World Electric Vehicle Journal Vol. 7 - ISSN 2032-6653 - ©2015 WEVA Page WEVJ7-0179

EVS28
KINTEX, Korea, May 3-6, 2015

Noise emissions on switched reluctance motors: evaluation
of different structural models

Cassio T. Faria®, Fabio Santos!, Fabien Chauvicourt!, Stefano Orlando*
'Siemens Industry Software N.V., Interleuvenlaan 68, B-3001, Leuven (Belgium), Corresponding e-mail:
cassio.faria@siemens.com

Abstract

The mass production of electric vehicles can pressure some specific natural resources that are needed for
the production of the motors utilized in such vehicles. In those lines an alternative to the use of rare-earth
magnets in the propulsion system is to substitute permanent-magnet synchronous machines (PMSM) by
switched reluctance motors (SRM). One of the main drawbacks of SRMs is the torque ripple and
consequently the noise and vibration that it can cause in the driveline. The further development of this
motor technology needs to properly understand and address the mechanical vibrations caused by the
magnetic forces in the stator. The goal of this paper is to investigate the effects of increased complexity of
structural modelling in capturing the physical phenomena that governs this system. By comparing the
modal parameters of structures modelled by 2D analytical techniques, finite elements (FE) with isotropic
material and FE with orthotropic properties, it is possible to discuss the limitations and applicability of each

technique.
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pressure introduced on such by pushing for a mass-
1 Introduction scale production could significantly impact the
final price of this new technology and also create
conflict over those resources [3].
A solution is to invest efforts in the development
of permanent-magnet (PM) free motors. In this line
of thought switched reluctance machines (SRM)
presents themselves as a great alternative as the
production of torque through reluctance eliminates
the need for PM [4]. Figure 1 illustrates the simple
mechanical construction of a SRM. At these
machines the complexity lies within the electrical
design as the current needs to be switched from
each phase with precise timing.

Green-house gases emission and consequently
global warming has been a driver for the
development of new wvehicle propulsion
technology, in particular hybrid and electrical
vehicles [1]. The current market-available
electric vehicles rely on the use of permanent-
magnet synchronous machines (PMSM) as they
have very good efficiency performances [2].

A consequence of betting on PMSM technology
for a global scale conversion of the automotive
fleet from combustion to electric powered
engines is the need of specialized raw material
for the manufacturing of permanent-magnets.
These commodities are known as rare-earth
materials (e.g. Samarium, Neodymium) and the
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2 Analytical structural model

Considering a ring of density p, Young’s modulus
E, second moment of area |, area of cross-section
A and radius of curvature R as illustrated in Figure
2 below.

Figure 1: SRM motor (on the left) with integrated
gearbox, courtesy of Punch Powertrain

One of the main issues associated with SRM is
the acoustic noise emission as the torque ripple
can very easily excite structural modes of the
motor and maximize the transfer of mechanical
energy to the surrounding air [5]. It becomes

crucial to appropriately include in the motor Figure 2: Circular ring vibrating in its plane (9and r
design process measures to reduce the acoustic directions)

emissions of the motor and improve its noise,

vibration and harshness (NVH) behaviour [6]. One can easily compose a free-body diagram and
One of the key aspects while modelling the establish the equilibrium equations.  After
mechanical ~structure of a SRM is to neglecting the rotational inertia of the differential
appropriately capture the dynamics of the main element (ordinary beam theory — Euler-Bernoulli)
structural component, i.e. stator core. Since this one can obtain [8]:

component is manufactured through the stacking Uy + AWy + Ugg ) — B(Ugy — Wyggp ) = 0 1

of steel laminas, in order to reduce iron losses in W + AW+ Uy ) — B (Uggp — Wagge ) = 0 @

the stator, several structural nonlinearities are where subscript t indicates a derivative with

mtroduced. to the system_(e..g. f“Ctlon. between respect to time and subscript € with respect to the
layers, residual stress/strain in the laminas, etc) angle. Also:

7].

E’ge goal of this paper is not to compose a -—
structural model that adequately captures all |
these nonlinear effects, but rather explore the b=2z

prediction capabilities of simpler models as they In Eq. (1) the upper equation represents the
can be very useful for the design and prediction circumferential equilibrium and the lower one the

o @

of overall trends of the motor. radial.

In section 2 the analytical model of the stator is For a free-floating circle/ring the boundary
explored, followed by a discussion on finite condition is the periodicity, which means:

element models (FEM) using LMS Virtual.Lab® u(@+27.t)=u(61t) 3

in section 3. Section 4 presents the description of w(o+27,t) = w(6,t) ®)

a simple 12/8 SRM stator with the calculations of Assuming the following form to the solution:
modal properties (natural frequencies and mode u(0,t) = uelo-e)

shapes) for the three modelling approaches:
analytical; FEM  with isotropic  element
properties; FEM with orthotropic properties. The
results are discussed and conclusions are drawn
in the last section.

w(0,t) = we(19-e4) )
where U and W are constants and n is an integer
values ranging from 0 to infinity.

One can obtain the following characteristic
equation which relates the natural frequency to the
wave number:

a)4—aa)2(A+,6‘n211+ n2)+ozzn2Aﬁ(1—n2)2 =0 (5)
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Each solution pair of Eqg. (5) can be plugged back
into Eq. (4) and consequently to Eq. (1) in order
to find the constant values U and W that will
form the mode shapes.

At this point it should be obvious that this
formulation does not capture the true form of a
motor stator, which is a circle with indentations,
making the physical properties used in the model
6 dependent, as illustrated by figure 3.

-

Figure 3: Detail of a stator structure section

The solution implemented here is to modify the
ring properties by considering that the structure
is a series of identic structures connected to its
neighbour. By implementing a homogenization
method of angle averaging one can define the
new physical properties to be input into Eq. (5):
P = M (6)
8
where in this case P represents any of the
properties input in Eq. (5), i.e. R, A, p.
The subscript a and b represent the regions where
those properties are homogeneous inside each
symmetric section of the stator, as illustrated by
figure 3.
It is important to note that only the second
moment of area (I) is not homogenized as this
would cause an unrealistic increase in structural
stiffness due to the cubic term used in its
calculation.

3 FEM in LMS Virtual.Lab®

Finite element models are in its essence a formal
procedure to spatially discretize a structural
domain and to attribute to each local unit/element
a type of solution that is proportional to a few
neighbouring points, referred to as nodes. A
global solution is obtained by determining or
characterizing the behaviour of this finite number
of points.

In practical terms the procedure can be simplified
to the following steps:
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1. Geometry definition;

2. Nodes and elements definition (meshing);

3. Choose types and properties for the

elements;

4. Assembly of the global problem matrix

5. Solution of a linear system
LMS Virtual.Lab® is a software tool developed by
Siemens Industry Software that is not only capable
of handling the full process of a FEM simulation
but goes beyond by offering a complete set of
solutions for 3D simulations [9].
Inside the LMS Virtual.Lab® environment the first
step of the FEM process can be accomplished by
either sketching the desired geometry or by
importing the CAD drawing. Several tools are also
available to automatically create and edit the mesh,
libraries of commonly used materials and several
types of elements are available to be chosen from.
In other words, the software takes care of the FEM
process with a user-friendly interface.
Of particular interest for the analysis carried in this
paper is the definition of two different element
types: the isotropic and orthotropic 3D material

properties.  The  stress-strain  relationship
considered is linear and is written as:

11 O11

€22 022

“s3 =Sexs s (7)

72 023

731 O31

712 012

where S is the compliance matrix, particularly
defined for each type of material, & is the
engineering strain, yis the engineering shear strain,
o the stress and the subscripts indicate material
lattice directions.

For isotropic material the compliance matrix takes
the following form [10]:

-V -V

R A 0 0

E E

v i v 0 0 0

E E E

__EV = % 0 0 0 (8)
siSO:

0 0 o o A

0 0 o 0 0 @

where v is the Poisson’s ratio.
The symmetry of the compliance matrix is clearly
stated (the matrix is identical to its transpose) and
such property reflect the isotropic characteristic of
the material.

Meanwhile, the relationship between stress and
strain for an orthotropic material is somehow
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different. The symmetry property does not hold 4.1 Analytical results

a?d for the particular case Ilt' 1S consffgr(_ed a Figure 4 below illustrates the final motor topology
]E’ ar:ja}r sy_mmeltry ésgme compliance coefticients and also describes the most significant dimensions
or directions 1 and 2): of the motor. It is important to mention that the

1l v -v 0 0 0 coil diameter is the ring diameter at the root of the
E, E E; tooth and it is the dimension used for the
-v 1 -v 0 0 0 homogenization process.
El El E3
v v 1 v 9 o ©) Outside diam. 223 mm
S — E, E, E,
e 0 0 0 1 0 0 Coil diam. 170 mm
GZS
0 0 0 0 1 0 Inner diam. 123 mm
GSl
1
6o 0 0 0 0 — Tooth width 14.8 mm
L 12 |
where G is the shear modulus. Figure 4: Stator geometry description
4 Structural model and results At this stage, equation (5) can be used to calculate
The 12/8 SRM motor utilized in this study was the natural frequencies of the structure, more
designed by the software JMAG® based on the specifically, for each wave number one should
specifications described by [11]. The constraints have 4 roots of that particular polynomial equation.
given to the software are presented in table 1 and Because the equation has no odd coefficients it is
the resulting stator geometry designed by the also expected that only two of those roots are
software is exported to LMS Virtual.Lab®. unique, with the other two being its conjugated.
Physically this means that each mode-shape that
Table 1: Values used in the design of a 12/8 SRM occurs at a particular frequency have a twin pair
motor in IMAG® that occur 90 degrees apart.
Peak power 30 kw The mode shapes and natural frequencies of the
Peak torque 200 N/m stator under investigation using the analytical
Speed range 0-10000 rpm approach are given by figure 5. It is important to
Voltage supply 307V mention that the rigid body modes (w=0), that
Maxl\jztelreiliweter g?g ::m occur for wave number zero and one, are not
X leng m ;
Number of slots/poles 12/8 depicted.

Now that the geometry of the stator is known, it
can be used to evaluate the different structural
models described by this paper. At all study
cases, steel is taken as the constituent material,
which implies in the following parameters:
Young’s modulus - 2ell N/m2; Poison’s ratio —
0.266; and density of 7860 kg/m3.

For the orthotropic case, the Young’s modulus
for the longitudinal (3) direction is reduced by
10% to emulate the stiffness reduction due to the (@) 2— 1635 Hz (b) 3-4617 Hz
stacking of the different lamina. Also, the shear

modulus for directions 23 and 31 are chosen to

be 20% of the steel Young’s modulus, while for

the direction 12 it is 40%. The big discrepancy is

to emulate the friction (slipping/relative motion)

between laminas. The other properties are kept

the same.
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(c) 0 — 8609 Hz (d) 4 — 8842 Hz

(e) 1 - 12206 Hz
Figure 5: Mode shapes for analytical
formulation; the first number on the individual
caption is the wave number (n) and the second is
the natural frequency converted to Hz

(f) 5 — 14287 Hz

It is common to see reference in literature to
names for the modes with particular wave
numbers, for example, figure 5(a) is called the
ovalization mode, while 5(c) is called breathing
mode. Other names are also common, such as:
triangular mode 5(b), square mode 5(d) and so on.

4.2 FEM isotropic results

The transfer of the geometry produced by the
motor design process within JMAG® to the LMS
Virtual.Lab is a fairly simple process that
accelerates the modal evaluation of the SRM
motor.

Starting from the geometry a mesh is created to
represent the structure. This cloud of points
(nodes) is interconnected by defining a relation
for the volume delimited by a small subgroup of
nodes, called element. For this problem a
PENTAG element was selected, which implies
that the volumes are triangular prism with five
faces and defined by six nodes.

The resulting mode shapes of the analysis carried
out considering solid 3D isotropic material
properties to the stator are presented by Figure 6.
The resulting natural frequencies are also given
in the caption of each individual mode shape.
The search for mode shapes within LMS
Virtual.Lab was limited to 5000 Hz.
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(a) - 1566Hz (b) — 1875Hz
(c) - 3991Hz (d) — 4381Hz

(e) — 4964Hz
Figure 6: Mode shapes for isotropic FEM analysis
(symmetric modes omitted)

When compared to the analytical solution it is
clear that modes that contain an axial component
are present, i.e. 6(b) and 6(d). This out of plane
motion is not captured by the planar formulation
considered in this paper. The same rationale
applies to the axial bending mode, figure 6(e).

4.3 FEM orthotropic results

By repeating the FE model creation process
described in the previous subsection but making
the use of 3D orthotropic material properties, one
can obtain the modal parameters of the model. To
capture the dynamic effects of the laminated stator
the materials properties are adjusted in particular
directions of the stator.

The Young’s modulus in the axial direction is
reduced to capture the imperfect stacking of the
laminas. Meanwhile, the shear modulus is also
reduced in the 23 and 31 directions to emulate the
slipping (friction) between layers. The results of
such simulation are presented in figure 7. The
search for mode shapes within LMS Virtual.Lab is
limited to 5000 Hz.
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(a) — 1563Hz (b) — 1705Hz
(c) - 3712Hz (d) — 3838Hz
(e) — 3981Hz (f) — 4158Hz

(g) — 4725Hz
Figure 7: Mode shapes for orthotropic FEM
analysis (symmetric modes omitted)

The fact that the properties are the same in the
planar direction compared to the isotropic case,
results in the planar mode shapes and natural
frequencies (Figure 7a and 7e) to match the ones
found using isotropic properties (6a and 6c).
However the reduction of stiffness in the axial
direction anticipates the occurrence of axially
asymmetric modes (figures 7b and 7f) when
compared the simulation using isotropic material
properties (figure 6b and 6d).

The appearance of a torsional mode, figure 7d, is
due to the lower shear modulus in the 23 and 31
directions. This mode is not present within the
investigated frequency range for the isotropic
simulations.
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5 Discussion and conclusion

The analytical modelling approach presented on
section 2 is a fast and powerful approach to predict
modal parameters of a stator structure. Moreover,
it provides important physical insight into the
dynamic problem at hand.

The polynomial form of equation (5) implies in the
existence of four natural frequency values for each
wave number. The fact that such equation has no
odd coefficients also means that only two of those
frequencies are unique. The non-unigque
eigenvalues will produce the symmetric mode
shapes, i.e. eigenvector shifted 90 degrees.

The wave number results in the number of
dents/notches that can be seen on the mode shapes
as can be seen on figure (5). It is important to
mention that n values of zero and one also produce
rigid body modes, i.e. zero natural frequency.

The homogenization technique proposed for the
properties input in the model does not fully capture
the changes induced by the presence of the teeth in
the structure but is a first simple step to take it into
account. By comparing the prediction of the
natural frequency for the ovalization mode, for
example, the analytical model (figure 5a) has a
higher value when compared to the FEM models
(figures 6a and 7a). This fact indicates that either
the structural stiffness is overestimated in the
analytical model or the mass of the teeth are not
properly accounted for.

On the other end of the simulation spectrum the
finite element solution is a much more expensive
and time consuming prediction tool. However, the
results are more representative of the physical
system as much of its geometric characteristics are
captured by the process. When considering
isotropic material properties for the stator structure
not only the in-plane mode shapes are found but
also the deformations along axial direction, such as
the ones displayed in figures (6b), (6d) and (6e).
When comparing both FEM solutions, using
isotropic and orthotropic material properties, it is
possible to see the effect of particular coefficients.
For instance, a reduction in the axial Young’s
modulus anticipates the occurrence of axially
asymmetric modes, such as (7b) and (7f) when
compared to (6b) and (6d). The reduced shear
modulus on the 12 direction (planar) also has a
very characteristic effect of anticipating the pure
torsional mode (figure 7d).

These characteristic effects of the material
property in one particular direction can be the basis
of an efficient model updating technique to allow
the FEM simulations using orthotropic properties
to match the experimental results. By observing
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the experimental mode shapes (or deflection
shapes) one can tune the model parameters to
position these modes relative to one another.

In summary, this paper presented and compared
three different modelling techniques with
increased complexity, i.e. analytical, FEM with
isotropic material and FEM with orthotropic.
These approaches were used to provide physical
insight in to the problem at hand and also can
allow for increased prediction capabilities of the
model.
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