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Reduction of Acoustic Noise in FDB Spindle Motors
by Using Drive Technology

C. Bi, Member, IEEEQ. Jiang, S. Lin, T. S. Lowrellow, IEEE and A. A. Mamun Member, IEEE

Abstract—in the operation of fluid-dynamic-bearing (FDB) and stator, and this produces acoustic noise when the motor is
motors, the acoustic noise caused by the electromagnetic forcespperating.
takes a big ratio in the noise level. The authors analyze the rela- The UMP and axial forces are caused by the motor structure

tionship between the acoustic noise frequency, harmonic current, . .
and harmonic field, and propose a drive mode for reducing the and the motor assembly [7]-[9]. To reduce the acoustic noise

acoustic noise of the FDB motors. The drive mode can also reduce caused by these EM sources, the optimization of design and

the copper loss in the motor operation. production technologies have to be considered. These issues,
Index Terms—Acoustic noise, drive mode, fluid dynamic however, will not be discussed further in this paper.
bearing, spindle motor, torque ripple. When a motor is driven by different modes, it produces

different torque ripples with different frequency spectrums,

and thus different acoustic noises. Developing an effective

drive mode to reduce the torque ripples has been studied by
LUID dynamic bearing (FDB) spindle motors are beingesearchers [10]-[12]. In this paper, we present the use of the
used widely in hard disk drives (HDDs). One of theoncept of “identity control” [10] to reduce torque ripples. The

reasons for using the FDB spindle motors is that the FDBiplementation results are presented and the research shows

motors produce lower acoustic noise than the ball-bearing (BBjat the acoustic noise produced in FDB operation can be

motors. However, the fast developments of HDD technologgduced significantly.

demand more and more strict requirements on the level of

acoustic noise, particularly_in the audible range, _anq this giVe§  CHARACTERISTICS OFSTATOR FIELD AND ROTOR FIELD

new chf_;lllenges to the design, control, and applications of the IN THE SPINDLE MOTOR

FDB spindle motors.

The acoustic noises generated in the motor operation are frond N€ harmonic fields produce acoustic noise in motor opera-
the magnetic, mechanical, aerodynamic, and electronic sourt@g. To verify the effects of the harmonic fields and harmonic
[1]. For BB spindle motors, the metal, or ceramic, balls contagfrrents, the relationship between the noise frequencies and the
with both rotor and stator. In the motor operation, the acousti@monic fields must be analyzed.
noise and vibration caused by the balls are serious, and the viln Permanent magnet (PM) spindle motors, the magnetic field
bration of the rotor can easily be transmitted to the stator, atitthe airgap is from two sources, the field due to the PM on the
vice versa. The acoustic noise from this source dominates fgéor surface and the field produced by the drive current in the
acoustic level of the BB spindle motors. Examples will be usgdmature windings, which are on the stator core.
to explain this phenomenon. In the FDB spindle motor, the rotor The airgap field produced by the rotor magnet contains cer-
is supported by a liquid thin film. The acoustic noise causdain harmonics unless it is well shaped. The airgap field pro-
by the balls is eliminated, and the noise caused by the mechéHced by the armature windings also contains harmonics. This
ical source is thus much reduced. The effects of other acoudif be reduced by careful design of winding structure. However,
noise sources, such as the noise caused by the electromagfefgnall PM motors, there are few opportunities for shaping the
(EM) sources, are thus more obvious. As the stiffness of FDBagnetor using the optimized windings due to the limited motor
is low, the operation of the rotor is easily affected by the magPace and number of stator slots. Hence, the airgap field has a
netic forces and torques acting on it. Therefore, to reduce t¥'Y high proportion of harmonics as shown in Fig. 1.
acoustic noise produced in FDB motor operation, the effects of¥We usep to express the pole-pair of the motor gng to ex-

EM forces in the motor must be considered. press the pole-pair of theith harmonic field. When the rotor

Three kinds of magnetic forces act on the rotor and trigtates atits synchronous speeg all the harmonic fields pro-
stator: unbalanced magnetic pull (UMP), tangential forces, afced by the PM of rotor rotate at the same speed in space, thatis
axial forces [2]-[6]. The variation of these forces causes both
irregular and regular movements and deformations of the rotor Np = N = Ng Q)

. INTRODUCTION

Manuscript received August 8, 2002. wheren,,, is the rotational speed of theth field harmonic pro-
C. Bi, Q. Jiang, and S. Lin are with the A*Star Data Storage Institute, Singguced by the rotor magnet.
pore 117608 Singapore. , _ ____For most of the spindle motors used in HDDs, as the motor
T.S. Lowand A. A. Mamun are with the Electrical and ComputerEnglneerlné; . limited lvth d b d
Department, National University of Singapore, 119260 Singapore. pace Is very limited, only the concentrated structure can be use
Digital Object Identifier 10.1109/TMAG.2003.808927 to form the armature winding shown in Fig. 2.
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They are related with the pole-pair and frequency of the

harmonics.
From (2) the magnetic field energy in the airgap is
LR 2w
W, = "0-(’2 / B2dY @)
J0

where i is the permeability of the aiy is the width of the
airgap,L is the length of the motor, andl is the average radius
of the airgap.

Using the virtual work method, the EM torque of the motor
can be calculated by using the magnetic enéigy

) 27
Fig. 1. Magnetic field produced by PM in an eight-pole/nine-slot spindle Ty = _de = —MOGLR/ Bg <@) do
motor. dé, ’ 0 dé,
= Z Tmrfns (t) (8)

andT;,—ns(t) is the torque harmonic produced by the reaction
between fields3,.,,, (0, t) and B;,, (6, t).
From (3), (4), and (8), ifn,. # ns

Tm'r‘fns (t) =0. (9)
fm, =n, =k

Tmr—ns(t) = _k,LLOgL’/TRBRmBSn Sin[Qﬂ—(fmr + fns)t

(8 — 8.)]
Fig. 2. Armature windings in a 12-pole/nine-slot spindle motor. = kuogLm RBriBsg sin[k(Qgr £ Qps)t
k(5 — 5,)] (10)

It is clear that the EM field produced by the concentrated ar-
mature windings described in Fig. 1 is not symmetric in its one Equations (5), (6), (9), and (10) show that the reaction be-
pole-pair space. Therefore, both the odd and even order Haeen thenth order rotor harmonic field and theth order stator
monic fields will be produced by such armature windings. harmonic field has the following characteristics.

A three-phase drive current set can produce rotational fields1) If these two fields have the different pole-pairs, no torque
in the airgap of a three-phase motor. The rotational speed and is produced by the reaction.
direction of the harmonic fields are determined by the motor 2) Ifthese two fields have the same pole-pairs and the relative

structure and the frequency of the drive current. speedbetweenthefieldsis zero, the torque produced by the
reaction is constant, and this type of torque cannot induce
[ll. TORQUERIPPLE PRODUCED BY HARMONIC FIELDS vibration and acoustic noise in the motor operation.

3) Ifthesetwo fields have the same pole-pairs and the relative
speed between the fields is not zero, the torque produced is
afunction of time, i.e., the torque varies with time.
Considering the case where the spindle motor operates in its
B, = Z By (0,1) + Z Bun(0,1) (2) synchronous speed and its three-phase drive currents are sym-
- - metric and sinusoidal, from Section Il, the fundamental har-
monic of the stator field and rotor field rotate with the same
speed and same direction. Therefore, the torque produced by the
reaction of the fundamental stator and rotor fields is constant.

If the drive current containkth harmonic field, the magnetic
fields in the motor will be more complicated. In this case, be-
sides the fundamental currefit whose frequency ig1, the
motor is also driven by another curreiptwhose frequency is
times of f;. When the current;, goes through windings, it also
produces its own fundamental field and harmonic fields. From

It is assumed that the airgap of the spindle motor is smooth
and narrow and the motor operates in its stable state. The mag-
netic field in the airgap can thus be expressed as

wheret is the time and is the space positior,.,.,(6,t) and
By, (0, t) are themnth andnth airgap fields excited by the rotor
magnet and stator windings, separately

By =Brm sin|m,.(0 + 6,.) + 27 frt] 3)
Bsp, =Bgnsin[ng(0 + 65) £ 27 frst]. (4)

The rotation speeds d@,.,,,(¢,t) andB,,, (0, t) are

Q =27 frnr 5 (1), as the frequency af;, is different from thel,, the speed
T m, ®) of the harmonic fields is also different from those produced by
T2T fns I,. Rotational speeds of various harmonic fields are shown in
Qs = n, ®  Table 1.
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TABLE | Sse0
ROTATIONAL SPEED OF THEHARMONIC FIELDS papedy
3

.80
.20 ;-

Speed of the Speed of the Speed of the 1.%9 1
1** harmonic 2" harmonic 4™ harmonic _::zz ‘
The 1% order current 1 -ny/2 n/4 ~a.z0
The 2" order current -2n, ns -ny/2 :; i :::
The 4™ order current 4n -2n, n, e-e0
The 5™ order current -5n, 5ny/2 -5n/4
The 7™ order current Tng -Tny/2 Tng/4
Speed of the Speed of the Speed of the
5" harmonic 7" harmonic 8" harmonic
The 1% order current -ny/5 ny/7 -n/8
The 2™ order current 2n/5 -2n/7 nJ/4
The 4™ order current -4n /5 4n/7 -ng/2 ‘ _ _
The 5% order current n, 5047 5n/8 F|ga4.) Three-phase drive voltages and currents (constant-voltage BLDC drive
mode).
The 7" order current -Tnd/5 ng -Tnd/8

Fy5_1, from Table |, rotates at five times the rotor speed
and its direction is in opposition to that of the rotor. Therefore,
n,1/s5—1, the relative speed betweén;_; andF,.1, is

Phaza Uoltage <U3

»

NAMD GO

Ny1/s5—-1 = Ts — (_5ns) = 6ns. (11)

FYE
650 LNC

We can see that the frequency of the noise due to these two
fields is six times the fundamental frequency, that is,

friss1 = 6fs (12)

wheref, is the frequency of the fundamental drive current.

The field F7_1, from Table I, rotates at seven times the rotor
speed in the same direction. Therefong; ,,7_;, the relative
speed betweeh,;_; andF,.q, is

covooscco0

[
[-IN-]

Fig. 3. Three-phase drive voltages and currents (constant-current BLDC drive
mgde). P g ( n’!’l/87—1 = |ns (77’LS)| = 6”5- (13)

In this case, the frequency of the noise due to these two fields is
IV. RELATIONSHIP BETWEEN THE FREQUENCY OF THE again six times of the fundamental frequency, that is,

AcousTIC NOISE AND HARMONIC FIELDS
Constant current and constant voltage sensorless brushless Frijsr-1="6Fs. (14)
dc (BLDC) drive modes are two major drive modes used in ysing the same method of analysis, we can show that
HDDs and other small PM synchronous (PMSM) drive systems.
Using the constant current drive mode, the current in one phase Jrayss—2 =3[ (15)

winding is kept constant in its 12@xciting period. Using the frayst—a =9fs (16)
constant voltage drive mode, the line voltage between two ter-

. . . " - . ra/s5—4 =9fs 17
minals is kept constant in the 126xciting period. Figs. 3and 4 Jrajss—a =91 (17)
show the waveforms of the three-phase voltages and three-phase frsjss—5 =0 (18)
currents generated by these two drive modes. These drive modes Jrsyst—s =12fs---. (29)

use the signals of back-emf in the three-phase windings to de- he ab vsi lude th ducti
tect the rotor position and thus realize the accurate phase com-0™M the above analysis, we can conclude that a reduction

munication. These sensorless drive modes are important for fhdh€ current harmonics can reduce the acoustic noise at the
spindle motors used in HDDs as their space is too limited to iffequency orders of 3, 6, 9, 12, 15, 18, and so on.
stall position sensors.

For the fieldsF,5;_; and F,;_1, which are the fundamental
harmonics produced by fifth- and seventh-order stator currents,
their pole-pairs are same &y, , the fundamental field produced The EM torque in a PMSM can be described as
by permanent magnet of the rotor. Therefore, the reactions be- 1 JL
tween these stator fields and rotor fields can produce torque. To = = [I] — [I]" (20)
But, as their speeds in the space are different, from Section II, df
the torques produced by these fields are not constant, and therkere[I;] is the phase current matrix ardis the inductance
fore the torque ripples and acoustic noises are induced. matrix of the motor [10].

V. OPTIMAL CURRENT ANGLE AND IDENTITY
SINUSOIDAL CURRENT
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From (20), the EM torque performance is closely related with ° * ' " " i ' T T i "
the current waveform, that is, change in the drive current wave c:
form will change the average EM torque value and torque ripple .|
Another effect that must be considered is that change in the cul
rent will also change the copper loss in the armature windings.

It is well known that for a three-phase PMSM, if the <or
back-emfs of its armature windings are sinusoidal and sym . 2 .
metric in the time domain, the use of symmetric sinusoidal ° @ ¢t gwoose e s e
drive current can reduce the torque ripple in the motor oper-
ation. However, for producing a required EM torque, many
kinds of three-phase sinusoidal currents could be used whic
have different phase angle with the back-emf of the armature
windings. It is clear that we can use only the currents thal
can reduce also, besides the torque ripple, the copper loss
the motor operation. The concept of “identity current” was
developed from this consideration [10] which can determine s o 0w Mo w0 se 7w 0 el o0
the “optimal angle” of the current. ()

The spindle motor used in HDD is a surface-mounted PMSM.

Its back-emf is sinusoidal. If we consider only the effects of th%?tasge (\\’/V)aveform of the IS drive current and voltage: (a) current (A) and (b)
first-order component of the motor inductances, it can be proven

&N D N B O @
T

@

that the “identity current” of this motor is sinusoidal, and the [dB()/20.0u Pa) Autospectrum(Acoustic response)
phase angle of the current is Working : Input Input : FFT Analyzer i
20 E
~Tapy + T2, + 81 (Taur + 2T 1 | Acoustc Level(A) 22.14b/20 0uPa |
§ = sin~ ®C ~
4I( aal t+ 2Tab1) 20—; O C —
(21) L V‘ @ 9
whereT1, 1, Thq1, and1y,,; are determined by the motor self- 07

inductances and mutual-inductances [1D)].is the amplitude
of the current. Using the current with the phase angle shown i
(21), both the torque ripple and copper loss can be reduced. 40
In the following analysis, the sinusoidal current with the
. : . . 4 k k
phase angle determined by (21) will be called the identity 0 ‘ B IZFHz] = 2 2
sinusoidal (IS) current. @

[dB(AY20.0u Pa] Autospectrum(Acoustic response)
Working : Input ! Input : FFflAnaIyzer

VI. TESTRESULTS
|

A drive system, to verify the analysis given above, was built

l :
to drive the spindle motor in the IS mode and constant voltage 40 | Acouste Level(A): 20.4d0/20.0uPa ‘
BLDC mode. Fig. 5 shows an example of the IS current and the 20%_@@ I@ ,,,,,,,,,,,,,,,,
related voltage produced by the system. A PWM circuit is usec Y ® @ J0)

|‘ i 3

in the system to adjust the current waveform, and the switching
frequency of the PWM circuit is 20 kHz.

We used constant voltage BLDC drive mode and the IS drive
mode to drive two FDB spindle motors, respectively, and mea:
sured the related acoustic noises generated in the motor oper 40

0% r‘
f"(“ \{ﬁ“]{\"‘vﬂm.«‘ [Ab\ﬂ?“&
AT Pt

tion. Figs. 6 and 7 show the acoustic noise test results for thes 0 ak 8k 12k 16k 20k 2k
two FDB motors. The corresponding frequencies at the domi: [Hz]
nated peaks are listed in Tables II-V. (b)

For comparing the effed? of FDB motors and the influenceg; 6. acoustic noises produced by Motor-A (12-poles/nine-slots) at speed
of the drive modes, BB spindle motors were also tested, as#b0 rpm. (a) Constant voltage BLDC drive mode. (b) IS drive mode.

Fig. 8 shows the acoustic noise of a BB spindle motor driven

by constant voltage BLDC dive mode and IS drive mode, sepapindle motor obviously. The influence of the drive modes can

rately. From the test results, it is difficult to recognize the influthus be recognized.

ence of the different drive modes as the dominated noise of theThough the FDB spindle motors used in the test are different

BB motor is produced by the ball bearings. in the slot number, pole number, and rated speed, by comparing
Comparing Fig. 8 with Figs. 6 and 7, it is clear that FDBhe results shown in Fig. 6(a) with Figs. 6(b),7(a) with Fig. 7(b),

can reduce the acoustic noise significantly. From Figs. 6 andTable 1l with Table Ill, and Table IV with Table V, we can form

changing the drive mode can change the acoustic noise of FB® following summaries.
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[dB(A)20.0u Pa] FFT Autospectrum (Acoustic Noise) TABLE IV
_ Working : Input : Input : FFT Analyzer FREQUENCY OF THEDOMINANT PEAKS IN FIG. 7(a)
40
Point 1 2 3 4 5
20 Frequency (kHz) 1.333  5.333 6.667 9.333 10.00
Frequency/f; 2 8 10 14 15
0 _ Point 6 7 8 9 10
| Frequency (kHz) 11.33 12.00 12.67 13.33 14.67
20 g Frequency/f; 17 18 19 20 22
Wl i,ntwijw‘& "
J,J%,‘.
40 \
0 4k 8k 12k 16k 20k 24k TABLE V
[Hz] FREQUENCY OF THEDOMINANT PEAKS IN FIG. 7(b)
a
@ Point 1 2 3 4
[dB(AY20.0u Pa] FFT Autospectrum {Acoustic Noise) Frequency (kHz)  1.333 2.153 12.50 12.90
_ Working - Input : Input : FFT Analyzer Frequency/f; 2 3.23 18.75 19.35
40
Point 5 6 7 8
20 Frequency (kHz) 13.33 14.67 16.00 16.67
’L @ Frequency/f, 20 22 24 25

0 s M @2@;—
O )

" 0%

(dB(A)/20.0u Pa)  Autospectrum(Acoustic response)
Working : Input : Input : FFT Analyzer

Vg o1+

40
0 4k 8k 12k 16k 20k 24k 20—
MHz1
(b) ol

Fig. 7. Acoustic noises produced Motor-B (eight-poles/12-slots) at the speed
10000 rpm. (a) Constant voltage BLDC drive mode and acoustic level (A): 29.8 .20
db/20.0pPa. (b) IS drive mode and acoustic level (A): 26.4 db/20F@.

_40 : T T T T T T
0 4k 8k 12k 16k 20k 24k
TABLE I (Hz)
FREQUENCY OF THEDOMINANT PEAKS IN FIG. 6(a) @)
Point 1 2 3 4 5 (dB(A)/20.0u Pa) Autospectrum(Acoustic response)
Frequency (kHz) 1.728 2.160 3.240 6.480 7.560 Working : Input : Input : FFT Analyzer
Frequency/fs 32 4 6 12 14
40
Point 6 7 8 9 10
Frequency (kHz) 12.96 14.04 16.20 19.44 20.52 20
Frequency/f; 24 26 30 36 38
0
TABLE Il 20
FREQUENCY OF THEDOMINANT PEAKS IN FIG. 6(b)
-40 | |
Point 1 2 3 4 ! l ! T T T
Frequency (kHz) 1728 2.160 3.240 18.36 0 4K 8k 720‘5*2) Tek 20k 24k
Frequency/f; 32 4 6 34
(b)
Point 5 6 7 8 Fig. 8. Acoustic noises produced by the BB spindle motor
Frequency (kHz) 19.44 20.54 20.79 21.60 (eight-poles/12-slots) at the speed 5400 rpm. (a) Constant voltage BLDC
Frequency/f, 36 38 385 40 drive mode and acoustic level (A): 46.5 db/2@.Ba. (b) IS drive mode and
acoustic level (A): 44.9 db/20.0Pa.
1) Using the IS current, the acoustic noise harmonics at the
TABLE VI

orders 6, 9, 12, 15, 18 ... can be reduced. This confirms
the analysis in Section IV.

COPPERLOSS OF THEMOTORS

2) For some frequency points, e.gfs4or motor-A and %, Drive mode BLDC (w) IS (W)
for motor-B, the IS drive mode cannot reduce the related Motor-A 0.048 0.041
Motor-B 0.22 0.151

noise significantly. These acoustic noises are caused by
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the UMP, which is determined by the motor structure and [3] S. Huang, M. Aydin, and T. A. Lipo, “Electromagnetic vibration and
the fundamental frequency of the drive current. noise assessment for surface mounted PM machine®tdo. Power

. Engineering Soc. Summer Meetingl. 3, 2001, pp. 1417-1426.
3) As PWM teChn0|Ogy is used to prOduce the IS current, [4] S. J. Yang,Low Noise Electrical Motors Oxford, U.K.: Clarendon,

the acoustic noise is introduced at some frequency points ~ 1985.
around 20 kHz. The cause of this noise has been ana|yzeﬂ5] Z. Q. Zhu and D. Howe, “Electromagnetic noise radiated by brushless

. . permanent magnet DC drives,” 8ixth Int. Conf. Electrical Machines
by many researchers [13]-{15]. We can move this noise t0 ;4 prives 1993, pp. 606-611.

inaudible frequency range by setting a suitable switching[6] V. Lefevre, B. Davat, and M. Lajoie-Mazenc, “Determination of

frequency. Some other methods could also be effective in synchronous motor vibrations due to electromagnetic force harmonics,”
duci th fi . d by the PWM ci it IEEE Trans. Magn.vol. 25, pp. 274-276, July 1989.
reducing the acoustic noise caused by the CIFCUIL 71 7.3, Liu, C. B, H Lin, J.P. Yang, and M.A. Jabbar, “Electromagnetic de-

[13]-[16]. sign of permanent magnet motors for high speed application|itith

4) 1S drive mode is also effective in reducing the average  Int Conf. Electrical Machines and Drive$999, pp. 45-48. _
[8] C. Bi, Z. J. Liu, and T. S. Low, “Effects of unbalanced magnetic pull

acoustic level. in spindle motors,1EEE Trans. Magn.pt. 2, vol. 33, pp. 4080-4082,
Besides reducing the acoustic noise, using the IS current tg  Sept. 1997.

. [9] D. G. Dorrell, “Experimental behavior of unbalanced magnetic pull in
drive the FDB motor can also reduce the copper loss of the 3-phase induction motors with eccentric rotors and the relationship with

motor. Table VI shows the copper loss of the Motor-A and tooth saturation,JEEE Trans. Energy Conversipwol. 14, pp. 304—309,
Motor-B when they are driven by the BLDC mode and IS mode., Sept. 1999.

tth ds sh in Fi 6 and 7 tel [10] T.S. Low, C. Bi, and K. T. Chang, “Motor identity-A motor model for
at the speeds shown In Figs. b and 7, separately. torque analysis and controlZEE Trans. Indust. Electronvol. , 43, pp.

285-291, Apr. 1996.

[11] M. Yoshida, Y. Merai, and M. Takada, “Noise reduction by torque ripple
suppression in brushless DC motor,” Rower Electronics Specialists
Conf., PESC 98 Recvol. 2, 1998, pp. 1397-1401.

. . . . %12] P. L. Chapman, S. D. Sudhoff, and C. A. Whitcomb, “Optimal current
In this paper, the relationship between the harmonics of ~ control strategies for surface-mounted permanent-magnet synchronous

acoustic noise and harmonic fields is analyzed. As the acoustic  machine drive,1EEE Trans. Energy Conversiowol. 14, pp. 285-291,

; ; ; e Apr. 1996.
noise of FDB sp!ndle_ mott_)rs is s_ensmve to_ the EM for_ces, th 13] W. C. Lo, C. C. Chan, Z. Q. Zhu, X. Lie, D. Howe, and K. T. Chau,
use of the identity sinusoidal drive mode is an effective way ~ «acoustic noise radiated by PWM-controlled induction machine
to reduce it and the copper loss as well. The test results show drives,”IEEE Trans. Indust. Electronvol. 47, pp. 880-889, Aug. 2000.
the effectiveness of such a drive mode. As this is an electronit? S-1da Y. Okuma, S. Masukawa, S. Miyairi, and B. K. Bose, "Study on

: . . magnetic noise caused by harmonics in put voltage of PWM inverter,

method which does not rely on the mechanical processing, |EgE Trans. Indust. Electronvol. 38, no. 3, pp. 180186, June 1991.
the method is easily applied to the motors used in hard disk5] A. K. Wallace, R. Spee, and L. G. Martin, “Current harmonics and

; ; ; acoustic noise in AC adjustable-speed driveEEE Trans. Indust.
drives gnd othe_r electronic prpducts. The speed of spindle Electron, vol. 26, pp. 267-273, Mar.—Apr. 1990.
motors in HDDs is expected to increase further, and some newe] s. H. Na, Y. G. Jung, Y. C. Lim, and S. H. Yang, “Reduction of audible
bearing technologies, such as aerodynamic bearings and active switching noise in induction motor drives _using random_ position space
magnetic bearings, may also be used in future. In these cases vectogpvggnd"moc. 'Z%Sg'zE'e“ Eng -Electric Power Applicatol. 149,

. ; ’ ' pp. 195-200, May .

the effectiveness of the method proposed to reduce the acoustic
noise will be more significant as the noise ratio caused by the

mechanical sources will be further reduced.

VIl. CONCLUSION
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