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Abstract—The excited audible noise of a switched reluctance winding
machine (SRM) is a well known problem. Therefore, the acoustic
optimization of SRMs is of high interest. A useful tool for the feisitestt
prediction of the acoustic behavior is the numerical simulation. stator tooth
In this paper the entire simulation path starting with the
electromagnetic and structure-dynamic calculation up to the
point of the acoustic simulation is introduced. Furthermore,
simulation results of different optimization methods for an SRM
are presented and discussed.

Index Terms— FEM, BEM, Coupled Simulation, Acoustics, Au-
dible Noise, Electrical Machines, SRM, Electromagnetic Energy
Converters.

Fig. 1. Lamination of the studied SRM.
I. INTRODUCTION

A COUSTIC noise radiated from an SRM consists of thrégaterials vary in Young’s modulus. An advantage of aluminum
parts: is its lower weight. The cast iron SRM may radiate less noise
» The broad band fan and ventilation noise (500 - somkan the aluminum SRM due to the higher density [1]. This
kHz) results from air turbulences generated by the rotgietential benefit of the cast iron housing is analyzed in this

ing motor. paper.

« Friction of the bearings of the SRM is a further sound Another possibility to influence the audible noise of the
source, which generates single tones in the range lar@RM is the variation of the supplying current waveform. SRMs
than 3 kHz. are able to reach a similar working point (i.e. nearly the

» Housing vibrations excited by the electromagnetic fieldame average torque at the same speed) by using different
of the SRM generate the magnetic noise, which consistarrent intensities and different waveforms. The impact of four

of single tones in the entire range of audibility. unequal currents on the audible noise of the SRM is discussed
The presented calculation method discusses the noise raiithis paper.
ation generated by electromagnetic forces. A numerical simulation of electrical machines is a coupled

In recent years switched reluctance machines have of@fulation that consists of three parts [2]:
been proposed as drives for cost-efficient applications. Thisl) The electromagnetic field computation to determine the
can be based on the economical construction of the SRM and electromagnetic forces acting on the stator,
the price decline of power electronics. A disadvantage, which?2) the structure-dynamic simulation to calculate the result-
prevents the wide spread of the SRM, is its acoustic noise. ing mechanical deformation (vibrations) of the SRM and
Numerical simulations are one possibility to predetermine 3) the acoustic simulation to estimate the radiated noise.
the acoustic behaviour of an SRM. Different variations of
the machine design can be reviewed and compared before
the expensive prototyping step. As an example, two differe
versions of an SRM are analyzed in this paper.

Switched reluctance machines consist of several mechani
and electrical parts. Fig. 1 shows the cross section of the act
part of the presented SRMs.

The studied SRM versions differ in housing material an
housing design (Fig. 2). Aluminum is the housing materi:
of the first SRM studied. It is characterized by a low densil
compared to gray cast iron, which is the basic material of the
second SRM housing studied. Furthermore, the two housifig- 2. SRM with aluminum (left) and cast iron (right) housing.
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For this simulation chain a number of software progran®'s='°m2gnetic flux dznsity [Tl
have to be coupled. The main steps of this computation ¢
described in the following chapters.
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Il. PRELIMINARY CALCULATIONS
A. Electromagnetic Field Computation
The first step of the numerical simulation is the calc
lation of the electromagnetic field in the SRM. For thi

the Finite-Element Method (FEM) is applied. The simulatio
is performed with a 2-dimensional model of the machine—
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1.50E-01

1.25E-01

1.00E-01

which contains the electromagnetic active parts of the mot__
Excitation parameters are the phase currents in the ste
windings. Electromagnetic FEM computation is performed f¢
steady-state operation.
The simulation of the motor is quasi-stationary for a define__

7.50E-02

5.00E-02

2.50E-02

0.00E+00

number of angular increments. In every simulation step tlic
rotor turns in dependance of speedand time-step width\t  rig 4,
around an angle aha. According to the rotor position, a new
value for the current is assigned to the model. As a result
the time-discrete simulation the magnetic vector potential
is obtained.

Fig. 3 shows the vector potential distribution for one sing|
time-step. Dark areas display a high and light-colored are
display a low value forA. The flux density distribution is
computed by applying

B =curl A.

Magnetic flux density in the SRM for one single time step.
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The flux density distribution, presented in Fig. 4, shows th_.
the highest values oB are found in the tooth tips of statorFig_ 5.
and rotor. From this flux density distribution other quantities
can be derived. One is the torqU& another is the surface-

force densitys. o, which is required as excitation for the gjmylation of the electromagnetic surface-force density is
structure-dynamic model, is calculated for each time step usiggg possible with a 3-dimensional simulation model. A benefit
the Maxwell stress tensor method. Fig. 5 presents the resultigyg, 3-dimensional FE-model is the possibility of considering
force excitation in a 2-dimensional model of the SRM. In thgeometry effects such as skewing. Nevertheless, 2-dimensional
figure can be seen, that both the radial and the tangential forgesdels are much smaller, so the computation time is not
are considered. as long as for 3-dimensional models. A further advantage
of 2-dimensional models is the higher accuracy due to the
smaller FE-elements and the resulting higher discretization of
the machine. Therefore, a 2-dimensional FE-model is applied
in this paper.

Force density distribution in the SRM for one single time step.

veetor potential [Va/m]
1.00E-03
8 .00DE-D4

6.00E-04
B. Mechanical Deformation

The simulation of the mechanical deformation of the SRM
also demands a numerical calculation. An analytical solution
of the problem is not possible since number and complexity
of the machine components are too high. Therefore, the FE-
method is used. Numerous previous projects have proven the
FE-method to be suitable for this application [3].

This simulation requires another model of the SRM. The
mechanical model differs from the electromagnetic model
since it has to consider all mechanical components of the
machine. Housing, bearings, end shields, and further parts
of the SRM have to be implemented to the model. The
surrounding air is not included, since its damping influence
on the expected small deformations is negligible. Fig. 6 shows
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g. 3. Magnetic vector potential in the SRM for one single time step.
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Fig. 6. Exploded view of the structure-dynamic model.

defermation [m]

the mechanical model of the SRM. All mechanical contructic ’(“\
parts of the machine are included. The rotor of the SRM g ***"
modeled as a cylinder. Earlier structure-dynamic simulatiofl seoe.07 / .

of electrical machines (e.g. [3]) show, that the influence 2 90E.07 \'
the rotor on the housing deformation is marginal. Therefore

detailed and complex replication of the rotor is not necessa® ****
Aim of the structure dynamic calculation is the determinati 2.40E-07
of the surface area velocity, which is the excitation valuly , 407
for the acoustic simulation. The deformation of the SRM
represented by the displacement of single nodes of the
model. The correlation between strajrand tensior is given — 120607

by ___ 8.00E-08
c=H- m, (2)

"8

— 180E-07

___ 4.00E-08
where H is Hooke’s matrix. The entries of the matrix are
defined by Young’s modulug’ and Poisson’s ratig: of the
corresponding material. If the used materials are isotropic aag. 7. Deformation of the stator gt = 3200 Hz.
homogenous, the Hooke’s matriX has the following form:

0.00E+D0

1 a a 0 0 O
a 1 a 0 0 0 follows
E-(1— a a 1 0 0 O ; 2 . —
H— (17#5.(15)2#) 1o 0000l ©) (K + jwC —w”M)-D = F. @)

00 00%bO0 F is the complex surface-force density, which is determined by

00000 the electromagnetic simulation for all demanded frequencies.
with Fig. 7 shows the deformed stator of the SRMfat 3200 Hz

a=-"" and b= 1-2p . (4) asa result of the mechanical simulation.
L—p 2(1—p) The node displacemenbd is used as input value of the

After dicretization of these equations [4] the oscillation equ&coustic simulation. In special cases it could be an advantage
tion results: to evaluate the periodic deformation of an electrical machine

. . instead of the acoustic behaviour. In such cases the body-sound
K-D+C-D+M-D=F level can be determined at fixed locations. The body-sound

Here, K is the global stiffness matrix) the vector of the node level is an admeasurement for the vibrations of a local point
displacements;’ the damping matrix)/ the generalized massOf the analyze_d machim_e. Alternatively, the_ body-sound i_ndex
matrix andF the excitation force. For the deployed harmoniéa@n be established, which represents an integral quantity for

analysis, with the entire machine. Using these two values, it is possible to
D dD . D ©) compare the deformation behaviour of different excitations.
= — = JW . s . .
a 7 A more detailed description of the structure-dynamic sim-

ulation can be found in [4].
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sound pressure [dB]

I1l. ACOUSTIC SIMULATION \

1.10E+02
As excitation for the acoustic simulation the mechanical d

formation of the machine is converted to the velogitgf each
surface node of the mechanical model. In principle, calculati
of acoustic fields is also possible with the FEM. Howeve
for calculation of air-borne noise this method is unfavourabgs °-80€+01
since the entire calculation area has to be discretized. 9.50E+01
alternative is offered by the Boundary-Element Method (BENMV_ s.20e+01

[5]. The BEM is based on integral equations of the probler__ ggoe+o1 .

1.07E+02
1.04E+02

1.01E+02

These integral equations apply to the boundary layer of t
calculation area. Precondition for using the BEM is a line:
and homogeneous medium. This requirement is fulfilled t
air.

After using a 2-dimensional FE-model for the simulation ofig. 8. Sound pressure distribution on the analysis sphefe=ati400 Hz.
the electromagnetic force excitation and using a 3-dimensional
FE-model for the calculation of the structure-dynamic beound particie velocity [mis]
haviour, the acoustic simulation employing the BEM require s.a7e-03
a third machine model. This model only consists of thill sg.c.05
outer surface mesh of the device, which represents the n
radiating area of the motor. The mechanical velodityis
transferred to this acoustic mesh. The main equation in
acoustic problem is the Helmholtz differential equation

8.60E+01

—__ 8.30E+01

—_ 8.00E+01

5.18E-03

4 53E-03

3.89E-03

3.24E-03

Ap + k> p=0 ®) I 2e0e0s
with the sound pressurg and wave numbek = #. Here, — "956:03
w is the angular frequency and the sound velocity. For — t13ie-03 % )3 *'f + o .:‘;.:::j.__
solving this differential equation, two conditions must bi  sese.0s %ﬁsf’g . .

fulfilled. First, the surface of the sound radiating body has = ,7c.05

be smooth. Second, the normal vector of the surface area must

point outwards. For the numerical solving of the problem, thég. 9. Sound particle velocity field on the analysis spher¢ at4400 Hz.
method of the weighted residual

/(AB + k% p)utdy =0 (9) simulated point of operation. These graphical representations
. e ) ~ allow qualitative statements for comparing different machine
with a weighting function.” is used. After further calculations constructions. However, for the quantification of design mod-

[6] the following equation system results: ifications an integral value is more interesting.
H-p=G-. (10) For this, the acoustic power is determined:

H and G are system matrices and the velocity vectds p— ?{ 7. dor (11)

the excitation value. The sound pressprés determined by or '

numerical evaluation of (10). After simulation no result is

available for the surrounding air, since there is no discretiza" enveloping surfacel” is allocated arround an air volume

tion. Therefore, the acoustic attributes are evaluated on prege-\"’h'Ch yields thg n0|s§ £§1d|'at|ng body. The normal compo-
t of the sound intensity is integrated over the enveloping

termined points or surfaces. On the one hand the distributiBf" : NS _
of sound pressure can be analyzed graphically. This is usedtface. Sound intensity is defined as follows:
identify the location of maximum noise radiation. .1
Fig. 8 represents the sound pressure on a hemispherical I= 536*@@*}- (12)
evaluation area around the acoustic SRM model for a discrete
frequency off = 4400 Hz. A dark area in the figure means aSound particle velocity’ and sound pressuggare the simu-
higher pressure on that position on the evaluation surface. lated values. The acoustic powBrdescribes the power output
On the other hand the sound particle velocity vector (Fi@f the sound source. All emitted energy passes through an
9) can be used to evaluate the direction of the radiated noiggveloping surface around the machine. Here, the bottom of
Here, the same hemispherical area is used as for the evaluatigh hemispherical surface is reverberant, so all the noise is
of the sound pressure. Each vector in the figure represeridiated through the evaluation area.
the sound particle velocity on the respective area element. InThe level quantityLp is introduced since the value of
both figures (8 and 9) can be seen, that the main part of tie acoustic power alternates over multiple decadgs.is
noise radiation is in axial direction fof = 4400 Hz at the a logarithmic value of the acoustic power, recalculated from
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unit W to unit dB:

Lp=10- Iong. (13)
Py

P, is a reference variable for the acoustic power and amoul
to Py = 10~'2 W. The acoustic power levdlp is an adequate
guantitative value for the analysis of the effectiveness %
design modifications for the acoustic optimization since it i§_
an explicit value for the comparison of different optimizatiorg
methods.

AcoLH

IV. RESULTS

The presented simulation is performed for different vari
tions of the SRM. As described in the preceding sections, t
aim of these variations is the analysis of a possible acous 4
improvement without prototyping.

i i i i
3000 4000 6000 7000

frequency [Hz]

Fig. 11.
3000 rpm.

Acoustic power of the SRM with an aluminum housingrat
A. Waveform Optimization

The idea in this study to lower the excited audible noise

of an SRM is a modification of the current waveform. Fig. Fig. 11 shows the acoustic power leviep of the SRM at

10 represents four different 3-phase currents, which diffgr — 3000 rpm in a frequency range from OHz to 7000 Hz.
in maximum value, operating interval, and switching angleshe figure presents the simulation results of the four different
Current 1 describes a standard waveform for SRMs. The Othﬁfrrents shown in F|g 10. When Comparing the four currents,
waveforms show modified currents, which are generated \Wide differences in the acoustic behaviour can be seen. For
consideration of different optimization strategies [7]. The aiome discrete frequencies the deviation of the values is clear-
of all procedures is the reduction of the radial forces for adiut, At f = 1200 Hz, f = 4000 Hz, and f = 4400 Hz current
critical frequencies, which are the main reason of the housiagradiates the lowest acoustic power by far. Other discrete
vibrations. To compare the noise produced by different curreféquencies show less or no major differencés= 6000 Hz
waveforms the point of operation of the machine should be tRea resonant frequency in the bearing brackets, which declares
same, i.e. the average torque and the speed of the SRM h@iehigh acoustic power values at this frequency. Nevertheless,
to be the same for all waveforms studied. As working poildy imposing different waveforms of the supplying currents it

for the simulation presented in this paper an average torggepossible to influence the acoustic behaviour of SRMs.
of T'= 3.1Nm is used. The rotational speed of the SRM is

n = 3000rpm. All current waveforms presented in Fig. 105 Alternative Housing Materials

satisfy these preconditions. ) o
Another strategy for the acoustic optimization of the SRM

currert 1 current 2 is the use of different housing materials. Substances with a

current [A]

current [A]

current [A]

__________________________________

different density and a different Young’s modulus tend to
different deformations [1], [8]. Thus, the radiation of audible
noise is also influenced. In this paper an SRM with an
aluminum housing is compared to an SRM with a housing
made of gray cast iron. The material densities of cast jiron
and aluminump, have the following values:

1E:IJ 0 m f 0 0 e = 7200 k7g (14)
el angle [] el angle [7] Pe Hl2
v currert 3 " current 4 and kg
F1o] R VSRS RN A VS SR B Pa = 2700 - (15)
m

,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

current [A]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

So, the density of cast iron is much higher than the density of
aluminum. The values of the Young’s moduli of both materials
E. and E, amount to

4
. : , ‘ . . , ] E.=95-10 . (16)
1m 20 ann m 0 ann mim
el angle [*] el. angle [*] and N
Fig. 10. Four different current waveforms used for the analysis of the SRM. E,=172-10" m—E (17)
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Fig. 12.  Acoustic power of the SRM with a gray cast iron housing

1 = 3000 rpm. afr—'lg. 13. Cumulative acoustic power of the SRM.

},pé the entire simulation are described in this paper. With
aluminum value. Fig. 11 shows the acoustic power of the SRqﬁspect to its acoustic behaviour every type of electromagnetic

with an aluminum housing, Fig. 12 presents the acoustic pom?é}etrgg c.onvlertter can be z;\]nalyéedthand evaltjr? ted by the pret-
of the SRM with a cast iron housing for the same Workingnen ﬁ_ rsllmutfa |_0nt§1pproa:: et's.l urthermore, s_glaper presefn S
point in the same frequency range. e high optimization potential concerning audible noise o

The acoustic power for discrete frequencies in the firg?e. apalyzed applicgtion. The influence of cgrrent waveform
diagram is distinct from the acoustic power shown in th ariations on the radiated sound of the SRM is demonstrated.

second one. The average level of the power for all fo further section of this paper presents the simulation results

currents is abouk p = 70 dB for the aluminum housing at the or the use of different housing materials. In a synopsis
frequency off — 3200 Hz, for example. An SRM with cast the optimum combination of both optimization methods is

iron housing only radiates noise with an acoustic power Iev%?tab“Shed' By regarding these computation results, necessary

of about Lp = 65dB. For other frequencies (for eXampleadjustments for lowering the motor noise can be done before

at f = 4400 Hz) the differences are reversed and the Cag{ototypmg.
iron housing radiates more audible noise. Therefore, the results
require a further evaluation to identify the best SRM variation.

[1] T.J. E. Miller, Switched Reluctance Motors and Their ContrdDxford:
Magna Physics Publishing and Clarendon Press, 1993.
(2]

Here, the value of the cast iron is also higher than t
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