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Introduction

How does audible magnetic noise occur ?
- air-gap electromagnetic energy per unit volume = electromagnetic pressure

- enriched spectrum with PWM time harmonics + rotor bars and stator winding
space harmonics

- radial excitation of stator structure, creating vibrations especially when
matching natural frequencies

Objectives

- fast prediction of variable-speed electromagnetic noise level of a PWM-fed
induction machine (+ optimization)

- analytical prediction of main noise spectrum lines
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I Analytical model: electromagnetic part

- Rotor and stator currents are computed using an extended equivalent circuit with
both time and space harmonics

- Magnetomotive forces are computed using winding function approach with linear

rise in slots:
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I Analytical model: electromagnetic part

- Air-gap radial flux density is then computed as:
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I Analytical model: mechanical part

2
- Stator vibration is supposed to be generated by Py = BQ
Maxwell tensor radial component: 2110

- Pressure is 2D-Fourier developped in pressure lines P, of spatial modes m at
pulsation w.
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- Static displacements Ys are computed For instance, for m >1

12R, R3
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mw

- Dynamic displacements Y% are computed using a 2" order filter resonance model:

va =V (1= f2/f2)° +4¢2 £ 271
\
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m-th mode natural m-th mode_ modal
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I Analytical model: mechanical part

- Natural frequencies are analytically computed using a 2D ring stator model

- Natural frequencies were validated with FEM/tests
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m | Analytical | 2-D FEM | Shock Method | Smus Method
0 14859 14656 OR OR
1 1100 ND 1200 1273
2 2478 2364 2400 2423
3 6396 6473 6100 6210
4 12028 11898 11700 OR




I Analytical model: acoustic part

- Sound power radiated by m-th wave at stator surface is given by

Wm(f) — {J(]C{]chm(f) < m >
\

Air velocity
Modal radiation factor proportionnal to Y d

(sphere or infinite cylinder
approximation)

- Sound power level is then

f.m
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IT Simulation results

-700 W 3-phase induction machine Z,=27, Z,=21, p=2, fractional-slot winding, in
sinusoidal case (n=1, m=1, s=3%)
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IT Simulation results

Vibration spectrum with modal contribution (s=3%, f, =50 Hz)
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IT Simulation results

Total noise level with modal contribution (variable speed)
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ITI Analytical noise spectrum

- noise spectrum (= vibration spectrum) is a complex combination of time and space
harmonics

- to obtain this spectrum, all the functions (currents, turns functions, permeance) are
2D-Fourier expanded

This way, we obtain stator and rotor mmf spectra:
Stator current

fr = [l — -ﬂfﬁp/'frequencies

Name/Amplitude Spatial modes Frequencies _—Comments
Stator and F. €. s he >0
rotormmf +— g v, f T he >0
. . E TR € - Jon, - -~
waves ; e : | ;m ;
th Fre.‘CtloanZSIOt Spﬂcé garr;orillcs,ls +1 factor to take MRotor curr.ent
OMETWISEP = 2P G s Ns = 9P /D, LIP. 29D - 5ccount propagation frequencies

direction
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ITI Analytical noise spectrum

permeance spectrum:

| Name/Amplitude |

Spatial modes | Frequencies | Comments |

: P 0 0
Rotor and stator slotting P. ko7 0 ko ks > 1
permeance waves D k7, k7, fr
Py ksZs + nkyZ;- —nkrZ-fr
air-gap flux density spectrum:
Name/Amplitude | Spatial modes Frequencies
Combination FoFs 10sVs Nos€s fr
of permeance — ok, nortr Nor (VrfR + €rf) 1)
waves and PsFs ks Zs + TssVs Nss€s fn,
mmf waves PsFy ksZs + Nsrir Nsr(Vr fR +€rf) 1)
PrFs kyZyr 4+ Mrsts —krZrfR + Nrs€s [
P;'F'r "['»;Z; + Ty Vg _‘E° Z fR ‘|‘ Ty V: fR —I_ € fys n}

and finally force spectrum (eliminating high modes, low frequencies and
redundant lines):

| Name/Amplitude |

Spatial modes

Frequencies

L1 = FPFP:F)
Lo=PFP.,F.FP.F,
L= FP.F.FP,.F,
La= FP:F,- P, F;
LE- - PF'FSPI'FI'
Le = FoFs PoFs
Ly = Ry Fr . I F-
Ls = FoF, Py F

NssVs — Nerlr
keZiag —kpZy 4+ Valss —
keZs — k2, —I—?;quq
ks Zo — kv Zy + Narv).

NrsVs — ThrrVp
NosVs — M) Vs

! !
Horly — Tlg,. Vi
NorVy — NoslVs

!
Vs
Nrrlr
— Nrrlr
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ITI Analytical noise spectrum

EXAMPLE (sinusoidal case):

stator mmf wave F.=(p,f,)
+ flux density wave P;F=(p+ksZs f,+0)
stator slotting permeance wave P_=(k.Z,,0)

+
stator mmf wave F.=(p,f,)

+ flux density wave P .F=(p-k,Z, f;+k,Z fg)
rotor slotting permeance wave P .= (k,Z,,-k,Z,fg)

— 7
——

force wave
of mode 2p+ k. Z.- K. Z,
and frequency f,(k,Z, (1-s)/p+2)

| Name/Amplitude | Spatial modes | Frequencies
Ly =P FsP.Fy NsslVs — Nerlr Nas€afp, —Nar(Wrfrterf) )
Ly =P.F.P.Fs | keZs —kpZy + Vellas — Vitlrs krZvfR+ 17, €sMss — fir, €5Trs
L3 = FsbFs by Relis — RpZip + MNssVs — Nypylr (RrZy — Neelr ) TR+ fs?}ss.}(ﬁl - E-;-?F-:--p'j;.:s na
Ly = F:F-PrF; ksZs — ke Zr + ?]'S'.r'f/'-:- — Mrrlr fr(k,Zy + T?S?'V-:- — Ny ) + E'r??s-;'fi-:s ny EJ-:-T?';";'f;-SnQ
Ls = P.FsP.F, Nrsls — ey Thrs Esf;:l — Nrr(Ur fR + E';'fa?xls nz]
L = FoF FoFs Hosls _7?651"’; fsﬁ{]sf;—il _E;??Bsfﬁ,g
Ly = Py F-Po I NorVy — 7?6.;.1/-:- fR(??G?'V?' - 7?6.;.1/-:-] + E':""?D-.r'fifs ny E;'?}E]';'firsng
Ly = Fol'y Fo ks 1N0rVr — N0sVs Nor (Ve fR + € f) 0y ) — €05 Frasy

SSD-PES J. LE BESNERAIS U3.U




IT Simulation results

Vibration spectrum with modal contribution (s=3%, f, =50 Hz)
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ITI Analytical noise spectrum

CONSEQUENCES:

In sinusoidal case, we can show that the main lines are:

F=fi((1—s)

k2,

£ [3)

M=+kZ, Tk Z, = |F

In PWM case, besides these lines, the main lines are usually:

F=|tfHXf M=0 or 2p
| Name/Amplitude Spatial modes Frequencies
L1 = P Fs P Fy sel/s — Terl/r — Nar (Wr fR + €[,

Lo = FP.F P Fy ks
Lg = FPsFPrFy, ks
L;_L — PsF;'P;'F;- ks
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Conclusion

« analytical model predicting the electromagnetic noise level of a PWM controlled
induction machine

 method to analytically derive main noise spectrum lines, including the influence of both
time and space harmonics

 better understanding of harmonic interactions role in magnetic noise generation

Future work

e comparison with experiments in PWM case, influence of rotor space harmonics

« 3D analytical mechanical and acoustic model
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Thank you for your attention.

SSD-PES J. LE BESNERAIS 03.07



Spatial aliasing: Z,=28, m=27

08r
08
04r
02r

02 F
04 -
Pl 1

08 F

-> gpace harmonics m>Z /2 induced in rotor currents by stator windings must be corrected...
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m space harmonics

n
2 /S?mz.

TR
I

TrLTL
'IP

min
X [

n time harmonics

R," stator/rotor resistance (n : skin effect)

X"=w, L, stator reactance

Xon=w, L,m rotor reactance (m : winding factor in transformation factor)
X"=w, L,m magnetizing reactance (m : winding factor in transformation factor)
Smn harmonic slip
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F(t,o5) = Y Apmnsin(mas + 20 fot + dmn) = Y Amnf{(m, f)} = {(mi, fi) bier

the following rules are used:

o 1
{(mis £ Yier + {0ms, f)lies = Ami, f)Yieros [finasind = Floos(a —b) — cos(a+ D)

{(mi, fi) Yier x {(my, i) ties = {(m; +fj)}£ELjEJ,ﬂiJ—::i:1
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£s=36, Lr=28 - 250kW _ —
shorted-pitch winding S'Ott'?g(;r?gzzt)'c iine

mode 2=Zs-Zr-2p
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I Analytical model: electromagnetic part

B0 At a®)| Fromt, )| [Fintt0®)

Evolution of permeance, stator mmf, and
air-gap radial flux density in function of time
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