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Abstract

The audible noise produced by three-phase, squirrel-cage induction motors, is caused by the spuce ha
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of the flux-density distribution in the air gap of the machine. When the motor is \uppl‘(d by « frequency in-
verter in order to control the speed, time harmonics in both ¢ urrent and voltage arc present, yielding new com-
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nls in the audible noise SpeCirim. In ithe paper, a nimber U/ moior-inverier combinations are (()I??[)Ur(’(l

_f(»r medium-sized induction motors (90 kW) As a reference case, the motors are supplicd with a generator, do-

livering avariable frequency without harmonics. Theoretical explanations for the increase u_fl/z(f audible noise
level and the additional frequency components are given.

I Introduction

The increasing use of speed-controlled mverter-
xupphcdm(hlulon motors hasseveral advantages for the
users. hs cclally when squirrel-cage spbcd mduction
IC Ci }J}prd an ldbcl} 1 u\,lllu" of the \})LLU ic-
q umd by the manufaciuring process is obtained. with-
out the inconvenience of brushes and commutator as
found in the DC motor. H()wwu some il\dd\/dlllavu

hive 10 be menti

\l R \ lJUl\(ll“
ing lorques and mucdxud audnlc noise levels when
compared o a sinusoidal supply.

When the speed range is exiended above the rated
ad hy

N
ced, the audinle noise o the machim (G190 881 ILA\/AL/V

the acrodynamic audible noise of the tan. This is deti-
nitely so when two- and four-pole machines arc used. At
low frequencies, the audible noise, induced by the in-
verler supply, may become predominant. The acrody-
namic audible noise sources may be counteracted by
using a separate fan or by optimizing the motor and fan
construction. The audible noise due to the inverter sup-
ply depends on the operating principle of the inverter
(Voltage-Source Inverter VST or Current-Source Invert-
cr CSI. Ina voltage-source inverter a pulse-width mod-
ulation (PWM) scheme may be used, and high pulse fre-
quencies may be beneficial for the audible noise [11.

In this paper, it will be shown how the inverter type
influences the generated audible noise. Furthermore, the
clfectof the number of slots inthe rotor ol the motor will
be discussed inorder to find out whether an odd or even
number ol rotor slots has advantages in speed-variable
induction motors with respect to the audiblie noise tevel.

speed, the audible noise of the machine is dominat

[ 8]

Theoretical Considerations
2.1 Basic Quantities

The audible noise in mduction machines has two
major origins. The lirst one is the fan and the passing of

the cooling air through the machine. The sceond one is
ihe generation oi clectromagnetic vibrating forces in the
machine air gap, acting on the mechani
mainly the stator, and causing it 1o oscillaic.

Even when a purely sinusoidal stator current is sup-
plicd, several - intheory an infinite number - of space
harmonics are generated by the
harmonics all induce volmgcs m the rotor, generaling
currents that again produce an inflinite number of space
harmonics.

When discussing the audible noise of induction mo-
tors, the following intluences have 1o be taken into con-
sideration:

al structure,

stator windings. These

- space harmonics due to the distribution of windings
i individual siois:

- space harmonics of the stator and rotor caused by the
changing reluctance duc 1o slotting:

- spacc harmonics due to the non-centred position of
the rotor with respect (o the stator bore or due to an
unbalance of the rotor, 1. ¢. the cecentricity harmon-
ICS:

— space harmonics duc 1o saturation,

When the machinge is inverter suppliad, the non-
sinusoidal currents and voltages 1cad 1o supplemen-
tary time harmontcs. With the same analysis as used
for the f'undamental time harmonic, they lead 10 a new
set ol space harmonics and supplementary compo-
nents in the audible noise spectrum. Some of the tones
arc very pure and therelore. very annoying for the
human car.

2.2 Harmonic Number and Frequencics
Due to the Machine Layout

In order to calculate the audible noise, the harmon-
ic numbers and the frequencies of the various space har-
mounics ol the Hux-density distribution i the air gap
have to be derived [2 -4,
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Duc tothe distribution of the stator windings into in-
dividual slots, space harmonics are generated with a
number of pole pairs:

v=p6g+1), with ¢ =0,+1,£2, ... ()

The so-called slot harmonics, these arc those har-
monics of which the amplitude is not decreased by the
winding design, have a number of pole pairs:

v=p+gN, with g =212, | )

with & the number of stator slots. This is also the num-
ber of pole pairs due o the reluctance change caused by
\"lt)llill“ Both siot and slotting harmonics have 10 be

\ M c -
added accounting for the correct phase angale [5].

The harmonic numbers of the rotor hanmomcs mn
squirrel-cage induction motors are:

A=p+g,Ny, with g, =+1,+2, .., (3)

with N, the number of rotor slots. The combination of the
rolor and stator harmonics Iead 1o forces waves with a
number of pole pairs

1241, (4)

In general, the influence of the uniformly distribut-
ectiorees (= 0) or the forces with a high number of pole
pairs (c. g. 2vl or 1241 may be neglected.

r=lvz Al or O or 12vl or

only the llr.\l termol eq. (4) has 10 be considered. The re-
sulting frequencices are (+ incqg. (4))

Therelore,

f=2n 5=t x,\tJ (5
p J
and (= eq. (4))
- N, 1 o
F=2f lgzl(lfx)“. (6)
,) N
=P B
Space harmonics due to saturation have the harmon-
ic numbers:
H=3p*tgN,. (7)

The resulting forces have the harmonic number:
r=lpgtvi (&)

ard the frequencies (+ ineq. (7))
(N | ,
f:yuvimgafniﬂ+\ )

ard (—meq. (7)):

N,
F=2A —!y [(1—y)t1
2p

{(10)

Eccentricity causes harmonics having a number of

pole pairs:
p=(pth*tgN, (1)

vielding forces with number of pole pairs:

Pt (12)
ard frequencies (+ ineq. (12))

P a .

i /\/,7 ) ‘ ! | |
I= fi 2 u’z‘”'“ﬂ)il&i'—f}“(l««\ (3

L2 ;o

and (—ineq. (12))

mﬂﬂfxﬂiJﬂ
P Jop

f = 2.f} (4

- .
|
12

2.3 Influence of the Inverter Supply

If an induction motor is s‘upplicd by an inverter, the
Cquulup\ discussed above become a funiction of the
speed. This leads to new components in the excitation.

Fora VST with PWM inverter or a non-pulsed CSI. the
current is uppm\imzuclv A square wave. Therelore, the

o A v i .

an ‘i;luuup of the time-harmonic COMPONCIS are in-

versely proportional (o the harmonic number:

I, =1/n with n==6¢+1 anc ¢ — (), +], 42 (13
I, =1/n with n=06g+1 anc g s
The slip of the #-th tume harmionic is

(16)

In other words: lhc rotor Appl(»\unalclv slands sll]l

spau athigh \puvdx Al no-load (s = 0), 1h< stalor time
harmonics with frequency:

Hoa,=0g =Dy {17

induce rotor currents, having the frequency:

e =08 1. (1%)
This 1s caused by the fact that they have a different

rotalion sense.

When using PWM-VSI, often the distinction is
made between w1807 pulsing schenie as frequently
found when using sinus modulation, and a 120° pulsing

scheme, generally used in triangu lar modulanon.
In the sinus modulation, the spectrum is dominated

JG = 1hin, (19)

with GG the number ol pulses per half period of the Tun-
damental time harmonic. Withthe triangular modulation
scheme, (wo kinds of time harmonics are found:

he=3HGEDOn (20
and
fn= hn. 2n

The Tatter one may have amplitudes up 10 20 G of
the fundamental.

From the voltage harmonics, the current harmonics
may be derived, using the equivalenccircuit parameters:

L . (22)
\/V([\ +I\w rz + \(ﬂn - Xrlrl.ny

The parameters depend on the frequency of the har-
monic # under consideration, amongst others due to the
skin elTect in the rotor bars [4, 8 —10)].

2.4 Audible Noise Generation

The caleutation of the individual permeance waves
Ix treated i hiterature by variovs authors |2, 3. 6. 7.
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I'1—=15]. When calculating the amplitude of forces gen-
crated by a component of the ficld. the normal compo-
nent Mux density distribution is required:

b, (a,1)y= Ala,t) ala,t). (23)

Ala, 1) is the permeance distribution and a(¢, 1) the
m.m.{. The radial force-wave distribution is found (rom
the Maxwell stress theorem:

(24)

that are functions of H‘IC stalor Z'C(‘l‘ ctry, the 'mzuunu
characteristics and the machine casing including the

nmounting.
The audible noise calculation is a combination of

these vibratons. the acoustic or
u ] ¥ s

o oner Al
UL AL 13, the acouslic prupe

rtics of the stator and
the situation of the surroundings. When vibrations arc
found having a frequency equal to a bending or torsion-
al natural frequency of the stator assembly, the resulting

andible noise my ay bhecome L arge,

Inlitcrature when tmalysmg an infinite bus situation,
itis found thatmachines with a rotor having an odd num-
ber of bars arc noisy, duc to harmonics in the air gap [Tux-
density distribution with Iow number of pole p: urs lead-

ing o buldmg vibrations.

2.5 Theoretical Results

Two motors arc used 1o verily the analysis. The first
motor 1s a three-phase, standard motor. The second
motor is a specially designed heat-pipe-cooled machine
116. 171 In this motor, two rotors are used, one having
27 rotor slots, the other 28 rotor slots. The rated power
15 90 KW for both.

The theoretical natural freguencies of the thiee mo-
tors under consideration. are given in Tab. 1 of {61,

Using the analysis as discussed above, the calcu-
lation of the excitation [requencies and pole pairs is
possible, as a large number of combinations is found
and a compuicrized calculating scheme has to be used
[5-71.

In CSland non-pulsed VST time harmonics having
six, twelve and 18 times the fundamental frequency
are generally very pronounced. The used PWM-VSI
has a pulse frequency yielding harmonics having a
large influence on the audible noise. The frequency of

o UJ'= const
o ] Frequency { Induction
| converter \ mo“y
Microphone
C C B

L FFT- Andl\\u ‘

{ Personal Com wler
FT162.01R

Fig. 1. Set up of the measurements

/\ Variable
requency

Synchronous
senerator _

\/ BT 162,028

Fig. 2. Sinusoidal variable [tequency supply

Variable
speed

bc

motor

these time harmonics is in the range between 500 Hz
and 2200 Hz.

3 Experimenial Resulis

Three motors and three supply types are combined.
The fundamental frequency is varied from 5 Hz. 10 50 Hz.
In order to imit the influence of the acrodynamic aud-
ible noise, the fan was removed. The motor was not load-
¢d, the stator was Y-connected. In the above-mentioned

[requency range, the overall value of the audible noise
(both lincar ur! dB{AY) is mcasured. The frequency

spectraol the supplied voltage, current and audible noise
are evaluated Tor specilic values ol the supply [requen-
¢y. The voltage-to-lrequency ratio s kepl constant

(Fig. 1). As a sinusoidal variable frequency supply, d
s}ﬂLhI‘Oll()US cenerator, driven by a vartable speed DC

motor is used (Fig. 2).

4 Audible Noise in Speed-Controlled

Operation
4.1 Overall Audible Noise Leve

The combined results of all three motors and invert-
crs are shown i Fig. 3a, 3b and 3¢, As a general conclu-
sion, it can be seen that the influence of the supply har-
monics on the audible noise becomes more pronounced
m the lower frequency range. The increase may be as
high as 30 dB. the PWM-VSI being the least favourable
in this respect.

In Fig. 4a it is shown that w il a sinusoidal supply,
the 28-slot motor has approximately the same emitted
audible noise as the standard motor. The 27-slot motor
may have cither positive or negative deviations that may
be as T0AB(A). Theretore. a general conclusion with re-
gard to the advantages of odd or even slot numbers is not
possible when the supply [requency is controlled. Cal-
culations [ 7] show that aslotratio ol 36-stator 1o 28-rotor
slots yield torsional vibrations due 1o saturation: a ratio
ol 3610 27 is sensitive to radial vibrations duc (o satura-
tion. Fig. 4b and 4¢ compare the three motors for the
CSLorespectivety the PWM-VSI

With the 27-slot motor. resonances are found in the
frequency range of 16 Hz (o 20 Hy due 1o saturarion har-
monics and duc 10 the stator fund amental and the second
rotor stotting harmonic. The resonance is due 1o the spe-
cificnumber of slots. Anincreascof 13 dB(A) of the aud-
ible noise is found. This resonance causes with all supply
types the high audible noise level and is the real disad-
vantage ol the odd number of rotor slots. when a speed-
controlled system is used. The increase of the audible
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Fig. 3. Audible noise L, for induction motors with sinus-
oidal supply, CSIand PWM-VSI{ f supply Irequency)
a) Standard induction motor

by Heat-pipe-cooled induction motor with 27 rotor slots
¢) Heat-pipe-cooled induction motor with 28 rotor slots

noise level at 37 Hzis caused by the resonance excited by
the combination ol the stator lTundamental lield and the
third rotor slotting harmonic. The resonance problems
are with mverter-supptlied machines mystitied due 1o the
audible notse icrease caused by the supply harmonics.

With the CSI, the audible noisc is 10 a Jarge exiend
independent of the motor type.

When analysing the audible noise differences in the
PWM-VSI-supplied 28-slots motor, the inverse tenden-
¢y is noted as this motor shows a large noise increasc.
This is partially due to the carthing of the neutral con-
ductor during the tests, allowing a homopolar current
due to saturation o flow, which is not accounted tor in
the analysis.
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Fig. 4. Audible noise of the different motors
a) Sinusoidal supply

b) CSTsupply

¢y PWM-VSTsupply

4.2 Current and Voltage Spectra

In order 1o find out what the causes of the audible
noise increase due o mverter supply are, a number of
spectra ol the audible noise. the supplicd vohage and
current are analysed. In Fig. Sa 1o 8h, an excerpt of the
analysis is given,

Whensupplying the motor with a generator, the cur-
rent and voltage is virtually free of time harmonics.
Fig. 5a 10 6b show the frequency spectra ol the current
and the voltage supplied (o the heat-pipe-cooled motor
with 27 rolor stots when the machine is supplicd by a CSlI
and & PWM-VSI. Short-circuit currents are induced in
the rotor squirrel cage. having a fixed frequency ratio
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«) Smusoidal supply at 45 Hr
¢) Sinusoidal supply at 36 Hr
¢) Sinusoidal supply at 16 Hz

with respect (o the stator [undamental time harmonic
(eqs. (15) and (18)). The spectrum of the current chang-
es proportionally o the supply frequency (Fig. 7a108b).
Asthe winding, slolling, cceentricity and saturation har-
monics also change proportionally o the supply [re-
quency, these interactions are virtually independent of
the supply frequency, and the generated audible noisce
caused by the harmonics in the supplied current remains
relatively constant as speed increases.

Al f) =5 Hz the current pattern is pulsed in order to
decrease the influence of the current on torsional vibra-
tons [ 12], yielding an increase of the audible noise level
duc to new harmonics.

When a PWM-VSTis used. the pulse frequency and
its multiples and harmonics are pronounced. In the over-
all speed range, harmonics in both voltage and current
are found. For a given pulse frequency, the amplitude
ardlrequency spectraremain relatively constant. There-
fore, when compared to the CSIL the number of coinei-
denees between the [requency of the harmonies in the
rotor and the frequency of the retuctance variation,

by CSIsupply at 34 Hz
dy PWM-VSTcupply at 34 Hy
I PWM-VSTsupply at 15 Hr

which are a function of the speec., is much higher. This
vields the necessary conditions 10 have targe audible
noisc peaks, which increase the overall audible noise
level when compared with other supply types. This kind
of problems can only be counteracted by using a sufli-
ciently high pulse frequency of several kHz, However.,
the other sources of audible nois2 are not counteracted
using high switching (requencics.

4.3 Audible Noise Spectra

In Fig. Ya, the audible noise spectrum of the 27-siot
heat-pipe-cooled motor is shown at a supply Irequency
ol 45 Hz with the sinusoidal supply. The audible noise
ductothecombination of the stator fundamental and the
rotor slotting harmonics contains the Tollowing fre-
quencies:

!
f=1280Hz:

SO5 Hz ... 685 Hu:

i

Istro.or slotting harmonic,

2ud rotor slotting harmonic.
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F=2500Hz: 3rd/4th rotor slotling har-
MONIC-resoNance,
f=3100Hz: {(4th/5th rotor sloting har-

monic).

The high audible noise peak at 2500 Hz is due to the
resonance as one ol the mechanical natural (requencies
is particularly close.

The frequency spectrum of the audible noise gener-
ted by the CSI shows alow spec-
trum at low frequencics with high peaks in the low fre-
quency range (Fig. 9b). The 200 Hz and 400 Hz noise
components arce caused by the St and Tth, IC\DCLI[VC]}

t

. A, Ty o e
IHthand 13thcurren THOnICs, muux,ulb curients

in the rotor at six, respectively twelve times the funda-
mental frequency.

Fig. 9¢ shows the audibic noise \\'hcn using the si-
nusoidal supply at 36 Hz., The typical so ()

\(
ypical sound
are again duc 1o the rotor slollmg harmonics.

TS . fOr e 1N
ated by the motor supplic

=3
=

}
1 [SR Y

=636 Hz ... 708 Hz: st rotor harmonic.
f=1345 . 1489 Hz:  2ndrotor harmonic,
F=2054 ... 2198 Hy 3rd rotor harmonic

This spectrum may be compared 1o the one of ihe
PWM-VSI-supplicd motor (Fig. 9d). As resonance oc-
curs at 1 788 Hz, a minor excitation, as, ¢. g. duc to the
47nd and 49nd with an amplitude of approximately 4 &
ol the lundamental timce harmonic of the current with the
PWM-VSTsupply may lead to high audible noise levels,
The increasc is here 30 dB. The same holds for the res-
onance frequency at 3 108 Hz. As the frequency spee-
“the current of a PW M- VS (‘ull'\ alters \hg}u‘l_\ as
the supply frequency changes, these resonances domi-
nate the audible noise frequency spectra at all speeds.

However, a resonance situation is not obligatory.

trum ol

Fig. 9¢ and 9f show lor a fundamental frequency of
15 Hz. smusoidal. respectively 15 Hz PWM-VSI the

audible noise spectrumemitted by the 27 rotor slots heat-
pipe-cooled motor. The spectrum is dominated by a

component at 272 Hz coming trom the combination of

the second rotor siotting harmonic and « component due
1o saturation. The supplementary time harmonics gener-
ate further frequencics, being multiples of the pulse fre-
quency (1260 Hz. 1890 Hz. 2520 Hy.).

5 Conclusions

When the speed ol an induction motor is controlled
using static inverters, time-harmonic components in the
current are generated. On top of the slot, slotting, satu-
ration and eccentricity harmonics, this may lead to an in-
creasced audible notse level.

As the theoretical analysis of a standard motor and
1wo heat-pipe-cooled machines shows (all 90 kW mo-
tors), these inverter-induced noise components domi-
nate the audible noise spectrum bieneath the rated speed.
The supply using a sinusoidat voltage differs from the
supply with an inverter (both CSI and PWM-VSI) due
to the following aspects:

Using asinusoidal supply, the slot, slotting saturation
and cecentricity harmonics yield audible noise com-

ponents that may be particularly high when reso-
Nance Occurs.

- Using a non-pulsed CSI. rotor currents are mduced
having frequencices and ampli udes with a fixed rela-
tion 1o the fundamental. The soectrum ol the currents
18 proportional o the fundamental frequency. As the

HLquu]u sof th slot, \lomng saturation and eccen-

t are O rtional to the funda-

mental lrc,quumv their r)dllun is also speed indepen-

dent. However, the relation hetween the harmonic
components due 1o the time ha'monics ol the supplicd
current and the resonance requencies of the induc-
tion motor, is not constant. The pulse pattern often
used al low supply [requency to minimize pulsating
torques, yields time-harmonic wmponcm wnh high-

or ln‘r}m\n( 1es i the force so

audible noise.

— Using a PWM-VSI time harmonics are generated in
the whole speed range. Their spectrum. both ampli-
tude and IILL]UUK\ I lkld“\Ll\ constant for a given
pulsc rec
non-pulsed CSI th Lomuduuc ol TEYUCHCICS
of reluctance waves in the machine, which are func-
tons of the machine speed, and of the time harmon-

tes of the inverter current, olten Iead 1o {“,

ecot
nents increasing the audible noise leve Thcxdm
this type of drive is oflen mo-¢ noisy. Thls INCrease
may be avoided by using high-pulse l"rcqucnuc\'
{several kHzy. Using modern switching devices, this
becomes feasible. even tor medium-sized drives, as
discussed here.

o
W idJiee

6 List of Symbols and Abbreviations

alon )y ot disiribution

ha(e )y radial component of the Bux-density distribu-
tion

f frequency ol the Maxwell stress distribution
component

fi stator [requency

n number of the stator tire harmonic

n number of pole pairs

P harmonic number of the Maxwel’ stress dis-
tribution component

s slip

{ time

G number of pulses per hali period of the fun-
damental time harmonic of a PWM inverter

I, r.ns. value of the #-th time harmonic of the
stator current

N number ol stator s10ts

Ns number of rotor slots

R, stalor resistance

Ry, rotor resistance of the p-th time harmonic

0, r.aaws. value ol the s-th time harmonic of the
stator voltage

Xal.n stator leakage reactanc 2 ol the n-th time har-
monic

Xoo n rotor leakage reactance of the #-th time har-
monic

Yo den dynamic deformation



o angular coordinate in the air gap

A harmonic number of a rotor space harmonic

i harmonic number of a saturation harmonic

Un permeability of free space

% harmonic number of a stator space harmonic

P harmonic number of an cccentricity harmonic

ota, 1) radial force-wave distribution (Maxwell

stress)

A, 1) permeance distribution

VSI voltage-source inverter

Csl curreni-source inverter

PWM  pulse-width modulation
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