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1. INTRODUCTION

A \qowledge of the relatiorship between the vibration and noise of an electrical mechire is
critical to the calculatiom of its acoustic power [1]. However amelytical methods for predicting
the scoustic radistion are applicsble only to the idealised models having a regulsr shepe, eg.
sperical or cylirdrical, and cavot accont for the effect of end-shields or cater for all
topolagies of moter, eg. axjal-field or square frawe. Even finite length cylindrical motors
carot_ be solved aralytically unless they have infinite stiffening teffles at each end [2].

whilst the finite element method has been spplied extensively to amalyse the modes of acaustic
cavities, corparstively few papers hsve been published on its application to scoustic rediation
(3]. Furthemore, it is usually restricted to the radistor of mode order zero ar ore (extensive
or impulse type vibration). The main difficulty in the application of finite elements to acoustic
radiation is in dealing with the far-field bourdaries, which must be well represented otherwise
the acourary is very poor. This arises fram the fact that the sound pressure level is low at
the far-field boundary, whilst the acoustic pawer radiated by a vibrating structure, such as
an electrical mechire, should be indeperdent of the enclosing surface used for the calculation.
whilst sare authors wse the Finite element method in the near-field and an snalytical method
in the far-field, both being combired to solve for the radiated sourd pressure distribution [4],
others use the finite element in the near-field and the infinite element in the far-field [5][&].
Nevertheless, limitations still exist with the epplication of finite elerents to the aralysis
of high frequency and/or large acoustic redistion fields, such as emarmte from electrical machires.

The boudary elament method provides a basie solution which irherently accounts for the character—
isties of the far-field, and mekes it unecessary to deal with the far-field boundaries, ard
also reduces the field dimension by one. However, uvhilst thess two advantages should meke the
method ideal for solving acoustic radiation problems, at the matural frequercies (or character-
istic freqencies) of the related interior field the eqations ohtaired by the ordinary boundary
element lead to ill-corditioned equations or e ron-unigue solution.  Special baundary element
methods must then be used [7]{8].

In this paper, the finite element method is used to study the acoustic power radisted by an
axigymretric electricel machine. It is corbined with a Fourier series aralysis, the Fourier
series being used to represent the r-D variation of soud pressure, whilst finite elements are
used to interpolste and discretise the varistion in the r-z plane. The covbination of both
metrods allows the acoustic radiation of electrical mechires to be predicted with due accont
of the effect of end-shields, which would rot be possible with existing analytical methods.
Predictions of acoustic power are validated agrinst measurements on a 3¢hase induction motor.
The tednige is then applied to the spherieal model of acoustic radiation.
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Z. CALOULATION OF ADOUSTIC POWER USING FINITE ELEMENTS

It is well fooan that the roise which results From electramagnetically induced vibrations consists
ot only of an axisymmetric corporent (ciromferential mode order n = 0), but also high arder
harnics (n > (), whose sourd pressure varies with circumferential angular position, In elec-
trical machires the Iatter is the most inportent, because i) the vibration produced by a harmenic
airgep field usually hes a conparatively higher spatial mode order doe to the presence of slots
ad teeth, ii) the natural freqencies of the stator for a circumferential mode of order Zero
are ustally higer then those for higrer order mdes. However, reither plamar or axisymmetric
finite elements can solve the acosstic field if the sound pressure varies around the circunfererce.
To cater for this a 3-d representation is recessary. However a 3-d element aralysis would be
impractical because of the necessarily large mumber of elaments which would be required to model
the infinite free-field and the high vibration Frequency of electrical machires. The combination
of finite element and Fourier series amalyses on the other hand, as proposed in the paper, provides
a feasible approach to the calculation of the acoustic paver radiated by an electrical mechire,
since it is based on the:

- Finite element discretisation of an r-z plare of a machire, and
- Fourier series representation of the ciramferential variation of sound pressure radiated
by the machire, as irdicated in Fig 1.
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Fig 1 Illustration of Element

Tre main adventage of the techniqe is that the dimension of the Field is reduced by one, so
. that the 3-d field is calculated by a 2-d method.

for a haomonic axisymmetric field, the Helmoltz eqmtion and relevant boundery corditions
are: 2 2
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where, for simplicity, the term sin @ in the Fourier series has been reglected simce it has
ro effect on the calculation of scoustic power.
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where the surface 5, and its boundaries T and T are formed by the interseqtim between region Vv,
ad its boundaries @ and @ and the r—z 'plane * respectively; b= (1 + R); R is the radius
of the far-field bolndary,®g = 15 V_ is the vibrational velcCity of R Machire; pc is the
soud resistance; k = w/c; w is the ™\yibrational angular velocity; end c© is the speed of
sourd. i

It can be shoan that by letting k? = k? - ()2, the above eqmtions have the same form as those
for en axisymmetric formdation. In otFer words, the harmonic axisymmetric field has been
transformed into the ordinary axisymmetric field. lettingx S zady=r gives

nt dv = 2myds; and AR = Zmydr (4)
mherey:[ Niyi is the shape function, n' is the node nurber of an element. Herce the element
matrices I:Tare given by
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! e
ad the correspording assembled equations are:
1T+ n® (M2] - k7 (] + K (elife ) = [F} + jock {c) (6)
It will be roted that compared to an axisymetric formulation the equatiors have an extra temm,
n’[Ml, which results from the circunferential vibration mode order n.
The acoustic power radistion is caleulated from the vibration of the surfoce of the machine
and the sound pressure on the surface (9], viz:
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where £ - [‘l 'IiU

n H nE0

and N is the total mutvy of elamnts ot the mechire surface.

The refererce acoustic |ower and the relative sound intensity coefficient are also caloulated
according to the analyt i) metrod given in [9].

For triamgular elements with ghape function
1
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Mesruhile the acastic |wuer  radisted by a machine can be calculsted in the free-field just
as if it was being muwared in an aedpic charber.  To represent the fact thet there is o

other sound source in 1y, field, f ard {F} are set to zero in the previous equotions. The element
matrices and the formiliv, of acoustic poser radiated are then deduced and given by:
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where y =(1/3)()fl+y +y ), edS is the distance between rodes 2 and 3 of an element "e”
vhich afe assmed ' Lo ¥ 1je” en the ** surface of the machire.

If over 5 , the vibrativl velocity is assumed to be & constant V_, the acoustic power is:
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3. EXPERIMENTAL VERIFICATIONS

= (A - v_» (8 B p )
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the vibratioral velocity varies linearly from Une to Ure , the acoustic pawer is:
T 3

(12)

As mentioned earlier, the far-field boundary has an effect on the ralrulilion of the acoustic

POGET.

However, the investigation has shown that, in gereral, the far-field boudary for elec-

trical machires can be an enclosing spherival surface of 7.5 x the outer radius of the machire
and on which a zero-order spherical weve boundary cordition can be imposed in the finite elevent

calcdlation.

Table 1 Comarison between predicted and measured results

Lwssonz | “wi750Hz Lga LA
(calculated (direct
It’rmm LNSS\DHZ’ meastge-
W1750Hz ) men
Amplitude of acceleration
(m/s?) 1.70 7.76
Measured results ¥
{dB)
Calculated results
(da)
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Table 1 shows a comparison bebween the results calculated by finite elements and measurements on
a 3phase, 4-pole induction motor whose main parameters were: FL ratirg, 0.844, 1380 rpm; encased
. type stator, outside diamter/axial lemgth of the stator = 0.14m/0.174m; stator/roter slot
ruber = 24/22.  The vibrational acceleration was the average valle of measured results at
24 points uniformly distributed over the stator surface. The acoustic power was messured on
no-load in an arechoic chanber by measuring the sound pressure at B points over sn imeginary
hemispherical surface of radius 1 metre emclosing the machire., Vibration messurements on the
stator end erdshields has shown that the vibration of the end-shields is megligible -carpared
with that of the stator. Therefore in the finite element calculation the vibration of the
end-shields is set to zero, although there is no assumption of infinite cylindrical stiffening
baffles at the end-shields as is usually the case in analytical cylindrical models of acoustic
radiation. The machine exhibits two daminent corporents, of freguencies 550 Hz and 1750 Hz
- which were larger than other cowponents by more than 13dB.  Therefore, the vibration and
roise spectoum of this machire can be considered as consisting only of these two comporents,
which was confimed further by comparing the measired acaustic power with/without other components
included, Table 1, which showed a difference of < 1dB. By measuring the soud pressure distri-
bution and amalysing the electromagretic and the mechanicel noise spectras, as well ss by
identifying the camporents from the spectra before/after the power supply wes switched off,
it was shown that the 1750 Hz comporent is pure electramagretic noise, whilst the 550 Hz comporent
is composed of both electromsgnetic noise as well as mechanical moise from the ball bearings.
The made orders of the 550 Hz and 1750 Hz electromgretic comporents are two, end are produced
by the interaction of slot hammenics. The 550 Hz comwporent was domireted by roise produced
by the ball bearings and exhibited a relatively uwtable arplibude on a spectrum display of
a real-time sigal salyser. Therefore, the 1730 Hz comporent was calculated according to
the circumferential mode order two, whilst the 550 Hz was caloulated according to circunferential
mce order zero by asauming the probability of radial vibration along the circunference to
be constant. The caloulation used B-node isgparavetric elements ad 50 divisions along the
radius between the outer surface of the mechire and the far-field boundary - which was a spherical
surfece of redius 7.5 times the radius of the machirne. The caloulated relstive sound intemsity
coefficients were IS = 0.305 and 11750 = 0.819, and the corresponding caleulated acoustic
posers are shown in S'Pab}ize 1. Good agreamﬂzms achieved, especially for the 1750 Hz corporent.
The 550 Hz comporent results confirm that the assmption of ciramferentisl mode order zero
for the ball bearing roise was quite accepteble. It should be noted that the acoustic power
measurements were from the sound pressure, and thus do not consider the phase difference between
the sound pressure and the particle vibratiomal welocity. Therefore the messured results in
Table 1 are only refererce values. Further camparisons would require more acourate measurements,
of the soud intersity, for example.

4. INVESTIGATION OF SPHERICAL MODEL

The vibration of an electrical machire can be spproaded from that of a sphere [10}.  Therefore
the radiated sound waves can be approximated by spherical waves radiated by a vibrating sphere.
By expressing the vibratiaral velocity of the stator of the mechine as a Legerdre series

we) = Y P, (cos ©) Myl (13)

i
re=0
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vhere V is the vibratiomal velocity, V_ is its awplitude, n is the mode order, Pn is a Legendre
fuction, a is the outside radius. The relative sound intensity coefficients are cbtained,
by solving Helmholtz equation, as:

- 1 1 ‘

I ) L T = e (™) f1a)
vhere jn' and nn' are the differer\tlal of tha first and second spherical Bessel functions.
Trerefore if the vibrstion of a machire is known, the radiated acoustic poser can be calculated
from the relative soud intersity.

W= gl per® VT (15)
This method has the follawing features: (i) The model is suitable anly for amalysing the roise
of electrical machine having a length-to-diameter ratio spproaching unity, {ii) The vibration
produced by the machine must be expressed in the fom of Legendre series, (iii) The reference
for the relative sound intersity coefficient is not the acoustic pawer of a planar wave when
the vibration is expressed in the form of Fourier series, which is the umal cowention, but
the acoustic power calculated from the soud wave with its sound pressure and particle velocity
in phase ard expressed in the form of Legendre series.

Hawever, since the vibratios and herce the radisted moise are caused by electramagnetic forces
prodced by hamonic fields in the airgap it is much easier to employ Fourier series to describe
both the airgap field distribution and the radially excited vibrational forces, and herce the
vibration of the stator. Comparing the general fomms of Fourier (cos @) end Legendre (P (eos ©))
serlss, they are different except for n=0 and n=1. Therefore in order to predict noise it
is necessary to cowert the fourier series into the foom of a Legendre series, a difficult
and sometimes impossible task.

For the above reasos, may papers enploy the relative sound intensity coefficient directly
but wuse the vibration expressed in the fomm of Fourier series to calculate the radiated acoustic
pover .

W= ey ®Is, l SN

where S_ is the surface area of the machire. Elranad
i

Fig 2 : Relative sand intensity coefFicients of II !
gpherical model. i

Wen n 2 2 dashed line is the results obtained
in the paper (vibration expressed in Fourier
series), solid lire is Jorcen's results
{vibration expressed in Legerrdre series) when
n=0or 1, both are identical.
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caloulation method. In erder to mgxhgﬁt these the finite element was applied to the spherical
model of scoustic radiation, which is still widely used to amalyse the rmse of electrical
machires having & length-to-diameter ratio of 1.0.

Fig 2 corpares the caleulated relative sound intersity ccefficients of the spherical model
obtaired from finite element emalysis (I ) when the vibration of the machine is expressed
in the form of & Fourier series with JoRden's results (I ) [10]. It shows that when the mode
order is 0 or 1, the relative su.nd intensity cmfflCIE‘EB fran the two methods are identical,
whilst for higher mode orders L

b ." Herce the acoustic pawer from I < that calaulated
Fram 1, , if the same reference isLsBa

b

5. CONOLUSIONS

F
i
i
As a consequence errurs ere introduced becasse of the mismatching between the model and the J

A tecniqe has been presented which cobines Finite elament and Fourier series amalyses to
calculate the acoustic power radiated from an electrical machire, for which predictions are
validated against measurements on a 3-ph induction motar. The technigue is cepsble of account-
img for the effect of end-shields on the sound radiation, which would rot be possible with
existing amalytiral methods. The application of the finite element method to the spherical
mocel of acoustic radiation has shown that when Jordan's method is used to calculate the
radiated scoustic power, it is necessary to express the vibrations of the machire in the form
of a Legerdre series, otherwise large errors are introdied. The relstive sound intensity
ceefficients of the spherical model, in which the vibration of the machine is expressed in
the form of a Fourier series, have been obtained by finite element amalysis which mekes it
possible to use Fourier series aralysis througout.
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