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Tests on the Vibro-A coustic Behaviour

of a Brushless DC-Motor

W. Heylen, W. Desmet, R. Belmans

Abstract
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! the vibro-acousiic behaviour bec
an electrical machine, elec rmmawzerl( ally induced forces may cause vibrations of. for instance, the .

Omes an ll?l[)())f(ll]f criterion. In

siator.

These vibrations may radiate annoving acoustic energy, especially at resonances of the ctator assembly. This
paper describes sonme techniques to analyse the vibro-acoustic behaviour of a (brushless DC-) motor. Ho-
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wever, the technique is quite general and can be used for all types of electrical machines.
quency-response-function” technique (IF'RF) allows the identification of the actual vibration behaviour o

The “inverse-fre-
,

aj fthe

motor frame from the measurement of the acoustic field around the motor. Experimental modal analysis vields
the resonant behaviour of the molor. Ac ()mbmalmn of both tec /ml(]ues indicates the critical resonances, cai-

sing the undesived acoustic

1 Introduction

The importance of the vibro-acoustic behaviour of
rotating electrical machines in particular is steadily
growing. The acoustic energy radiated by an electrical

motor has become a key

ot e

akey item in the desiegn towards more

nemint LuL)lgl
comfortable maghmery Customer demands regarding
acoustic emission are getting more and more pro-
nounced as electrical motors are entprmg applmatlons in
silent
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surroundings such as air-conditioning,

equipment and elevators. The mechanical vibrations of
an electrical motor may not only cause fatigue and
breakdown of the machine, but they may also have a sig-

RaTa ice Thic
stic notse. This

nificant contribution to the radiated acou
paper focuses on the relation between the motor frame
vibrations and the acoustic emission.

The vibro-acoustic behaviour of a motor strongly
depends on the frequency content of the electromag-
netically induced forces. In this respect, the frequency
content of a brushless DC-motor exhibits some charac-
teristic features. First of all, the permanent-magnet ex-
citation, and especially the rectangular or trapezoidal
flux density distribution in the air-gap of a brushless DC-
motor generated by the permanent magnets, is causing
additional force components not found in, for instance,
induction motors. The rectangular current shape, im-
pressed to the motor by the inverter to control the speed
and to position the motor when used in servo drives, is a
second cause of additional force components.

Asahighacoustic noise level can be expected when
a force component frequency matches a resonance fre-
quency of the stator, the knowledge of these dynamic
quantities is essential. A correct analysis of the force
components is difficult and involves advanced electro-
magnetic field calculation techniques, based on the fi-
nite element method [1 3], to take into account the
non-linear behaviour of the iron. Due to the composite
nature of the stator assembly (the windings are linked
to the stator iron by the electrical insulation material,

o an improved, quieter design of the electrical motor.

while the stator laminations are pressed in the stator

{rame), an experimental rather than a theoretical ap-
proach is preferred since the maerial parameters are

difficult to assess.
In order to show the present possibilities found in
mechanical engineering, this paper compares some ex-
perimental techniques for describing the vibro-acoustic
bchav10u1 of elecmcal motors. Acoustic techniques
such as “necar-ficld acoustic holo: 2raphy”™ [4] and “m—
frequency-response-functicn (IFRF) methods™
[5] allow identifying acoustic
pressure measurements, Exp*

[6] determines the resonanc

VErse

from near-field

edli-dad

rimental modal analysis

‘equencie% and corre-
deformation patterns from input (force) and
output (structural displacement. velocity or accelera-
tion) measurements. The reported tests concentrate on
the acoustic emission caused by the motor frame vibra-
tions only. The acoustic emission caused by other elec-
tromagnetic phenomena as e. g. the acoustic noisc of the
inverter, generated by magnetostriction of ferromag-
netic parts, is disregarded. Due to the relatively low {lux
density levels used in rotating machines when com-
pared to e. g. coils and transformers, magnetostriction
is usually negligible in such devices.

sources
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2 Experimental Set-Up

The tests have been performed on an brushless DC-
motor (7, =32 Nm, /, =59 A, U, =260 V). The rotor
has Samarium-Cobalt permanent magnets. Fig. 1 gives
aschematic view on the experimental set-up. The brush-
less DC-motor is suspended on a frame. The force i input
for the experimental modal analysis is measured using a
load cell mounted on an excitation hammer. The vibra-
tion response of the motor frame may be measured with
accelerometers or a laser-Doppler vibrometer. The latter
is used here, measuring the structural velocity by point-
ing the laser beam at various positions on the motor
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Fig. 1. Experimental set-up
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has no influence on the vibrations of them
it is less sensitive to heat or magnetic tlelds This is par-
ticularly important, as the response to be analysg here
is very small and would be disturbed by attaching accel-
cters to the motor
measurements are carried out by roving a linear array of
ten microphones on 24 equidistant angular positions on

a cylindrical surface around the motor. Cross-spectral

413 s qrivrbana Th acarTetig

¢roim rame surface. The acoustic

density mecasur
phone are used to phase lock the measurements of the 24
array positions relative to cach other.

A first set of measurements determines the most im-

to ith NV Sy N ~
ts with a fixed reference micro-

encies in the acoustic spee frume¢

es \f the motor.
by varying the motor speed from 3000 min~ "(50 Hz) to
standstill. In the frequency range up to about 2000 Hz,
two frequency ranges are found with major acoustic noise
levels: one around 850 Hz and one around 1600 Hz.
These preliminary measurements justify concentrating
further measurements around these two ﬁ‘equcncy values.
Higher noise icvels are e detected also in the 4.5 kHz to
7 kHz range. These are probably caused by other clectro-
magnetic phenomena as e. g. the acoustic noise of the in-
verter, caused by magnetostriction of ferromagnetic parts.

3 Acoustic Measurements

For the identification ol acoustic sources from
acoustic pressure measurements, two technigues can be
applied: the near-field acoustic holography technique
and the inverse FRF technique. Near-field acoustic ho-
lography allows the reconstruction of the sound pressure
distribution in a three-dimensional space from the meas-
urement of sound pressures in a two-dimensional plane.

The inverse FRF technique yields the identification of

the strengths of acoustic sources at some known loca-
tions from an array of sound pressure measurcments.
The latter technique has been adopted in the tests.

The inverse FRE technique starts from a matrix

equation, relating a (n; x /) vector of strengths Q; of

acoustic sources at 1; known locations to a (11, X 1) vec-
tor of sound pressures p, at 1, known response locations.
In the frequency domain, this equation is:

[p,(OY =[HNHHONH] (1)

where [H ([)]isa(n
(FRF) matrix.

If the FREF matrix [H (/)| is known, the source
strength vector {Q;(f)} can be estimated from the
measured response pressures { »,(f)} as follows:

X 1) freqaency response function

floH == {p. N} (

[§=]

where [ H (f)]" is the pseudo-inverse of { H (f)].

The aim of the present stucy is to identify the main
acoustic noise radiating paits of arotating electrical ma-
chine. In this case. the mechanical vibrations of the
motor frame may be regarded as a continuous distribu-
tion of acoustic sources, rather than a collection of point
sources at some discrete locations. In such a case. the

FRF matrix { H(f)] in eq. (1) can be identified in an
cxperimental or a numerical way.

resuits from the vi-

ire. As shown in Pl(r 2.

(

¢c-borne acoustic noise

I‘]'&f

echanical structu
a Vlhld[ln(’ structure with surface S may be 1emndu as
a continuous distribution of acoustic volume velocity
sources. Each source has an infinitesimally small sur-
face arca dS and a source strensth Q(re /)y = v, (re /HdS.
where v, (rg.f) is the normal structural velocity compo-
nent with 1‘requency fat position rg at the structural sur-
face S. This continuous source distribution ity be ap-
proximated as a collection of i, finite-sized sources with
surhme area AS; and source strength Q;(f) = v, (/) AS,.
where v,,(f) is the averaged surface normal velocity.
Provided that the dimensions of the surface areas are
substantially smaller than the structural and acoustic
wavelengths at the considered frequency, the total sound
pressure p,( /) at a certain respcnse position rmay be ap-
proximated as:

p)

)= :
Qrg. )

\'”(I'S.f)ds(l'.s-)

el
ik

=S H (O 3

=1

i LVAS,

]

Each frequency response function H.,(f) = p.(f)
1Q;(f) in eq. (3) relates the sound pressure at response
location rto the strength of an acoustic source excitation
a) b

\i/\\i\/‘\f’ QJQ\

Vibrating
structure

»
vu(r,s'v f)

»

Q,([)= v, /) AS;

Fig. 2. Vibrating structure
a) Geometrical view
b) Approximate source description
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Fig. 3. FRF measurements
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b) Reciprocal measurement
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atlocationi. All these FRFs of the (1, x n;) matrix [ H (f)]
ineq. (1) can beidentified in an experimental way [7, §].
Since it is usually very difficult or even impossible to

nractic gllv induce some vibrations on a part AS. of the

practic wduce rations on a part AS; of the
structure, while keeping all other parts undeformed, the
experimental identification of the FRFs is commonly
bas acouslic reciprocity relation:

s sc‘d on the
o) o]
O] Lon ]
As illustrated in Fig. 3, this reciprocity relatio

dicates that the relation between the sound pressure p, at
lesponse locatlon rand the strength Q, of an acoustic

_—

on In—

D

$ citation at location i can be obtained Dy meds-
uring the sound pressure p; at the original source location
idu lo an omni-directional acoustic source excitation O,
iginal response location r. Note that, during this
, the original excitation, causing the struc-

‘c
I
i

ibrations, must be turned off.
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3.2 Numerical Identification of the FRF Matrix

The numerical identification of the FRF matrix may
be based on the direct boundary integral formulation for
exterior acoustic problems [9]. This formulation states
that the sound pressure p(r.f) at any position r in an
acoustic domain, exterior to a vibrating structure with a
closed surface S, can be expressed as

. a(;(rar\/)

= (re,
pr.f) plrg, f) o

2 fpv,(rg, ) Glrore. f)1dS(rg).  (5)

where p(r, f) and v, (rq, [} are, respectively, the pressure
and normal structural velocity components with fre-
quency fat each position rg on the structural surface S,
p the mass density of the tluid in the acoustic domain and
n the direction, normal to the surface. The Green’s ker-
nel function G(r,rs. /) represents the free-ficld pressure
at position r due to an acoustic point source excitation at
position r,

2 f
LT e

Glrorg. f)=—"

-_— (6)
4nfr —r5|

where ¢ is the speed of sound in the tluid.

The direct boundary element method (BEM) [10]
provides a numerical way to assess the sound pressure
field due to a vibrating structure. As can be seen from
eq. (5), this pressure field is completely defined. once
the pressure distribution p(rs, f) and the normal velocity
distribution v, (rs,f) at the closed surface S are known
In the BEM, the numerical approximation of these dis-
tributions results from discretizing the surface S into
some small, usually triangular or quadrilateral. boun-

Ao

adry clements. In each element, some nodes are defined.
usually at the clement corner positions. Assuming that
the surface clement dlsuuuauon has a total 0[ 1,
nodes and that the dimensions of each boundary cle-
ment arc substantially smaller than the structural and
acoustic wavelengths at the cons dered frequency, the
surface distributions p(rg.f) and v, (r.f) may be ap-
proximated as:

\
-
~—
o~

vn(rS’ f) = 2 Nl(rS) V,”(f) = [Ni'rS )J {\,W_(‘]“)}' (8)

i1
=1

Each nodai shape function N, (r
{rix [ N;(r¢)] has on ]\/ 4 non-zero valu

1
2R d nON-ZLero vaiue 1

those elements, to Whth node [ belongs. In lhuc €](_—
ment domains, the shape functior has a unit value at

node p()&lllon l itis zero at all other node pOSl[l()n\ of the
element and it has a predet

ined, usually linear shape in-

between the element nodes. In ali other boundary ele-
ment domains, the shape function is identically zero.
The (n;x 1) vectors {p;(f)} and {v,;(f)} contain. respec-
tively. the pressure and normal velacity approximations
at llu node positions (Fig. 4).

The %ub%titulion ()f the zq)proximutiom (7) and (8)

mulation (5) ylplds an approximation of the (s, x 1) vee-
tor of sound pressures p, at n, response locations

N} = DU pADOE+[ECHT{v, () (9)

where the clements of the (11, X 17, matrices (D (f)] and
[E (/)] result from some numerical integrations.

A slightly modified version o the direct boundary
integral formulation enables (o relate the sound pres-
sure p(r.f) at a position r on the closed surface S of the
vibrating structure to the pressure and normal velocity
distribution on this boundary surface,

a) b) PO
Vil f Ih(/)
H:(-/
N
1
’

A \\__,
‘Yni(f)

Fig. 4. Pressure and normal velocity distributions
a) Vibrating structure

b) Boundary clement discretization

pire.f)

‘N(rﬁ"f)
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AG(r.ry, f)

Clryptr. f)= .
di

prg. f)

+i2nfpr,(re, f)Glr.rg. f)

~dS(ry). (10)
The coetficient C(r) depends on the geo-

hl
metrical shape of the vibrating surface S. At sur-
face positions, where the normal direction n is
uniquely defined. this coetficient equals 1/2.
Ry gt (7Y (Y and th

1at1On g a
U‘V ol DU )L L0 A Ui

natha annrayvin
g LU AP/ pn VA TH LU

| ; .

1 1 1 .
Green’'s kernel function (6) for the evaluation of
the integral formulation (10) at each surface po-
sition r. coinciding with a node position / of the

Iy A
\'” Vi
201510 3. 1.634 - 107
m/s m/s F
1.549 - 102 1.256-10 7
1.083 - 102 8784103
6.174 .10 % 5.007 - 104
1.515-10 7% 1.230 - 101
~3.044. 10 0 —2.548 1074
~7.803 - 104 -0.325 - 107
t
—1.246 - 10 ? 10O - 10
171210 8 138510 4 1

boundary element discretization, a squarc ma-  and 1 589 Hz (right)
trix equation is obtained, relating the vector of
nodal pressures to the vector of nodal normal ve-
locities, Fig. 5 shows the measured sound pressure distri-
butions on the cylindrical surface around the motor at
A p.( =|B(/)3v (). (11 the two frequencies of major ccoustic cmission (see
| IRN A | L RSN R ITAN { 1 |

R .

Again. the ciements of the (17; X n;) matrices [A(f)]
and [B( /)] result from some numeric

The combination of the matrix eqgs. (9) and (11)
yields the required matrix equation

| integrs
o

{p. N}t =[HN v, N} (12)
with the numerically identified FRE matrix:

: : - X N
[H(NH] =[DH][AH] [BH]+[ENH]. (13)

entification of the FRF

sl ¢

3 | DO
IFathicr kdll

Note that the numerical
velocities,
ved in the experimental

id
matrix involves nodal normal
source volume velocities., invol
identification.

In the present vibro-acoustic study of a brushless
DC-motor, the numerical identification procedure is
usced. For this purpose, a boundary clement discretiza-
tion of 192 nodes and 199 elements is made for the
closed surface. coinciding with the exterior surface of
the motor.

A 4
r r
5.116 3.884
Pa Pa I
4.024F - 34517
\ 4,132 - 3.019
) =
N 3040 debds 2,586
| 3.148) Sen 2.154
. /? > )
PR 2.656 ! L1721
)
iy 2104 1.288
1.672 (1.855
1.180 0.423
Fig. 5. Measured sound pressures at 855 Hz (left)
and 1589 Hz (right)

Section 2).
The application of the inversz FRF technique, using
ured pressure dis

these me butions and the numeri-
cally identified FRF matrix (eq. (13)). yields the recon-
structed normal velocity distributions at the motor sur-
face (Fig. 0).

Fromthese reconstructed velocity distributions —re-
sulting from some straightforward pressurc measure-
ments and from a numerical FRIF matrix identification
— it can be clearly seen that the high acoustic emis-
sions around 855 Hz and 1589 Hz are mainly caused
by substantial vibration fevels ¢f the motor frame side
walls.

4 Modal Analysis Measurements

Experimental modal analysis [6] is atechnique, ena-
bling the determination of the modal paramcters (reso-
nance frequencies. damping ratios and modal deforma-
tion patterns) of a dynamic system. A dynamic lorce is
applied to the system. The input force and the response
of the system at the points of interest are measured.
These measurements yield the necessary frequency
response functions between the output(s) and the
input(s). Since thesce frequency responses depend on the
modal parameters, the latter can be found using a pa-
rameter estimation algorithm.

As already mentioned in Scction 2. the dynamic
force input for a modal test of the considered electrical
motor is obtained using an impact hammer. A force trans-
ducer, built-in at the tip of the hammer, measures the input
force. A laser-Doppler vibrometer is used to assess the
velocity of the motor frame. In this case study, only the
structural velocities perpendicular to the four side walls
of the motor frame arc measured. Note that the electrical
motor is turned off during these rneasurements.

Fig. 7 shows atypical measured frequency response
function. The peaks around 890 Hz and [ 660 Hz are
clear indications of structural resonances of the motor



ETEP

1073 e ! [

0 400 800 1600 Hz 2000

1200
S

Fig. 7. Typical frequency response function. with resonance
peaks at 893 Hz and 1661 Hz

frame. Fig. 8 shows the corresponding mode shapes
(only the central area of each motor frame side wall 1s
<hown)

These modal analysis results clearly indicate that
the strongly radiating vibration patterns of the motor
frame, which have been identified from operational

ﬂ{‘(\llel’{‘ meacirementg
COUSUILC THCASUTT 5

@ O

and the application of the in-

verse FRF technique, are induced by structural reso-
nances of the motor frame. Note, however, that the ex-
perimentally identified resonance frequencies (893 Hz,
1661 Hz) lehﬂ\/ differ from the fremmnc;es, of hwh
acoustic emission (855 Hz, 1 589 Hz). This may be due
to the fact that the modal analysis is carried out when
the motor is turned off. The fundamental reason of this
difference may be foundin the higher temperature of the
windings carrying current during operation. The cur-
rent and the {lux yield losses and the higher temperature
reduces the stiffness of, for instance, the electrical insu-
lation material between conductors and iron lamina-
tions. Therefore, resonances of a rotating motor are
generally somewhat lower than the resonances of a
turned-off motor.

Fig. 8. Mode shapes at 893 Hz (left) and 1661 Hz (right)

5 Conclusions

This paper presents a combined experimental/nu-
merical approach for relating some of the major frequen-
cy components in the acoustic emission of a rotating
electrical machine to the vibration behaviour of the
motor frame. Operational sound pressure measurements
indicate the important frequencies of the acoustic emis-
sion. A more precisc scanning of the sound field around
the motor, and the application of the inverse FRI tech-
nl(]llf‘ allow the reconstruction of the motor frame nor-
mal velocity distributions at these frequencies. A modal
analysis cxperimcnt on the motor indicates that the fre-
qu@ﬁCng 01 llléll dLUU\llL LIIll\\lJl] LUIIL\I’UI]U 1O 1¢S0-
nance frequencies of the motor frame.

The presented case study illustrates that a combina-
tion 01‘ dLOUSIlC and vibration dnd]) SIS ICLhﬂquL\ may
p“Cv lll\lL[ll\ lUI dan lIllpIU\( U (,llll(,lCl
design of an electrical motor.

¢ speed of sound

! frequency

F input force

i source location

n direction normal to the surface
P sound pressure

0 volume velocity
r response iocation
ol fluid dgnul\/

S surface area

v, normal velocity

6.2 Abbreviations

BEM boundary element metiod
DC direct current

FRF frequency response function
IFRF inverse frequency responsc function
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