N

N

Characterization and reduction of audible magnetic
noise due to PWM supply in induction machines
J. Le Besnerais, V Lanfranchi, Michel Hecquet, P. Brochet

» To cite this version:

J. Le Besnerais, V Lanfranchi, Michel Hecquet, P. Brochet. Characterization and reduction of au-
dible magnetic noise due to PWM supply in induction machines. IEEE Transactions on Industrial
Electronics, 2010, 57 (4), pp.1288-1295. 10.1109/TTE.2009.2029529 . hal-01711179

HAL Id: hal-01711179
https://hal.science/hal-01711179
Submitted on 16 Feb 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01711179
https://hal.archives-ouvertes.fr

Characterization and reduction of audible magnetic
noise due to PWM supply in induction machines

J. Le Besnerais, V. Lanfranchi, M. Hecquet, and P. Brockietmber, IEEE

Abstract— This paper derives the analytical characterization Coustic comfort is an important factor when designing
of Maxwell radial vibrations due to Pulse-Width Modulation an electrical transport system: passengers tend to be

(PWM) supply in induction machines, and especially in tracton 13064 closer to the engine to increase the vehicle capacity
motors supplied with an asynchronous switching frequencyThe

number of nodes and the velocity of these particular force wees and urban vehicle often drive glose_from frontz.age re5|der)ts

are experimentally validated by visualizing some operatinal and passers-by. As progress is being made in mechanical
deflection shapes of the stator. It is shown that according to and aerodynamic noise reduction, the full understanding of

the switching frequency, these forces can be responsiblerfbigh  magnetic noise generation becomes crucial. This particula

magnetic noise levels during starting and braking. A simplerule  g4,rce of noise, whose tonalities are penalized by IEC 60034

to avoid PWM noise is then proposed, and applied to an industal . . . .
traction motor. 9 norm, is mainly due to the air-gap radial Maxwell forces

Experimental results show that the choice of the switching that excite the stator in the audible range.

frequency can have a 15 dB impact on the sound power level The spectrum composition of these exciting magnetic forces
emitted by the motor during starting, and that a lower switching comes from several harmonic sources:

frequency can sometimes lead to lower magnetic noise. In &8#- 1y the magnetomotive force (mmf) force harmonics due to
ment with analytical predictions, the new proposed switchmg

frequency that avoids resonances between PWM exciting foes the discretization of stator and rotor winding in slots,
and corresponding stator modes reduces magnetic noise of Bd whose influence can be minimized for instance by a
during starting. proper short-pitch of the stator winding

Index Terms— Induction machine, Pulse-Width Modulation, 2) the air-gap permeance harmonics due to slotting effects,
magnetic noise, vibrations, Maxwell forces. whose influence on acoustic noise depend on the slot

numbers [1] and slot opening widths [2]
3) the air-gap permeance harmonics due to saturation ef-
fects, whose influence can also be minimized by a
proper choice of the slot combination and a reduction
of saturation level [3]
4) the air-gap permeance harmonics due to dynamic and
eccentricity effects
5) the stator mmf harmonics due to Pulse-Width Modu-
lation (PWM) harmonics in stator currents in variable-
speed applications, and especially traction motors

NOMENCLATURE
fe PWM switching frequency
fm m-th stator circumferential mode natural frequency
fs Stator current fundamental frequency

s Stator current-th time harmonic

s m  Stator magnetomotive force (mmf)
Fy Stator fundamental mmf
F, Stator mmf due to PWM harmonic

iy g-th stator phase current . -

» Number of pole pairs This paper focuses on the latter source. Indeed, the_ egcitin
0 Number of stator phases force harmgmcs of type 1) to 4) have all frequencies that
5 Fundamental slip are _proportlonal to the stator supply_ frequengy, so at

a Angular position in stator steady frame starting t_h_ey have very low ffquenmes out of the human
Ak Aif-gap permeance per unit area ear sensitivity range (dBA weighting). On the contrary, the

exciting frequencies of type 5) are not null at starting as
PWM strategies always start with an asynchronous phase.
l. INTRODUCTION Furthermpr_e, mechanical and aerodyr_lamlc noise sources are
also negligible wheryf,; =~ 0, so the main source of acoustic
Manuscript received March 21, 2009. Accepted for publisatiune 22, NOise at starting of any electrical motor is due to PWM.
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machine. Their characteristics (velocity, number of nydes where A is the air-gap permeance per unit argg,,,, is

are experimentally validated by visualizing the statorclstathe stator mmf, andvV; is the 2-D turns function or winding

deflections at some given frequencies. distribution function associated to the stageth phase flowed
On the ground of these analytical results, a simple rule with currenti;.

order to avoid strong resonances due to PWM is then proposed,

and qpplied to a 250 kW traction motor. Some experimer’%'?‘ PWM force waves

are finally run to measure the sound power level radiated

by the motor during starting using several different swiitgh In this section, the magnitude, the frequency and the dpatia

frequencies. It is shown that in agreement with the propos@tfer of main magnetic forces due to PWM are going to be

analytical law, changing the switching frequency from 12g@etermined analytically.

Hz to 1000 Hz significantly reduces the noise level on test Schematically, in the general case, any Maxwell pressure

motor. Moreover, a 15 dB variation can be observed accordiRg'monic P, can be written from (1) and (3) in no-load

to the value of the switching frequency. sinusoidal case as
Il. CHARACTERIZATION OF MAGNETIC NOISE DUE TO Ph = ApAp FpFiyr [ (2p10) (4)
PWM

where A;, and Ay, are permeance fundamentaly] or
A. Expression of radial Maxwell forces harmonics which can come either from stator slotting)(
Neglecting tangential component of the Maxwell tensor ad@tor slotting () or their interaction {,), F, and Fj

magnetostrictive effect, the radial exciting pressig which aré stator mmf fundamentak) or harmonics £7,) which
is supposed to be the 0n|y magnetic noise source can Qj@ﬂer come from the discretized distribution of Statordvng

approximated by [5], [6], [7] in slots (space harmonics) or from the PWM stator current
harmonics (time harmonics).
Py = B;/@uo) (1) Neglecting the slotting effects which are responsible for

slotting harmonics A(¢,as) = Ap), a phenomenon whose
where By is the radial air-gap flux density. Assuming thagharacterization and reduction has been treated in [4], [2]

the rotor is not skewed, and neglecting end-effects, thiefes and assuming that the stator winding is ideal (no winding
independent of the axial direction and can therefore ontytex harmonics), one can easily find the main Maxwell pressure
some circumferential modes of the stator stack, which can Rgrmonics that are due to PWM. These particular force waves
modeled by an equivalent ring as a first approximation [6}re called pure PWM force waves, contrary to slotting PWM
[8]. Developing the magnetic pressure (1) in two-dimenalonyaves which come from the combination of slotting perme-
Fourier series, it can be expressed as a sum of progresgj4ge harmonics and PWM stator mmf harmonics due to PWM
force waves of frequency and space frequency: (spatial current harmonics [12].
order) : The magnitude of these pure PWM force waves are there-

fore given by

Pt o) = Z Appeos(2mft —mas + dmys)  (2)
m, f

A magnetic noise resonance occurs at two conditions [9]: where F,, and F},, are two stator mmf waves coming from
the orderm of the force harmonic must be the same as tifandamental current or its PWM harmonics. Of course, these
circumferential mode number of the stator (eng.= 2 for force waves are the greater when one of the liRg®r F,, is
the elliptical mode), and the frequency of the force harmonihe fundamental stator mn#fy. The largest pure PWM forces
must be the same as the frequency of the natural frequencyragnitude are therefore given by
the stator mode under consideration. There exists an finit
number of force harmonics, but the magnitude of the vibratio Pon = A2FyF, ) (2um0) (6)
waves that they generate are inversely proportionaktd7], ) o
so that only the lowest spatial orders forces lead to sigific To predict resonance effects, characterizing the PWM force
vibration and noise (0 to 4 for traction motors). waves magnitude is not sufficient as one must know both

In order to predict magnetic noise resonances, one miRgir frequgncy and spatial order. These_ can be d.etermined
therefore analytically calculate the Fourier development BY combining the fundamental flux density of spatial order
Py;. This requires an analytical model of the air-gap radi& and frequencyf; with a flux density harmonic due to a
flux density distribution, for instance a permeance / magnet” WM current harmonics, of spatial ordernd frequencyf;.

motive force (mmf) decomposition [10]. In no-load casesthi e resulting waves are given by the cosine product formula,
decomposition can be written as [11] and their properties are summarized in Table I. In that table

the symboly, takes the value:1, indicating the propagation
g direction of the harmonic flux density due to PWM stator
By(t, as) = A(t, ) f5, (£ o) = A(t, iS(t)N*(a,) current harmonic of frequencsy;,. For each current harmonic,
oltsas) = Al @)/ (6 26) = At ) D 5 (ONG () two groups of force harmonics are obtained, namgly,,,
(3) andFEf , which have the same magnitudi,,.

pwm’

Pnn’ = A(Q)FrLFrL’/(QMO) (5)

q=1



TABLE | TABLE Il

LARGEST PUREPWM FORCE LINES EXPRESSION HIGHEST PUREPWM FORCE LINES EXPRESSIONFREQUENCY f, SPATIAL
_ ORDERM) IN ASYNCHRONOUS CASE(SYMMETRICAL TRIANGULAR
[ Name [ Frequencyf [ Spatial ordern |
— ‘ CARRIER).
Fﬂwm fs_nsfysl p—p=20
Fpwm | fs +nsfn p+p=2p [ T m 7 [ 7 [ 7] 7 |
Fowm || =20 || 2fe —2fs | 4fc —2fs | fe+ fs | 3fc+ fs
i Fpwm || 0 2fe 4fe fe+3fs | 3fc+3fs
Fpwm 0 2fe 4fc fe—=3fs | 3fc —3fs
Ffom || 2p || 2fe +2fs | 4fc +2fs | fo—fs | 3fc—fs

AMPLITUDE 1(A) ‘

I
S

[=]

w
S

0 0.2 0‘.4 0.6 0?8 1.0
MODULATION INDEX D

N
o

=
o

'
Stator mmf magnitude (dB Re 1At)

(-p.3f +2f)

o

Fig. 1. Evolution of regular sampling PWM current harmonimagnitud 10
in function of the modulation indexf; being the supply frequency (gre
from [13]).

6000
0
Spatial order (m)

All pure PWM force harmonics have therefore eithe
spatial order of 0 op [4]. They can only resonate with t
stator breathing mode: = 0, or the stator circumferentiau
modem = 2p (for traction motorg = 2 or p = 3 which gives Fig. 2. Complex FFT of stator mmfs,,, (¢, as) in asynchronous PWM
the mode number 4 or 6). Note that in Table I, the frequenciese ¢ = 50 Hz, f. = 1280 Hz, p = 2).
of the force waves can be negative: the frequency sign gives
the propagation direction of the wave.

In the case of an intersective PWM with triangular carriethe traveling direction of a time harmonic mmf depends on
the harmonicsf? can be written as [13]: the frequency (see Fig. 2).

For instance, to find the PWM force lines associated to the
s . .. current harmonics of frequencie. + f,, the stator mmf
Ja=mfs£nafe wheren, andn, have an opposite pgr)lty harmonicsF, to account ?or are?firstfmmf wave of spatial

. . . grder —p and frequency-2f. — fs (which is equivalent to a
where f. is the chopping frequency. The current harmonics atial ordem and frequency2f, + £.), and a second mmf

of highest magnitude depend on the carrier type, and on ¥ .
modulation index. As anF:axampIe, the main grgup of currel© of spatial ordep and fr_equepcy—ch + fs'_ .
harmonics at low modulation index i& + f, and f. + 2. In the case of a symmetrical triangular carrier, the r)otS|es
for a forward saw-tooth carrier shape, while it g, + f. pure I?WM lines are therefore centered around twice the
for a standard symmetrical triangular carrier. Furthemznorsmmcmng frequency.
the magnitude of current harmonics and of the associated
mmf harmonicsF,, also vary with the modulation index: for
a regular sampling intersective PWM, the groRp. + f
dominates in starting phase, whereas at maximum speed, i1) PWM currents. A 250 kW squirrel-cage induction ma-
is the groupf. + 2f, (see Fig. 1). chine has been tested with an asynchronous PWM with
PWM magnetic noise is the most annoying at low speefl = 1280 Hz. The resulting PWM currents magnitudes are
when the aerodynamic noise is lower. In the asynchronous cdssplayed in function of speed (which is proportional to the
with a triangular carrier, the noisiest PWM lines can theref supply frequency, and therefore to the modulation index@ t
be characterized by Table II. constant flux phase) in Fig. 3. Despite the current variation
The expressions of these lines are obtained by replacidige to numerical errors during post-processing, the global
nsf; of Table | by the corresponding current harmonics. Orevolution of PWM current magnitude agrees with results of
must be aware of the propagation direction of the mmf wavésy. 1 that comes from the analytical calculations of [13].
ns = +1: in the same way that the propagation direction of Bhese experiments also confirm that the main PWM group at
space harmonic mmf depends on the space harmonic numbtarting is the one around twice the switching frequency.

-4000
-1@P00

C. Experimental validation
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Fig. 3. Experimental stator current harmonic groups mageitin functic..
of supply frequency (asynchronous regular sampling PWWM= 1280 Hz).

2) Sound power level: In Fig. 4 is displayed the soun
power level radiated by the motor at very low speed (150 rp
so that magnetic vibrations linked to some slotting perroez
harmonics (winding, slotting, saturation harmonics) hiwe
frequencies and do not contribute to the global A-weigh
sound power level. This fact can be observed in the exg
mental spectrum, as all the main acoustic lines are cent
around multiples of the switching frequency, and are trogee
generated by some current PWM harmonics.

Sound power level (dBA)

20

The highest acoustic lines are centered around twice 10t
switching frequency, where the PWM current harmonics m o ‘ ‘ ‘ ‘ ‘
nitudes are the highest. In accordance with the magnitufle 2450 2500 2550 2600 2650 2700

PWM current harmonics, the other main acoustic lines ap. -... Frequency (Hz)

near four times the switching frequency, once the switchingy 4. Experimental A-weighted sound power level spectinrasynchro-
frequency and three times the switching frequency. nous PWM case withfs=5 Hz and f.=1280 Hz (top: from 0 to 6400 Hz,
On the bottom part of Fig. 4 is displayed an enlargekftiom: from 2400 to 2700 Hz).
view of the sound power level spectrum around twice the
switching frequency. The largest pure PWM lines (group
number 1), which were previously determined analyticall)é
correctly appear arounglf. — 2f, = 2550 Hz (spatial order
2p), 2f. = 2560 Hz (spatial order 0) an@f. + 2f;, = 2570
Hz (spatial order -2p). Other groups (4a,4b,5a and 5b)
some slotting PWM lines, which come from the combinatio
of some slotting permeance space harmonics and some PWM
current time harmonics [14], [12]. 2fet 2fmaa < fop OF 2fc = 2fmaa > fop  (8)
3) Pure PWM vibrations orders and frequencies. The and
expressions of main pure PWM vibrations spatial orders,
fr_equgn_cies and propagation _directions have peen vatidate _ 2> fo or 2f < fo 9)
visualizing the stator deflections at some given frequencie
(Operational Deflection Shapes, see Fig. 5) on the 250 kWThe meaning ofk can be quantified more precisely using
motor with p = 2. These animations were obtained from than estimation of the modal damping coefficiépt associated
vibration data of several stator circumference points. fblne to modem: assuming that the dynamic response of the stator
lobes of2p = 4 spatial order rotating vibration waves can bstructure is a second-order filter of critical frequenfy and
clearly observed. dampingé&,,, the gap between the exciting force frequency
A similar behavior was observed at other frequencies (sard the natural frequency should be more than the band-width
for instance Fig. 6 for main PWM lines around four times the,, f.,. &, can be determined using the experimental law of

For regular sampling PWM, the switching frequency must
e chosen so th&f. +2fs,4f. +2fs,... groups do not meet
the natural frequencief and f, of the stator stack on the
vygole motor speed range, i.e. féy lying from O to a certain
are _. S
H]axmal frequencyf,,q.. This gives:

switching frequency). [8] (&m = 2%), which gives
IIl. REDUCTION OFPWM NOISE
A. Low noise deggn rule 2fc+2fmax < (1*€2p>f2p or 2fc*2fmax > (1+€2p>f2(plo)

As seen in section Il, a resonance can occur between the
exciting magnetic forces and a stator circumferential modeand
at a frequency match condition, and a spatial order match

condition. 2fc < (1 =&)fo or 2f.> (1+&)fo (11)
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Fig. 5. Stator deflection shape at pure PWM vibration fregies2f. —  Fig. 6. Stator deflection shape at pure PWM vibration freqgigsi f. —
2fs = 2510 Hz (top), 2f. = 2560 Hz (middle) and2f. + 2fs = 2610 Hz  2f. = 5070 Hz (top), 4f. = 5120 Hz (middle) and4f. + 2fs = 5170 Hz
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where the< and>> mean a 100 Hz difference for a robusheight of yoke, and whose mass density is the one of the stator
design. stack corrected by the teeth and winding mass. The andlytica
These conditions are harder to fulfill in the synchronouwsxpression of the breathing mode is then [15] given by
phase, during which the switching frequency varies propor-
tionally to the supply frequency. However, PWM noise is the 1 E;
noisiest at starting phase wh¢nis close to 0, and where the fo = 27D, \| KA ps (12)

strategy is necessarily asynchronous.

where D, is the stator mean radiug; is the stator stacking
_ ) factor, p; the stator stack mass density afd is Young
B. Natural frequencies computation modulus, andA,, is the mass increase due to winding and
These rules can either be applied after the motor manuféeeth:
turing, if the PWM strategy is not already fixed, or to change W W
the PWM strategy in order to decrease noise. They can also A, =1+ Pt t Wow (13)
be applied at motor design stage, and in that case one must Wi+ Wy
estimate the motor natural frequencies in order to propesshereW,,, W,,, Wy andW,, respectively stand for the mass
design the switching strategy. of stator teeth, winding, frame and yoke.
A simple analytical model consists in modeling the stator The natural frequency of thep mode can be obtained
structure as an equivalent ring whose width is given by thamalytically with



TABLE Ill
CIRCUMFERENTIAL MODES NATURAL FREQUENCIES VALIDATION OF
ANALYTICAL MODEL DIVA wiTH 3D FEM.

B. Experimental validation

To validate these conclusions, some experiments have been

Mode numbem T DIVA | 3D EEM run on another 250 kW traction motor whose rotor has been
0 2870 2870 designed in order to cancel main saturation and slotting
g 15593?5 1558700 harmonics [3], [2]: no magnetic resonance occurred when
4 2885 | 2840 feeding the motor with sinusoidal currents. The motor hambe

run at variable-speed with asynchronous PWM, by lineary in
creasing its supply frequency from 0 fg,,, = 105 Hz. Some
run-ups were measured with different switching frequescie
varying from 600 to 1900 Hz, the default switching frequency
(14) being 1280 Hz. Results are displayed in Fig. 7.
V3D, Viap? +1 On the upper part of this figure, the sound pressure level
is displayed as a function of time (proportional to speed) fo
he different switching frequencies. From 0 to 30 km/h, the
coustic level strongly changes, and some resonances: occur
the global noise level is dominated by pure PWM noise. Over
30 km/h, all the acoustic levels are the same, which shows tha
the measurements are independent of the switching freguenc
A. Theoretical quietest switching frequency the global noise level is dominated by non-magnetic noise

] ) ) sources, and especially fan noise. One of the quietest motor
The analytical model applied to the 250 kW traction motaf,s the ones withf, = 1900 Hz or 1800 Hz, whereas the

gives fo = 2890 Hz and fz, = 2850 Hz. These two frequen- ngisiest motors are with, = 1500 Hz or 1600 Hz. A 15 dB
cies are quite close, which is not surprising &8s, ~ 1, SO giterence can be observed during starting between theegtie

hs 2p(4p2 B 1)

Jop = K2pf02

whereh; is the stator height of yoke, arfly,, is a corrective
coefficient whose expression can be found in [15], [16], [17

IV. APPLICATION

that forp = 2 one obtains and the noisiest PWM strategies, which shows that the choice
of the switching frequency has a strong influence on acoustic

o g9 (15) noise.
fo Ds On the lower part of Fig. 7 are displayed the average sound

: - .. power level and the maximum sound power level observed
Therefore, |th_ ~ D,/4, mode 0 and 4 occur at SI”.“Iarfrom 0 to 30 kph in function of the asynchronous switching
natural frequencies. The fact that these two frequencies ar quency. This graph clearly shows the resonance effeet du
close one f“”T‘ each other makes it more important to aVof'c()?the freduency match between 0 or 4 order exciting PWM
resonances with PWM forces. forces with the stator mode 0 or 4 natural frequency. The &ors

A modal experimental analysis was run in order to Valizase 5 observed for a 1500-1600 Hz switching frequency, in
date the calculation of these two frequencies, but the mo?

X i . Yod agreement with the analytical prediction of 1495 Hz.
deflection shapes at these high frequencies were too complex
to be easily associated to a pure circumferential ring mode.
Natural frequencies were therefore validated by compariso
with a solid FEM model of the stator stack equivalent cylinde V. CONCLUSION
(Table III).
Applying rules of (10) and (11), the switching frequency The main source of magnetic noise due to PWM supply in
must be chosen so that induction machines has been analytically characterizad, a
validated by experiments. A low noise design rule, based
on an analytical model of the stator natural frequencies, ha
2fe + 2fmaz < fop — 0.2pfo,2p = fo < 1290Hz  (16) been proposed and applied to a 250 kW traction motor.
Experimental results show that the PWM resonances were
or correctly predicted, and that the proposed switching fesgu
cies decreased noise radiation. Furthermore, a 15 dB iariat
was measured between the quietest and the noisiest swgtchin
2fc — 2fmax > fo,2p + Eo,2pf0,2p = fe > 1610HZ  (17) frequencies: this great influence of the switching freqyenc
can be explained by the fact that the 0 apg natural
Therefore, the value of 1280 Hz should not be the optimiequencies are close one from each other on the studied
value in order to limit PWM noise: it should decrease eithdfaction motor. The new asynchronous switching frequency
with a lower switching frequency near 1100 Hz, or with & 1000 Hz reduces the noise level of 5 dB during starting,
much higher switching frequency near 1900 Hz. The valg@mpared to the 1280 Hz default value, and reduces inverter
f. = fo/2 = 1495 Hz is the worst choice, as the correspondWwitching losses at the same time.
ing O order exciting forces frequencies do not change with Future work will investigate the psycho-acoustic impact of
speed. various PWM spread-spectrum strategies [18], [19], [20].
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