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Magnetic forces in electrical machines

» Magnetic forces origin

> Magnetostriction
» Inside ferromagnetic materials, usually not important for rotating electrical machines e-NVH
> Force proportional to B2

» Lorentz force
» Acting on conductors in slot
» Force proportionalto |, B

> Maxwell force (from Maxwell Stress Tensor)
» Acting at core — air interface
> Force proportional to B2



Magnetic forces in electrical machines

» Magnetic forces origin — Magnetostriction

» Change of shape and volume of ferromagnetic materials in case of AC
magnetization

» Dimension change in um
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» Causes yoke radial vibration and airborne noise

» Force at twice line frequency 2L



Magnetic forces in electrical machines

» Magnetic forces origin — Magnetostriction

» Magnetostrictive forces act locally depending on magnetic field fluxlines

Source: EOMYS Engineering
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Magnetic forces in electrical machines

» Magnetic forces origin - Lorentz force
» Assumption of B and fperpendicularity for electrical machines

F =BIl

» Flux density in slot is low
» =>forces can be usually neglected

» Important in case of endwinding vibration analysis
in large machines

Zdroj: https://www.wikiskripta.eu/w/Lorentzova_s%C3%ADIla
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Magnetic forces in electrical machines

» Magnetic forces origin - Maxwell force

» Origin at interface of two materials having different permeability => acting in diretion of
lower u

» Magnetic field energy accumulates in air gap
> Energy can‘t be stored without stress => energy density relevant to pressure (stress)

N-m™ =Pa

» Maxwell force integration over the rotor = contrary to integration over the stator
» Origin of opposite oriented torque of stator and rotor

» Radial and tangential forces have both the same harmonic content



Magnetic forces in electrical machines

» Magnetic forces origin - Maxwell force

> Interface of two materials having different g => acting in diretion of lower u

Zdroj: EOMYS Engineering
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Magnetic forces in electrical machines

» Magnetic forces origin - Maxwell force

» Calculation using Maxwell Stress Tensor
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Magnetic forces in electrical machines

» Magnetic forces origin - Maxwell force
» Volume integral utilization

» Volumetric force density

Af =divT
» Total force acting on body having volume V

F:jAfdv
\Y



Magnetic forces in electrical machines

» Magnetic forces origin - Maxwell force
» Surface integral utilization

> Surface force density or specific magnetic pressure (N-m™ = Pa)

Ap=T:-n
» Total force acting on face having surface S

F =J'ApdS
S



Magnetic forces in electrical machines

» Magnetic forces origin - Maxwell force

» 2D analysis of forces acting at ferromagnetic — air interface in Cartesian
coordinate system
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Magnetic forces in electrical machines

» Magnetic forces origin

» Comparison of Lorentz force acting on IM rotor bars (in the left) and Maxwell
force acting on rotor teeth (in the right)

> Induction motor 11 kW, Q, = 36
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Magnetic forces in electrical machines

» Dynamic effects of air gap magnetic field => variable magnetic forces

» Magnetic force directions
» Radial
» Tangencial
> Axial

> Force value derived from surface force density (specific magnetic pressure)

BH B B B0 Pa=04.BMPa
2 2u, 8ml10"
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Magnetic forces in electrical machines

» Dynamic effects of air gap magnetic field => variable magnetic forces

» Magnetic force directions
» Radial
» Tangencial
> Axial

> Force value derived from surface force density (specific magnetic pressure)

BH B B B0 Pa=04.BMPa
2 2u, 8ml10"
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Magnetic forces in electrical machines

» Radial magnetic forces

» Equal flux density distribution for any pole-pair
» Radial force equally distributed
» No shaft bending stresses
» No additional stress on bearings

» Unequal flux density distribution (e.g. eccentricity, bent shaft)
» Unbalanced magnetic pull origin (UMP)
» Additional radial stress on bearings
» Bending moment acting on shaft



Magnetic forces in electrical machines

> Radial magnetic forces — symmetrical magnetic field distribution

» Uniform magnetic pull around air gap

> Elementary force acting on dx element in B2 waveform B,

dF’ dsf dy. [ B\_;{——fg;_..\\
m = P-dd = P.AX.[; ’-/ -‘r—‘:—gc L

» Total force acting on pole pitch bi
- to !
‘s s ‘o 2 o ) ) Magnetic pull on pole pitch
F;n = jdEr: = J‘plidx - ,[ 7 ]f'd'x = ]i B;d‘x = 1 Bf;g_f'rp]i
0 0 5 24y 2t 5 2 g
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Magnetic forces in electrical machines

» Radial magnetic forces — symmetrical magnetic field distribution

> Value of _[Bzdx = rectangular surface B4 x b,  (b; = G;t})
0

B

1 R
> For Pm = B,f, => F;n = p:r:a_:ffp]f Bm \ T
24, B Y1 -
/ r:j .dx 1\
{ y i:, \
- ity _Tbl ity > - ditp - & Pi J
m & ‘
b TR z R ¢ - g
str f \BZ /j \Bz 'ﬂ\\ //IF \BZ ! Magnetic pull on pole pitch
- tp e tp e tp e

Average value of specific magnetic pull
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Magnetic forces in electrical machines

> Radial magnetic forces — symmetrical magnetic field distribution
> Average value of specific magnetic pull p,.

> Replacing waveform B2 by p,,; X t, rectagle

F;n. = pmﬁirpfr' — ])5:?“'{}?]:' Psii= E‘lum
aitp - aitp - - aitp -
En;- fﬂf f/< \'ﬂ f \\
\\BQ / \\BE \\\ //- \\Bﬂ
_ 5% e tp e tp .

Average value of specific magnetic pull
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Magnetic forces in electrical machines

» Radial magnetic forces — unbalanced magnetic puli

» Unsymmetrical air gap flux density distribution => uneven radial force distribution
under individual pole pitches => unbalanced magnetic pull (UMP)

» Assumptions for UMP value calculation
> Maximal eccentricity e, = 0,10
» Total MMF for any pole pitch is constant (Fv = const.)
» For concentric rotor is air gap length 0 and magnetic flux density B
» At least four-pole machine (2p > 4)



Magnetic forces in electrical machines

> Radial magnetic forces — unbalanced magnetic puli

» Flux density change in case of 40% change of air gap length

B %) B 1%l
5
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Magnetic forces in electrical machines

> Radial magnetic forces — unbalanced magnetic puli

» Similar principle applies in case of air gap length change due to eccentricity

B [T]
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Magnetic forces in electrical machines

» Radial magnetic forces — unbalanced magnetic puli

» Eccentricity in horizontal direction

» For any position of axial line under ¢ angle
» Eccentricity projection in the line direction is 'y Lrb',%
» Air gap length: spot 1 (6 —y), spot 2 (6 +y) ) | -
y=e.cosQ, O=R—r. dx=r.dep &/
> Specific magnetic pressures N/
p =L Ppr = B
pl 2 — 7
2 1o 24



Magnetic forces in electrical machines

» Radial magnetic forces — unbalanced magnetic puli

» Spot 1 —smaller air gap

» Smaller reluctance => larger flux density =>
=> |arger magnetic pull

» Differential magnetic pull acts in smaller
air gap direction

S
2 2 \ . l:: ,.-"I l
o_ . _Bi-B, (Bu+B,)B,~B,)
Iq;r = »l pgpl _ 7 o b
Ho 2 14
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Magnetic forces in electrical machines

> Radial magnetic forces — unbalanced magnetic puli

> If @ <0 => very small MMF for eccentricity => e .
section between lines 1 a 2 at the curve Ch,  _ o /O Cho
can be assumed linear \ I /o Mr”!f

L & a 'f ,f'i II:L:- - 5]
Ti‘ H;G' ff N/ W
j" ‘}{‘ ff/ ﬂl} AF\\\%
s g . \ [ A A
> => right triangle have legs AF a 4B \'~. /f/ | | ) By |B |Bos
\ \ | \
\ [ // VLN
AF =2a=2F;=2H,y \|// \/ o\
i/ \ 'a'l \\\
l[ W W
Fy B-tgﬁjﬁ-%
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Magnetic forces in electrical machines

> Radial magnetic forces — unbalanced magnetic puli

> One can introduce

B[] /8
B, +B p2 2B @ @ / C:/r( —=
i = \\ i !’f? ; e —
AB % o / L l;‘i\drg/
teff =— B.—B ,=AB=AF.igh =2H y.f Hed' [ X .
gﬂ AF @1 @2 gﬂ 5. gﬁ }H ?IQ ’{/ "\)f AF\\\\
\ v \
"y \ Bo; B |Bes
> Then, \|// \+ X 3
: : \// \
2B.2H ;y.t 2B° 2B~ dB \|// \|/ \
Apéﬂ - 2 gﬁ = 2 y‘fgﬂ = 2 € cosQ V J \\\ |
2 Hy My dF - Bltgs %B_g F (A)
B dB
where H;=—, (gf=—— a y=e.cosQ
Ko dr
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Magnetic forces in electrical machines

> Radial magnetic forces — unbalanced magnetic puli e
> Magnetic pull at the element dx ra,V?
dF,, = Ap,.dxl, A
R /
» Total magnetic pull around air gap circumference M
> Integration betweengp=0andp == b
> Forintegrationuptop =27=>F_=0
T T _ 2B dB " , anDl.e _, dB
F = ch dF cosp = j ol Ap,rcos p.dg = l,0r—e J.(.‘O.S‘_ 0.dp = ——1i" B’
=0 0 Mo Al 5 214y dF
P @ P
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Magnetic forces in electrical machines

> Radial magnetic forces — unbalanced magnetic puli

» Total magnetic pull around air gap circumference

g g _ 2B° dB % anDle _, dB
F,= |@dF,cosp= [@lap,rcospdp=1Gr——e— [cos’ p.dp =B

‘0 % 7 , dF 7 21, dF

o= o= o=

> I'is bore radius of the core

> D :Zl’a’(_‘(}'g2 .d =£
1 j p.ap >

p=0

KEV/VPS Jan Sobra



Magnetic forces in electrical machines

» Radial magnetic forces — unbalanced magnetic puli

» Total magnetic pull around air gap circumference

g " _ 2B° dB % anDle _, dB
F = ch—.dﬁn cos @ = J al.Ap rcos p.de =1.0r——e - J‘(.‘OS— Q.de = awﬂ’f B’=
‘0 % 7 , dF 7 21, dF
o= o= o=
> I'is bore radius of the core s
4 ) ‘ T /,-}/ | B
»D;=2ra J.(.‘o.si p.do = z | g raStNin
o= AN
» UMP value for given e depends on B -
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Magnetic forces in electrical machines

» Radial magnetic forces — unbalanced magnetic puli

> Critical value B, and maximal UMP value

» UMP value for given e depends on Bzﬁ

dl

mnax

anDle BJ[ AB
2#(:_: "\ 4F B=B,

> sections 4B a AF are legs of any right triangle,
its hypotenuse is tangent to no-load curve Ch,
in a point B,
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Magnetic forces in electrical machines

» Radial magnetic forces — unbalanced magnetic puli

» Two-pole machines

Fll]
Eccentricity in pole-axis direction Eccentricity perpendicular to the pole-axis direction
BI =B: B_’ }BI

Fm — O F;H,Ep=2 = (0’5 _O’G)F

m,2 p—ro0



Magnetic forces in electrical machines

» Tangencial magnetic forces
» Act in circumferential direction => create torque (+ vibration)

> Assumptions: A

» Uniform linear current density A around rotor core
circumference having radius r and axial length | lo,

» Magnetic flux @ due to flux density B goes through current layer B
> Circumferential element r.da corresponding to the

rdo

elementary angle da have a current A.r.da and is
under force dF, = B, .A.r.do.|

2

<p
> Total circumferential force F,=2p.Arl. IB.da
0



Magnetic forces in electrical machines

» Tangencial magnetic forces

» Air gap flux density waveform is non-sinusoidal => difficult integration

» Total tangential force can be derived from torque and bore diameter

M 2M
Fj‘ — —
D,/2 D,




Magnetic forces in electrical machines

» Axial magnetic forces

> Act in the shaft axis direction

» Additional bearing load in axial direction

» Causes of origin:
» Rotor pulled out of the stator
» Conical rotor and stator
» Skewed slots



Magnetic forces in electrical machines

» Axial magnetic forces — rotor pulled out of the stator

» Manufacturing fault

» Rotor is pulled back into the stator bore

due to magnetic field Fax
» Tends to reach equilibrium —— e — — h

» Analogy to the solenoid having a core pulled out




Magnetic forces in electrical machines

> Axial magnetic forces — conical rotor and stator

» Axial force component derived from radial force

S

cosS

F=rnd,

F_=Fsma

> d, is average rotor diameter, p_,; is average value
of specific magnetic pull
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Magnetic forces in electrical machines

» Axial magnetic forces — conical rotor and stator

» Utilization in motors equiped with a mechanical brake
» Conical rotor placed on the shaft, axial shift allowed — pulled to the break disc by a spring
» Axial magnetic force larger than spring force => rotor shift and brake release

» Axial force extinction after power cut => conical part pulled back to the break dics, rotor
stops quickly

» Difficult manufacture of rotor lamination + low magnetic utilization (saturation) of larger

sheets
S e
B |:{> b——t———-———— H
(00000000 ' >FHX 00000000
_______ 2 1. L I _— 1 _ L2
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Magnetic forces in electrical machines

» Axial magnetic forces — skewed slots

» Armature slot skewing (IM often both rotor and stator)
» Noise and vibration reduction
» Surface power losses reduction
» Slot harmonic elimination (one slot pitch skewing)

» Axial force derived from tangential force

I

. 2M
sma = Figa =—tga

F_=Fsma=
cos D

£l




Magnetic forces in electrical machines

» Axial magnetic forces — skewed slots

» In a real machine axial forces act also due to leakage flux at the armature ends

» Forces at the both ends are equal, but have an opposite direction =>in some
cases resulting force can be zero

II I

o li
F}I 5 F'z 5




Magnetic forces in electrical machines

Configuration a, a, —(F!—F") ax{ star ) ax( vyl )
'-[-‘_'lfn.ii;.____.-r ]_ ]_
— rf; a 0 __‘F;'fga F;.fgﬂf _‘F‘r'fga
——FTomwr 2 2
0 — lF fear 0 — lF focx
— 2 r'g 2 r'g
ol o 0 Figa Figa
1 1
a -0 —F.1ga Figa 0
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