When comparing the results of the ABM with FE
and measurement results, it can be concluded that
the use of the Timoshenko beam element is the best
means to consider the stator yoke’s thickness. The
modeling approach using a multi-layer structure does

298 The analytical beam element model: novel approach for fast calculation of vibrations in electric machines
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Eigenfrequencies of the ABM compared to the FE models

Eigenpairs S1
r=3 r=0 r=4 =B | I
QO Lo
forpeinHz 1638 4061 9511 10081 13952
@, pgu o B Ay
fo,raem inHz 1568 3935 9568 9691 13621
farin% —4.27 -3.10 +0.60 -3.87 —2.37 2.84
S3
r=2 r=3 r=4 Ta
= = Y -
Wrre ( \ { \ / >
- j - ‘3«.&‘
forpeinHz 661 1827 3419
P pam 7Y N N\
- /) s L
fornsw inHz  64.4 1784 3348
farin% —2.57 —2.35 —-2.08 1.75

not lead to convincing results, since the model ac-
curacy depends on the number of vertical beam ele-
ments used. Additionally, the feature which considers
the lever arm effect of the stator teeth increases the
calculation accuracy yet further.

In order to validate the method presented for a large
range of applications, the improved ABM, using the
Timoshenko beam element and considering the lever
arm effect, is used to calculate the vibration behavior
of four stator cores of different sizes. The results are
compared to FE results and show a high accordance.
The deviation of the eigenfrequencies is mostly less
than 5%. It is noteworthy that the deviation between
the ABM and FE even decreases with increasing size
of the machines. For the stator S4, the deviation of
the eigenfrequencies is even lower than 1.5%.

Overall, the measures presented in this work im-
prove the calculation quality of the ABM further and
enable it to calculate the vibration behavior of ma-
chines of different sizes.

The ABM can be used in combination with calcu-
lated electromagnetic forces to predict the machine’s
vibration during operation. Furthermore, the model
has the potential to be extended to include the wind-
ing and the stator’s frame or housing, and also to be
expanded in the axial direction, allowing it to consider
axial eigenmodes.
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fa
3718 5100 6259
+1.42 +6.07 -1.11 2.25
S4
r=2 r=3 r=4 r=>5 r=0 Ta
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\_/ NI o~
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