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Characterization and reduction of magnetic noise
due to saturation in induction machines

J. Le Besneraisiudent Member, |IEEE, V. Lanfranchi, M. Hecquet, G. Lemaire, E. Augis, and P. Brochet

Abstract— This paper derives the analytical characterization of S Fundamental slip

Maxwell radial vibrations due to saturation effects in induction Z, Number of rotor slots
machines, and especially in traction motors. The number of nodes Z, Number of stator slots
and the velocity of these particular force waves are experimen- as Angular position in stator steady frame

tally validated by visualizing some operational deflection shapes
of the stator. It is shown that according to the stator and rotor
slot numbers, and stator natural frequencies, these forces oa

o Air-gap magnetic permeability
7. Rotor slot pitch

be responsible for high magnetic noise levels during electrical 7s  Stator slot pitch
starting and braking. A simple rule to avoid saturation magnetic
noise is then proposed, and applied to an industrial motor. |. INTRODUCTION

A fully analytical model of the motor vibro-acoustic behavior, ) . . . .
including saturation effects, is finally presented. Simulation Coustic comfort becomes increasingly important in sub-
results show that the new proposed motor improves magnetic ways and light-rail vehicles for both passengers who can

noise level up to 20 dB, whereas experiments give a 15 dBpe placed close to the engine, but also for frontage resident
Improvement. and passers-by. As progress is being made in mechanical
Index Terms— Induction machine, saturation, magnetic noise, and aerodynamic noise reduction, the full understanding of
vibrations, Maxwell forces. magnetic noise generation becomes crucial. This particula
source of noise, whose tonalities are penalized by IEC 68034
norm, is mainly due to the air-gap radial Maxwell forces whic

NOMENCLATURE excite the stator in the audible range. Saturation effecidify
b, Rotor slot opening width the Maxwell forces spectrum, especially in starting phase
be Stator slot opening width where the air-gap flux is maximal in order to develop maximal
d; Rotor fictitious slot depth torqu_e, and can therefore create new _harmful resonances.

; Stator fictitious slot depth This paper ﬂrst presents the ar_walytlcal characterization o
f Stator mode number 2 natural frequency Maxwell V|brat|ons dug to saturation effects, on the grqund
£, PWM switching frequency of a fuIIy analytical wbrg-acoustlc quel of thg induction
£, Stator current fundamental frequency machine called DvA. Their char_acterlsncs _(velo_C|_ty, number

s Stator magnetomotive force (mmf) of nodes) are experimentally validated by visualizing taecs
F, Stator mmf magnitude stack deflectu_)ns at some given fr_equen0|e§. An experirhenta
g Air-gap width Igw of the noise level increase with saturation is also estab
ke Integers involved in saturation permeance  lished.

Fourier series A simple design rule on rotor and stator slot combination
K, Carter coefficient in order to avoid strong resonances due to saturation is then
k.. ks Integers involved in slotting permeance proposed, and applied to a given motor where saturation

Fourier series forces create strong vibrations. Somev® simulations are
K, Saturation factor finally run to compare the noise radiated by the tested motor
p Number of pole pairs and the new proposed motor, and successfully compared to
P, Saturation permeance harmonics experimental results.
P., P, Rotor and stator slotting permeance

harmonics magnitude Il. CHARACTERIZATION OF MAGNETIC NOISE DUE TO

SATURATION
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B. Saturation force waves

Py = B;/(2Mo) (1) All these combinations give numerous pressure waves.
However, the higher their spatial order is, the lower stator

the rotor is not skewed. and nealecting end-effects. thisfi gtatic deflection is [4]. Moreover, some of them have very
the rotor1s not skewed, and neglecting end-etiects, teeles magnitude as they come from the multiplication of low
independent of the axial direction and can therefore ontjtex

some circumferential modes of the stator stack, which can agnitude harmonics (€.g. a high order mmf space harmonic
) . . P Smbined with a high order permeance harmonics gives a very
modeled by an equivalent ring as a first approximation [

. . . . w flux density harmonic). Finally, some of these harmonics
[6]. Developing the magnetic pressure (1) in two—dmenalonhave low frequencies (inferior to 400 Hz), far from human’s
Fourier series, it can be expressed as a sum of progressive - imal sensitivity range '

force waves of frequency and space frequency. (spatial Neglecting these force waves, one can find that they can

order) - be reduces to three main families assuming that currents are
sinusoidal [12], [13]:
Pyt o) = ZAmf cos(2mft — mas + dms)  (2) 1) slotting force harmonics, coming from the interaction
. f of some rotor and stator slotting permeance harmon-

. . . ics with twice the stator mmf fundamental (magnitude
A magnetic noise resonance occurs at two conditions [7]: FoFo/(210))

the orderm of the force harmonic must be the same as the 2)
circumferential mode number of the stator (emg.= 2 for

the elliptical mode), and the frequency of the force harmoni
must be the same as the frequency of the natural frequency
of the stator mode under consideration. In variable—speed3)
motors, this frequency match condition is more easily fatls

as the frequencies _of magnetic forces due to fgndamental permeance harmonic, and with twice stator mmf fun-
current vary proportionally to the supply frequengy, and damental (magnitudd.,, Ao Fo Fo /(2410))

thergfore Sweep a wide .fre.q.uency range during Startmg.andSaturation of teeth indeed flattens the air-gap flux density,
braking. There exist an infinite number of force harmonics,

but the magnitude of the vibration waves that they genera\ll%lehmh modifies the space harmonic content of Maxwell forces,

are inversely proportional tm? [5], so that only the lowest and can change magnetic noise level [4]. This effect can

. T L be modelled by adding to the permeance function additional
spatial orders forces lead to significant vibration and ex¢s . . . .
; permeance harmonics due to saturation with spatial Gxpfer
to 4 for traction motors).

In order to predict magnetic noise resonances, one val\éQereka 's a positive integer [8], [14], [15], [16]

therefore analytically calculate the Fourier developmeht

Pys. This requires an analytical model of the air-gap radirﬂsat(t as) = A(t, o) + Z A, c08(2kqwst +2pkacts + da)
flux density distribution, for instance a permeance / mamgnet ’ ’ .

where B, is the radial air-gap flux density. Assuming tha

"winding force” harmonics, coming from the interaction
of some rotor and stator slotting permeance harmonics
with the stator mmf fundamental, and with one stator
mmf space harmonic (magnitude A, Fo Fy, /(210))
saturation force harmonics, coming from the interaction
of a slotting permeance harmonics with a saturation

ko=1
motive force (mmf) decomposition [8]. In no-load case, this (5)
decomposition can be written as [9] where the permeance harmonics magnitige depend on
the saturation factor and are inversely proportionaktoFor
s Ho S — i
By =Afs, = —Ffm (3) k. =1, we have for instance [14]
where g; is the air-gap fictitious width”, i.e. the mean po  2Asa Fo + Fry

air . . = B G
length of flux density lines along the air-gap, which can ¢qua ! K Ks 1+ Agpy ! Fy+Foy+ Fy (©)
9, 9+dj, g+dj or g+dj +d} according to the respective po- \yhere F,, and F,, are the ampere-turns in stator and rotor

sition of stator and rotor slots. The Fourier series expoess teeth path,F,, and F,, are the ampere-turns in stator and

[11], as well as the flux density spectrum resulting fromithejne air-gap path. )

multiplication, and the Maxwell force spectrum obtaineshfr  The ajr-gap flux density distribution flatening with satura-

the combination of flux density harmonics. tion is illustrated in Fig. 1 fork, = 1.
Schematically, any Maxwell pressure harmoifi¢ can be  To obtain the analytical expression of these particulaceior
written in no-load sinusoidal case as waves, one can develop all the involved quantities (percean
and mmf) in Fourier series. As saturation waves are linked
Py = ApAp Fr B [ (2p10) (4) to the stator mmf fundamental, the permeance harmonics

. expression are only needed. One can show that [17]
whereA;, andA;. are permeance fundamental or harmonics

which can come either from stator slotting,(, rotor slotting

(A;) or their interaction 4,), Fj, and Fy, are stator mmf A~ — ler(cos((ksZs — ke Zy) o + Ky Zpory)
fundamental £y) or harmonics £,,) which come from the 2

discretized distribution of stator winding in slots. + cos((ksZs + kyZr)os — kpZrai))  (7)



— — —cos(patw )

0.1c0s(par_+w,t)cos(2pa_+2w t-pi) 4

COS(pa+w_1)+0.1c0s(par -+ _t)cos(2pa_+2w,t-pi)

Fig. 1. lllustration of the air-gap radial flux density flatteg due to even
order saturation permeance waves.

Fig. 2. Deflection shape of tested motor @&t(38/2 + 4) = 23f,, with
fs = 30 Hz (no load case), captured at two succesive moments.
where o, = 27%(1 — s)t stands for a rotor bar angular
position, k. and k, are strictly positive integers coming froms)/p +4)
the Fourier development of permeance distribution, &nhd frequency.

is a multiplicative coefficient proportional @/ (ksk;). The effect of saturation level on noise has also been
Provided that the fundamental stator mmf is given bh‘]vestigated by progressively increasing the air-gap flyx

Fo cos(pas — 2mfst), one can easily find the expression ofy ihe fixed supply frequency where the saturation force wave
saturation force waves [13]. The obtained force harmories gy ites stator elliptical mode. Results are displayed @ Bi
characterized in Table | where strictly positive integéts

come from the Fourier development of saturated permeance
distribution, and size the magnitude of permeance harrsonic
: the highest magnitude force waves are linkedtc= 1, and

ks = k. = 1. Note thatF?,, saturation vibrations frequencies
are the same as some slotting vibrations [4], [18].

, Where f5 is the stator elliptical mode natural

TABLE |
MAIN SATURATION FORCE LINES EXPRESSION

Global sound power level[dB re. 1072 W]

Name Frequencyf Spatial ordem

Foo fs(krZr(1 = 8)/p — 2(1 + kq)) krZr —ksZs — 2p(1 + ka)
Fo, fs(krZr(1 — 8)/p £ 2kq) kyZy — ks Zs £ 2pkg
Foy | Js(keZe(1— ) /p+2(1 + ka)) | krZr — ks Zs + 2p(1 + ka)

Time (sec)

As an example, foZ,. = 38, Z, = 48 andp = 2 the highest Fig. 3. Normalized evolution of sound power level due to sgtan with
saturation force harmonics are given by Table II. Howewr, dme. when linearly increasing the air-gap flux from 2 to 7.5/
the force harmonics of orders superior to 10 will create low o ) )
magnitude vibrations, so the only important saturatioredor AN eémpirical law has therefore been established to quantify
harmonic isF*. with order 2. the effect of saturation level on noise:

sat

TABLE I Ly =~ alogig(¢g) + B (8)
MAIN SATURATION FORCE LINES EXPRESSION OF TESTED MOTQR ]
where« and g coefficients depend on the motor geometry,

Name Frequencyf Spatial ordenn and iron magnetization curve (in tested moter= 22). This
Fo | fs(Zr(1—s)/p—4) -16 law is useful for predicting how the maximum sound power
Feour | fs(Zr(1=s)/p—2) -14 level encountered during starting will be reduced usingxgeto
Fooe | fs(Zr(1—s)/p+2) -10 ;

Fly | fs(Ze(1—5)/p+4) 2 air-gap flux.

D. Reduction of noise due to saturation

Z, andZ, are both involved in the expressions of saturation
forces orders, their choice is therefore highly importamt t

An operational deflection shape (ODS) is run on a sel&void saturation resonances. The great influence of slot com
ventilated squirrel-cage induction machine wif) = 38, bination as already been studied regarding magnetic noise d
Zs =48 andp = 2 in order to visualize its stator vibrations.to slotting vibrations [19].
The visualised shape at frequengy(Z,.(1 — s)/p + 4) is More precisely, the stator elliptical mode is the most
presented in Fig. 2. In agreement with Table Il, an elligticalangerous one in traction motors, so one should avoid to
vibration is observed. This vibration resonates with tlaast excite this mode with high magnitude saturation vibrations
elliptical mode during starting phase whe¢n= f»/(Z.(1 — during the whole starting phase (for = 2, f, typically

C. Experimental validation



goes from 0 to 100 Hz). In variable-speed applications,
is more easily done by avoiding to create any sature
force wave of order 2, than trying to avoid frequency m:
between saturation waves exciting frequencies and elif
mode natural frequency.

Consequently,Z,. and Z, should be chosen so that t
largest saturation vibration (given by, = k. = ks = 1)
has not a spatial order of 2, that is to say

airgap radial flux density (T)

|Zr_Zs:t2pa4p|7é2 (9) B
Tested motor does not respect this rulg3ss-48+4 x 2| = H ‘ ‘ ‘ ‘ ‘ ‘
2. To respect this rule, a new rotor slot number can be ch 0 05 1 15 2 25 3
for instanceZ, = 36. One can easily check that this new ¢ mechanical angle o (rad)

number satisfies equation (9). In the next part, some siiualat

) . e Fig.5. FEM f ity distribution along the air-gap i
and experiments are run in order to check if this new numbgf 5 and Dva flux density distribution along the air-gap in saturated

Se.
of rotor slots decrease saturation noise.

I11. SIMULATION RESULTS AND EXPERIMENTAL The variable-speed noise radiated by both tested motor with
VALIDATION Z,. = 38 and new proposed motor with,, = 36 has been
A. Simulation results simulated with DvVA (Fig. 6). The actual motor witlf, = 38

. . . ) . has a strong resonance nefar= 30 Hz, in agreement with
Some simulation are run using a simulation tool calletD 1, analytical predictions (cf. Table 1) and experimefis
[13], which is able to determine the acoustic noise of magnehg_ 2). The proposed motor does not have any strong magnetic

source emitted by an induction machine, including loads@ul (o5onance, and theoretically improves the noise level af20
width modulation (PWM) and saturation effects. This vibro-

acoustic simulation software has been already validated ¢ __ gg-

several motors [11], [20], [21], [22], [23] and at different & ol ) old (zr=38)
stages by tests and finite element method (FEM). More detai f’ /\ 20 dBA hew (Zr=36) )
about the electrical model and vibro-acoustic models used i $ 701 /IN A =i
Diva are given in those references, and especially how t 5 60, 7, S| .
compute the stator natural frequencies. § 500 Mt

The magnitude of saturation permeance harmonics has be o
validated first with FEM software OPERA. The evolution of 3 40r
the saturated permeance harmonics magnitude with saturati “ 30 : ' : : : ; :
was correct, but the analytical expression (6) did not give A 2 4 Frfguencys(?_'z) L %0
results accurate enough, so it has been necessary to io¢rodu
a proportional fitting coefficient (see Fig. 4). Fig. 6. Sound power level radiated by initial tested motorhwit. = 38,

where a strong saturation vibration resonates with stdliptieal mode, and

0.14r by proposed motor with a 36 slots rotor.

—+—DIVA
0.12 —— OPERA

B. Experimental results

Fig. 7 presents the noise measurements made on these two
different rotors at variable-speed, in off-load sinusbickzse.

As predicted by Dva model, the 38 slots rotor creates a
strong resonance near 35 Hz, whereas no particular resenanc
is observed on the 36 rotor slots. The new motor noise level
nearly evolves linearly with speed: it is now totally cowebizy
fan noise. No noisy saturation vibration occurs, so thatgela
saturation level can be used to higher starting torque witho

: : : : : : : : increasing magnetic noise level. Furthermore, a 15 dB on the
500 600 700 800 900 1000 1100 1200 . . . . . .
RMS phase voltage (V) overall noise (magnetic+aerodynamic) is obtained, agans

predicted 20 dB on magnetic noise only.
Fig. 4. FEM and Dva main flux density saturation harmonic of spatial order
3p in function of the applied phase voltage, after having fit #realytical
model.

0.1f

0.081

0.06

0.04r

0.02r

Saturation flux density harmonic 3p (T)

IV. CONCLUSION

Magnetic noise due to saturation effects in induction ma-
The resulting radial flux density has been also validatetl withines has been analytically characterized, and thesesxpr
FEM (see Fig. 5). sions have validated by expriments. They allow to predict
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