tromagnertie. VIOE

] e,

gneto QuaertaH&Flel

\\“

-Daniel loan ‘

) pa” (niversitatea Politehnicy,
gturestiisRURIL| G HEACHIMN. - +.'. ¥

e—

,« P - it w‘&"""qﬁ” oo “""X‘;"is
‘«'——f.;-.i; :LS" & L — "i" ==

‘_—"'—‘_—’—‘-‘&‘1

EM Field Theory — 9. Magnetostatic fields © LMN 2007



http://www.lmn.pub.ro/

a ffw 7,
==y ="2" |aboratorul de
= modelare
numerica

Contents

Hypothesis, First order equations

Second order equation: scalar and vector potentials
A-V and T-Vm formulations

Fundamental problem, initial and boundary conditions
Eddy current problems

Weak formulations

Applications

© N o a0 b W D E

Questions

EM Field Theory — 9. Magnetostatic fields © LMN 2007




InaN MQS-Magneto-Quasi-Static Field

Slow time variation. e
. Displacement current and
1. V.-D=p .
charge relaxation are E,
2.V-B=0 neglected
oB
3. VxE=——
ot -

P
4.V><H:J+%t2, P

- 5.D=¢E+P,(E)

6.B=x (H+M (H)) —
7. =o(E+E,(E)) M,
8.p=EJ

9. v.\]:_%,
t
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m = — MQS equations
 Hypothesis: gun :0<:>§BdA:0

— NOo movement

— slow time variation < divB=0=B=curlA
_ nceagqggltg\ée effects are . n, ( B,-B, )=0< diVSB .y
« Fundamental Unr =1s <:>§Hdl’ = S}J -NdS
Equations: r

« Gauss’ theorem — < curlH —=div] =0
- Ampere’s theorem _ n,x(H,-H,)=0,=H,=H,

e Magnetic and conductive _ _ _
cor?stitutive relations — B = f(H)=B=u(H+M)=B=uH+ 1M

* Inductionlaw —  J =g(E)=J=0c(E+E)=J=0E+J,
<:>§Edr
r

p

UF:_

d?sr
=——|B-ndS=curlE =——=-curl,fE=0
dt dt “Sr ot

» Field sources: )
— Conduction current MQS: |HE |BJ |J H, © AV
« MQS field is similar to MG: |H B |J L A
MG+EC , but J is unknown
EC. E J - o) Vv
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MQS equations —

[MR] AV formulation

 First order: * On surfaces:
divB =0 dIV B=0=B,=B,;divA=0=|A,=A,,
rotH =J = dé\é‘] 0 rotH=J, & H, =H,rotA=0 A, = A,

) rotk = ot < :>!n X V,I0tA, = NxV,T0tA] <> rot (vrotA) =0
B=uH+B, ntE=U0ok, =, V=V,
JmoE 4] Ldiv.d =0=J,, = J,, = o0V, /dn = o,V /dn

[ Second order:divB=0= B =rotA; divA=0? Coulomb g.c.
- rotH =J = rotv(B - B,) = oE +J; = rotvB =rot(vB,) + oE + J,

rotE:—a—B:rotEJrrota—A:O:E+06—A:—gradv N

ot ot ot _ _
B=uH+B, =>H=v(B-B,) Parabolic equations!

J = oE +J, = div(cE) =o:>div(agradV)+div(a%) —0=AV =0

rot(vrotA) = rot(vB, ) + ok + J; =p rot(\rotA) + a((’;—? - gradvj =rot(vB,) + J.
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MQS equations -

LIVIN TVm (TQ) formulation

rot,(E) :‘ rot, (protT) = O‘

 First order: . _
(divB =0:rotH = J ) On surfaces:

rotk :—a—B div,T =0T, =T,,;
< a rot,T =J, T, =Ty;

B:,UH-I—BU < H:T_gradvm:

J =0E +J,

e Second order:

‘le =Vino: 1,0V, /AN = 14,dV,,, /dn ‘

(divB = 0= div(uH + B,) =0 = div(4T — ugradV,, + B,) =0 =AV_ = —ydivB, |
rotH =J =divl =0=J =rotT;divl =0=
rot((H-T)=0=H-T =—gradV, => H =T —gradV,

oB oB
) rote = ——— = rot(p(rotT - J,) )=— =
~ (o )=~
B = uH + B, = rot(p(rotT —J,))= y%

L J=0E+J, = E=p(J-J,)= E = p(rotT —J,)

rot(p(rotT - J,)) = ﬂ@ﬁ_l;l + rot(protT)—yi—T+ygrad a;/Tm = rot(pJ;)
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b b Boundary conditions for AV

[m formuation

« Magnetic vector potential (parabolic, gen. diffusion vect. eq.):

rot(vrotA) Hgrad(vdivA) 0(% + gradvj =rot(vB,) + J.

« Electric scalar potential (gen. Laplace eq.): with Coulomb gauge condition

div(ogradV) +div(o %) =0;div(cA) =0 = div(ogradV) =0

oc=Cct=divA=0;|AV =0

withV = f(P)onS,; dV/dn= J,(P)onS,

~Vector boundary conditions are necessary for a unique solution
Dirichlet b.c. Neumann b,c.

IA(P) = fou(P) Jon S, #0

For a unique vector potential A: DA —
y In- A=A (P),onS,]

Sy :USk multipleconnex= _[B-dS:gok or jH dr=u k= 1,..,md

k=1 S, Cim

X (curlAx n) = fNA(P):h[I onsS, =¥-S,
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The fundamental MQS problem
[MR] In terms of fields

Input (known) data:
— Computational domain D bounded by
— (CM) Material characteristics o,u(r)>0 in D
— (CD) Internal field sources Ji(r) in D
— (CX") Boundary conditions

)

E.(r) on SD connected and J(r) on SN=2-SD
H.(r) on SH connected and B (r) on SB=2-SH

- (IC) Initial conditions: B(r) on D

For non-connected Dirichlet surfacesS,, =|_J,_ Sy S NSy =0
in addition to (C%¥’) solution uniqueness requires :

(CZ”) ‘Uk = Hdror @, = L B, dS ‘ fork=12,..,n-1,andU_ =0.

PkP,

Output data (solution): H(r), B(r), J(r), E(r), In D

For unique potential A,V: n-A=A (P),onS;,;V = f5(P)onS;
and gauged equation: ..... grad(vdivA) = divA=0
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Eddy current problems:

MG+MOS

* In most practical cases: Col Saa
Initial cond. B(0)=0 Swa
. divB=0
boundary conditions <« Aer(0) MG.{th_J,
n ' i
Sy: Hy=nx(Hxn)=0=nxH=0 B = 4H

S0 B,=n-B=-b(r)=>n-B=0
Sg: Ei=nx(Exn)=0=nxE=0

Fer/conductor (c)

divB = 0: S
SHe MQS : < rotH = J;rotE = —0B/ét

Interface conditions B=f(H);J =oE S | S:

Sc: VSXH :nlzx(HZ_Hl):O:ncaXHa:ncaXchHta:Htc
Vs'B:an'(BZ_Bl):():>nca°Ba:nc:a'Bc:>Bna:Bnc
v,-d=n,-(J,-J;)=0=0=n,-J,=n,- I, =>J,.=0

VSXE:nlzx(EZ_El)zojncaXEa:ncaXEc:>Eta:EtC
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G Semnificatia conditiilor de

LN frontiera

Sue : Hx n = Jg, dar de obicei frontiera nu este panza de curent si Sy, :
Hxn=0,
condifie indeplinita pe supratetele de simetrie pe care linile de camp pica perpen-
dicular sau la suprafata domeniilor feromagnetice ideale;

Sgp : n-B = b, dar de obicei Sgp : n- B = 0, conditie indeplinita pe
suprafetele de simetrie pe care liniile de camp se preling fara sa le traverseze,
sau pe suprafetele aflate la departare suficient de mare, ca valoarea componentei
normale a inductiei sd se anuleze.

Sue : Hxn = 0, conditie indeplinitd pe suprafetele de simetrie pe care liniile
de camp pica perpendicular sau la suprafata domeniilor feromagnetice ideale;

Sk : n x E = 0, conditie Indeplinita pe suprafetele de simetrie sau nu, care
sunt echipotentiale electric (de exemplu, pe electrozii de potential cunoscut), pe
care liniile de camp electric picad perpendicular.

Consecintd a acestor conditii, rezultd: Sy, : n-J = 0; Sg : n- B = 0, ceea
ce inseamna ca Sy este marginea conductorului spre un dielectric, iar Sg nu este
traversatd de lini1 ale cAmpului magnetic.
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g Second order equations:

( B=VxA
D, : < VX(Z/()VXA)—V'(Z/OV'A):JO X
\ HIVOVXA
B=V xA (2.60)
Vx(WVxA)—V-(nV-A)=J-VxI
D.: | E=-VV -2
H=1vB+1
J =0E

Din care, dupa eliminarea densitdtii de curent si a campului electric, se obtin ecu-
atiile:

A
DC:VX(Z/VXA)—V-(Z/OV-A)+U(VV+%LL)+V><I:O;

(2.61)
OA

satisfacute de A-V in D, la care se adauga ecuatia potentialului A din D,,:

V X (I/(]v X A) -V (I/()V . A) = J(). (262)



u
! ||=.
J3m
ol S e |

Op
Eua

M e~
3-8
=l
alke 1=
nmm

Boundary conditions for

LIViIN potentials:

Sue (VXA xn=J,; n-A=0; (2.63)
Sp:nx A =qa; dardeobicei Sp :nx A =0 (2.64)
0A
0A

See i (VXA, =V XA, =0;
n. X (p(VxA,) —vVxA. +1)=0;

OA.\

(2.67)
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g Weak form of gauged field

Forma slabad a acestor ecuatii, in care potentialul vector satisface implicit condifia
de etalonare Coulomb este:

/(VO(VXW)-(VXA)+V0V-WV-A)dQ+
+/ (V(VxW)-(V><A)+1/V-WV-A+0W(VV+%))dQ:
Pe ot (2.68)

W-JOdQ—/ (VxW) 1dQ+ [ W-J,dS
Da D, SHG..
_ / UVN-(VV—I-aA)dQ:O

o, ol

Aici s-a notat cu W o functie arbitrara de test vectoriala si cu N o functie arbitrara
de test scalara, dar care satisfac urmatoarele conditii esentiale de frontiera:

Stel JSHa :n- W =0; Sp| JSp:nxW=0; Sp:N=0. (269

Daca domeniul conductor are conductivitatea o constanta, atunci potentialul sca-
lar V poate fi ales nul, 1ar solutia problemei este data doar de potentialul vector A,

definit In intregul domeniu de calcul. There is not an energy functional!!!!
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w Weak form of un-gauged

LIViN field

vCLLuL CLalulidl,. pcualClc ulll Cclualll duisdpdal 111 actsl Laz LC1 JuUl LWeLicL, calc >co
refera la divergenta potentialului vector, ei dispar si din forma slaba neetalonata,
care devine mai simpla:

/ (VX W) - (V x A)dQ+

+/ (I/(V x W) (VxA)+ oW (VV+%—?))dQ: (2.70)
D.

- :/DQ(VXW)-TOdQ—/ (V x W) - 1dQ.

D,

Pentru a descrie curen(ii sursa, aici s-a folosit potentialul lor vector Ty:

Vngz{JOO 111111?“ cu To xn=J; pe Sg,. (2.71)
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I.W MQS applications

 Transformers

* Induction motors

« Electric generators

« Eddy currents breaks

* Inductive heating

 Meters —inductions counters
« Eddy currents testing
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MQS applications:
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g Hydro- and turbo-generators

Generator N P/

¢ !j%’»:’;'\-\ /
-—
Stator .

Turbine

Rotor E\:/;Ge_nerator Shaft
)¢ \Turbine
Wicket
Gate

KL

Turbine Blades
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Eddy current testing

Alr crafts
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Not so easy questions, for

LIVIN curious people

© © N O O & W DN PE

e e
w npN RO

14.

How are first order MQS equations?

What type of potentials may be defined in MQS regime?

How are the second order equations for these potentials?

How are the boundary conditions for each potential to be unique?
How may be proven the uniqueness theorem?

What are MQS boundary conditions in semi-bounded domains?
How may be defined magnetic circuits in MQS regime?

What space may be used for trial and test functions in weak MQS formulation?
How are the integral equations of MQS field?

What about solution existence? What is a curl-curl operator?
What about nonlinear magnetic materials?

What about hysteresis?

What are the main novelties and difficulties of MQS regime, compared with static
and steady state regimes?

Which of TEAM benchmarks are MQS problems?
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