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Pole shimming
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d dH = J+ad;D Vm(da) = I(a) + d‘P(a)
- A = = P = J+d¢ m = —
H-ds= [ J.da+— | D-d
/é;a ® L T a 2 dE = -9;B 3 dt
= o dfa dB =0
E.ds=— | B-d U(da) = —D(a
/c}‘a d dt /5 ? dD =p 28 dt )
fé,vﬂ‘da‘:‘:’ PO V) =0
f D-di= [ pdv
av v ¥(@V) = Q)
Integral form S gis 2y Global form
curlH = J+diD
m
dH d —
o af _dy 9P G oF . = £=VpB-4-Vy
. Ity az Ix 3y divB =0 C=CE+®
= g9 o dY
a2 9 g gg—gx p_ 2F d¢ Local form B=H+4n]
? _ o ot dx
o r T3 a—ﬁ ~ 2G 8(0 ¥ — ™ 4TEC= V.V."'{
¢ a--37-2 divD = p .
2 p=ﬁ+@ dh dH do = E}fi
3 dx dy 9z ~73t 9z
N



@ Directional Derivative
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Space curve with r(t) = (x(t),y(t), 2(t))
parametrized such that r(0) = P. . r(f)

1-smooth scalar field ¢ : E3 — R : r +— ¢(r)
expressed as ¢(x,vy,z), then ¢(r(t)) at y
parameter (time) t. x

_0¢ _ d _ s $(r - tv) — o(x)
Ovp = 90 a[@b(r + tv)]i=0 = t"_':% ;

_d __ O¢dx  O0¢dy  Opdz .
o = dt¢(r(t)) = owdt T Oy dt Tosar - drdey
9¢ _¢ 9¢
grade¢ = O e + ey + 8zez



i@ii The Differential Operators
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0 0
V = aew+a—yey+—ez
0% 9% 92
A=V?=V.V=
8y+8y2+8z
¢ ¢ ¢
V¢ = grad¢ = %ex‘ka—yey‘l‘aez

da, 0 ) d )
V xa=curla=( a‘f = S e + (57 = Z ey + ( 82‘”>ez
> 02 Ag 82Ax 32_Am 32_43 32-43 ;92_Ay
VA:(8x2+8y2 )ex-l-( + +—>5)ey +
D D 4 r\’)
0cA 0 A o«
( ax; + ay; +—5 )ez = (V2Az)e; + (V2 Ay)ey + (V2A)e;

Conclusion: This is horrible, so let’s try the geometrical approach



Maxwell’'s House
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Faraday

Point

Line

Surface

Volume

curl

div

div

curl

Volume

Surface

Line

Point

Ampere/
Maxwell

v - grad ¢ = lim
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O(P2) — o(P1)

s—0 S
. . Jyg-da
d — ] oV
Ve = fim,
- ds
n- curlg = lim fa“g
a—0 a
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i@ii Maxwell’'s Equations in Differential Form

J-d5+5/5-d5
a

< i

curlg - da = ds - =

/ 9 339 /E d3 fﬂ-da
da a

divgdv = [ §-da
./ 4 BV i/av =U
D. da—/pdv
vV

ﬂ.

- curlH = J+ ;D
> /curIH da—/(J+—D) da

z a

o — —

L =5 = i - rl - B
e /curlE—da=—/—B-da curlE = —o

S Ja dt X

/ divBdV =0 divB = 0

&

5 /dldeV /pdV divD=p



Accelerator
Technology
Department

Maxwell’s House
S

/ divcurlng:/ curlg-da:/ g-ds=0
v oV AoV

Faraday }
‘5t/ 0 Volume
Point ® w
~grad A J Surface
E D curl
Inner Line / Outer
oriented oriented
B H Line
curl /
Surface -grad
div Point
0 m
/ Ampere/
Volume ) E31; Maxwell

/curl gradgb-da—/ grad ¢ - ds = q5|3(8a) =0

a da

Would be even more symmetric with magnetic monopoles

Stephan Russenschuck, CERN-AT-MEL
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1 1
curl —curlA =1J —curl curlA =0 V2A — grad divA =0 V2A,=0

2 2
Constant permeablity and no sources Only for
Cartesian
Faraday components
‘at/ 0 Volume
Point b d div
-grad A J Swrface
K
Line E £ curl
B H .
curl u Line
Surface -grad
dlv ¢ Pl:lil]t
0 " f
Ampere
Volume /6; Maxvwell

divugradém =0  pupdivgradém =0  VZ2¢m =0

No sources

Stephan Russenschuck, CERN-AT-MEL
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V2A, = —poJ. inQ, VZ2A,=0 in9Q,J=0

Method of Separation

D% A 0A 0% A
2 z z z .
=0 2.,J=0
or? T or + 8(,02 n

r

A. = R A U (20°R(r)  OR()\ _ 1 P6(p)
l(r)é(@) \R(r)( o7 o ) ECED
0A. _ OR() | ) l
or or ’
oA, 9°R(r) — od?R(r)  dR(r) 5
2 - or2 qb(go), r dT2 +7r a4r n R(T) = ()
PA. PPo(y) d2é(p)
002 g2 R(r). dcpg -I-’ngﬁb(@) — ()

How do you solve differential equations: Look them up in a book
11
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Solution of Laplace’s Equation
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R(r)y=&Er" 4+ Fr ",
P(p) = G sinng + H cos ne.

Ao(rop) = ) (Enr™ + Four™")(Gn sinng + H,, cosng)
n=1

= Z r'(Cp sinne — Dy, cos np)

n=1

10A. < .
B, (r,¢) = R = Z nr" 1 (C,, cos np + Dy, sinny),
n=1
OA. = .
B,(r,p) = — 5 = Z nr" 1 (C, sin ny — D, cos ny).
n=1

What have we won? If we know the field at a reference radius,

we know it everywhere inside
12



i@ii Multipoles and Scaling Laws
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A, = nry —lc. and B, = m“g’_lpn

by, sin np + a, cosny)

b COS TP — Ay SIN 1)

||M8 ||M8

nzl
-
z o
i A, (ry) = ()" 1A, (o), B,(r) = (é) 'B,(ro)
% 1 n—lB
2 bn(?"l) = Bn(Tl) — ( )N : (TD) Tl)n_an(T‘D)
s By (ry1) (m) By (?"0) o

13
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i@ii Ideal Pole Shape of Conventional Magnets & Technology
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Om = Cro + Dyy

vy = const. l
Height t

Width
>
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i@ii Numerical Field Computation
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=>» Principles of numerical field computation
— Formulation of the Problem
— Weighted residual
— Weak form
— Discretization
— Numerical example

=» Total vector potential formulation
— Weak form in 3-D

= Element shape functions
— Global shape functions
— Barycentric coordinates

= Mesh generation

Stephan Russenschuck, CERN-AT-MEL
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The Model Problem (1-D
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d?u(x
d;):f@% x €
_ du _
u(x)|p=0 = o u(:z:)|$:1 =uy o 1 = q1
T=
0 1 . C
v 1 o Tt &, axy—1 f an T — 2
0, QO ... / u(z) = 2 (7 = )
0 Qg
/u

16
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Shape Functions
O shep

Qj — [mﬂ—lr mﬂ]

J
0 L () — U Q;
- I {£a Thp—1 Ip a1 f oy T J=1
QQ R Q_}' s
4 \ Qg
"
uﬂ
Up—1
’ELJ(.T) — 51 + Yo r e QJ

Up 1 = 1 + QjoTp

Up = (1 + (jaly

Stephan Russenschuck, CERN-AT-MEL
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R Unp—1 Tn—1
1 Un In Cramer’s rule
g1 =
| R
1 x,
_ IpUp—1 — Tp—-1Un
T i1 =
> Ip — Tn-1
|  Up — Up—1
Cl:jg =
Ip — Tpn-1
Tp — T —Tn—1+x
wi(r) = aj + ajor = Up_1 + Uy,
Tp — Tp-1 Tn — Tp-1
le(il‘) — Njg(iﬂ) =

What have we won? We can express the field in the element as a
function of the node potentials using known polynomials in the
spatial coordinates 18



The Weighted Residual
(O e weis
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Q'Hr xr
R(z) == T4 f(a)
— dPu(z) — | w(z)f(z =
/ﬂw(:r)R(m)dQ—/ﬂw(m) 1 dQ fﬂ () f(z)dQ=0
b b awl .
[ ovtda= (ot~ [ v wr) =¢ Y =4

[l o [w(md“;f)]: - [ @) de =0

What have we won? Removal of the second derivative, a way to incorporate
Neumann boundary conditions

19
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Zn o (dNj dNj; dN;j1 dNj2 o
n e n) de = — N d
2 /m 1 ( dr  d YT do ! . nfle)de
|_
<
' Tn dN 2 dN 1 ng dN 2 Tn
Z J J J J -
i L B ( dr de "'T Tdr da ”) dr = xn_lNﬁf(x) dr
é [}gj]{ﬂj} — {f;} Linear_equation system for the node
- potentials
&
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Numerical Example
@] p

4 finite elements €2;, 7 = 1, ..., 4 of equidistant length L

A
0 |
>
T
FEM
Analytic
T, del del del deQ - 1 -1 1 -1
[k‘] _ dr dr dx dx dﬂf _ " (3'-'71,_-7-'71—1)2 (-Tn_mn—l)Q d . L L
JI deQ del deQdeQ o . —1 1 = -1 1
In—1 d.?;' d.?;' d.?;' d.I' n—1 (mn_mn—1)2 ($n_$n—1)2 T f

[ N; N
{fit = —/ T odr = —Cf Y de
Tn—1 N_}'2 Tp—1 M

LTnpn—Tnp—1

o 2w [T ¢ ((en—maa)?)  [(05CL
P T 2L\ (zpe1—20)2 ) \OBCL )

Lp—1

Stephan Russenschuck, CERN-AT-MEL
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Numerical Example
@] p

» 4 finite elements €2, 7 = 1,...,4 of equidistant length L

0 |
>
> B A e e A e A es
L i cr
FEM ¢tz 719 ug | =—| CL
U i ol B R CL
Analytic 0=+ - 5T
5 _1 Essential boundary
g 717 Y u2 CL conditions (Dirichlet)
: -1 2 -1
5 T 171 ||uw|=-|CL
]
=
2 g sL L LN /CL —0.375
3 L L
C
s y L Lz |\ oL —0.375
»
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HE” =] +apxy —I—.t,'li'g-,,x2 3
o (x) = 3 Nie(x)u®
5 9 ui(x) = p(x)u
H“=ﬁj1+ﬂjzﬂfz+&’j3xz : &
3 2
HE ) — ﬁjl —I—G’.jgxg -+ ﬂ::}'g,IS

(x —x2)(x — x3 (x — xy)(x — x3
Nj(x) = ) ) : Njp(x) ¢ )
(x1 — x2)(x1 — x3) (x2 — x1)(xp — x3)
(x —x1)(x — x2)
N'g X) =
(%) (x3 — x1)(x3 — x2)
m
=
%
Z N, aN, N,
he
8 1 1 1
3
e
o
§ - X | o o
% X KMR X xlz X3 XME X
wn

23



Accelerator
Technology
Department

i@ii Two Quadratic Elements

dNﬂ dN}-l del dez dNﬂ des % :’:—F %

dyx dx dx dx dy dx
'3 dN, dN; dN;> dN; dN> dN; ) - -8 16 —8
| = 2 21 j2 SN2 [ [Ic] = == = ==
[k} ] /1,1 dx dx dx dx dx dx dx / ol ol 6l
. . . . . . 1 —8 7
dNj3 dNj; dNj3 dNp  dNj dNj o o

dr dx dx dx dr dx

w [ Ni ) !
{fit=- fxl Njp | f(x)dx {fi} = —3c| 4
Njg [
% —Tl 0 Us cl A
-
= -1 2 - uy | = | 0 I
0 ; ] I >
3 -1 2 i cl > r
g O T T : L
©
E FEM
? 3l 11 -
§ 2 4 2 1 cl 0.375 Analytic
3 I I | - —0.
% Uz - 5 | 3 C — 0.5
@
S 1y 1 3l cl —0.375
2 i 2 1

24
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Curl-Curl Equation
@] q

B = curlA in 2

curll curlA=1J in

0
1
Hi=0 — ;(CU”A)XD = 0 only Problem in 3-D: Gauging
Bh=0 — B-n=curlA-n = 0 onlgp
A—-A":A'=A+ grady

1

[—(CUFIA)Xn] = 0 on Il .

7 ai divA'=gq

[Alai = 0 on Ty,

g = divA + V2

ldiVA=O in Q2
I

A-n=0 onlgy

curl1 curl A — grad l divA=J inQ
% %

Stephan Russenschuck, CERN-AT-MEL
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@ii Weak Form in the FEM Problem a‘ E{{EE%

4f3u1‘1l curl A — grad 1 divA=J inQ

t t

T A-n=0 only,

ldiVA =0 onlp,

[
nx(Axn)=0 onlp,

1
I, n x (—(curlA) xn) =0 only,
7

1 _
[— divA| =0 on/y,
H al

| ]
[ (curl A) x n| =0 on Ty,
H al

[A]l.. =0 on .

al

Stephan Russenschuck, CERN-AT-MEL
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@ii Weak Form in the FEM Problem
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curll curl A — grad 1 div A =1
" ju
1 1

AV

in £

curl — curl A — grad — div A—-J =R

i

fi

/wa-(curllcurlA— gradldivA) dQ/Wa-
Q Q

[

1 j

[

7 7

1 1
/ —curl A - curl w,df —/ —(curl A x n) - w,dl'y + /
0 'y £2

Ho

JdQ, a=1,2,3

1 div A divw,df} —
14

1 1
—divA(n - -w,)dl's — / (— div Aj(nj - w,) + —div Aa(n, - WG}) dl’,; —
Tai

/1
I'e

1 1
/ (—(curl A xnj)+ —(curl A, x na}) w,dly; = / W, - Jdfl,
Tai 0

H H0

/lcurlwa»curl}&dﬂ—l—‘/ !
o H M

—divw, div A dQ) =

/wa.Jdﬂ
0

Conclusion: 3-D is more complicated than addition just one dimension
in space; it’s a different mathematics, and thus often a separate

software package

Accelerator
Technology
Department
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@ii Weak Form in the FEM Problem “ E{{Eﬁ%

/lcurlwaocurlAdQ—l—/ldivwﬂdivAdﬂ:/wa*Jdﬂ
o H M Q

K o Ag:]
Aj(r) = ; Ni(r)A r e () A E) A:Ek]
_ Afjﬂ)
N, 0
Np=[0], Np:=|N|. Ng:=1]20
0 0 N,

K K
1
/ — curl Ny, - eurl Z N A® ) Ao+ / 1 div N;, div Z NkA(kj dQ = N, - Jd2
@ 1 Q; K k=1

k=1 Q;

Stephan Russenschuck, CERN-AT-MEL
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i@ii Total Scalar Potential / Reduced Scalar Potential
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curfH=20
H=—-grad¢m in2,J=0
div(pgradgom) =0 inQ2,J=0

0 inQa,J=O
0 inQa,J=O

po div grad ¢om
V2ém

Hi=0 — nx(grad¢m x n)
Bh=0 — pun - gradom =

0 onFH
0] Oan

[un - grad ¢m],; =
[grad ¢m x n]y;

Accelerator
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H=Hs+ Hm
H=—grad¢/®d+Hs inQ
divB = 0
divu(—grad¢ff?+Hs) = 0
div (ugrad ¢f€) = div(uHs) inQ

Hi=0 — gradqbﬁﬁdxn:stn onl g

red

Bh=0 — pun-grad¢, =pHs-n onlp

|—pm- grad ¢[7? 4 pHs -n| - =
[—gradqbﬁﬁdxn+Hs><n}ai =

0 on I’ai

31
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Shape Functions
O shep

Aj(X) = (X1 + Qo + x31, X € Qj A_j‘ (X) — AZj (:I::' y)

AL = o) + asz + agiy

2
(X2=YZ)

A® = ay + asrs + azys
A®) = o) + azrs + agys

P
3/ (%3.¥3)

r r
2 3 r (Xl,yl)

AW 1 x1 11 o
: AP | =1 29 o 2
AB) L x3 y3 g

{o} =[C] {4} — A = [Caj

Stephan Russenschuck, CERN-AT-MEL
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Barycentric Coordinates
Q) s

Stephan Russenschuck, CERN-AT-MEL

yl

0.25

075

ry

|
(1.0)
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Then for each point P € R? there is one and
only one set {A1, A, A3} of real numbers for
which

r = A\1r1 + Aoro + Aszrz

A1+ XA+ A3=1

8
|

AT1 + Aoz + Azz3,
A1y1 + A2yo + Azyz,
1 = AM+X+ 23

v

33
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= x3+ (r1 —23)¢ + (22 — x3)7,
y = y3+ (y1 —y3)¢+ (y2 —y3)n

A1 =&, Ao =1, A3=1-&§—1n

2apo3 2ap31
§= n=

y 2a123 2a123

o 1

|§_. A1)

<

& ¢ x2y3 — z3y2 + (y2 —y3)z + (z3 — z2)y
- ”

> r23 T2Y3 — T3Y2 + T3Y1 — T1Y3 T T1Y2 — T2Y1

O Plapi2

> (0.0

-(Cé ;: ap3|

o 025

3 0/ Ay Rl N p = _¥3Y1~T1y3 + (y3 —y1)z + (z1 — 23)y

' 1 -

= . ¢ T2y3 — r3y2 + ¥3yY1 — T1Y3 + T1Y2 — T2Y1

= X

Qo

&
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-
200 250 2300 350 #00 450 500 S50 800 650 TODO 7SO ADD

Higher accuracy of the field solution, but also better modeling
of the iron contour

Stephan Russenschuck, CERN-AT-MEL
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:E:il?(gj’T},C), y:y(ga?}:C): Z:Z(gaﬂ:C)

4 y
.u'r]
LD (L.1)
4 7 3
8 9 6] § T
> —_

_ Ly L 5 2la
L
§I »
<
Z
i
- K K K
= k (e — (k)
S 4O =Y N©AD €)= Y N(€)2® €)=Y Nu(€)y
g
2 Use of the same shape functions for the transformation of the elements
&

36



Mapped Elements
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on o M
(-1.1) (L.1)
4 3 4 7 3
5 g 8 9 6 §
(0.0) (1.0)
(-1-1) ! la-n 1 5 2
C
! (-1-L1) 5 5 \ou 8
- (0.0.1) o3 A3 3 (-1.1.1) 12 )
= -
o (1-1.) 26 7 6 15| 7 20
<|( {11!]) l'-lll'l 1‘-
: . L) __ n o
O 2 18] A j10
3 -1.-1-1h -11-1
E (100~ ( 1 CLLD 9 13 !
2 g (1-1-D| 4 A 10
5 s (L1.-1) > 3
o
C
2
Qo
o
9p]
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i@ii Transformation of Differential Operators

E?Nk_aNk8£+8Nk8n “n
dr  9¢ Ox dn dx (0.1)
Complicated Easy

9 98 In xel 3 E
y dy Ay an an (0.0) (1.0)

96 on or 9y \ 1
m(@)(ﬁf) _

dy Oy an on
11'?191\
) K K .
Jp = R AT IR AN o SR T2 Y2
lr=1\ 0 oy | = S 0Nk (k) KONy (k) | T\ 0Ny 0Ny | 9Nk o
an on k=1 g T k=1 "an Y an  on on
T Ur

But how about the Jacobian being singular?

Stephan Russenschuck, CERN-AT-MEL
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|@ii Collinear Sides yield Singular Jacobi Matrices

*,
N
Y
)\
lII|
Y
._--_'_,-'-"’-—'
___._'_,-'"-_'-
e Ij,q
= L
NNEEE R
0 20 40 &0 B0 100 120 140 180 180 200 220 240 280 0 20 40 B0 @0 100 120 140 160 180 200 220 240 260

Note: Bad meshing is not a trivial offence

Stephan Russenschuck, CERN-AT-MEL
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Topology Decomposition
!@;Aq pology P

B A 4 5
3
2
AN
2
C
- <= =
= L2
< I I =minf(I') = min< A
z HT) lmin{ala‘IQ}
: ——
: —e— + A L + \3(47 — &y — &)
§ zmin{Cl,C’g} 3047 — @1 — @2
% /
&
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i@ii Paving and Mesh Closing in Simple Domains

Stephan Russenschuck, CERN-AT-MEL

Accelerator
‘ Technology
. Department

= The number of nodes is less than 6
= The domian does not contain “bottlenecks” , i.e., C%/a approaches 41
= The biggest inner angle is less then 1

= Fortriangles: atb<c
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@ Examples for FEM Meshes
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(Insert)

(Collar)

|

Stephan Russenschuck, CERN-AT-MEL
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Point Based Morphing
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Always use morphing (if available) for sensitivity analysis

Stephan Russenschuck, CERN-AT-MEL
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Magnet Extremities
O s

Stephan Russenschuck, CERN-AT-MEL
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A=A.+ A, B = yugHg + curl A,

1 1
curl — curl (A; + Ag) — grad — div (A, + Ag) =J
j ju

1 1 1
curl — curl A, — grad — div A, = J — curl — curl Ag
n i n
= curl Hy — curl @HS
i
= curl (HS — Jlu’{)HS)
14

0 20 40 G0 80 100 120 140 160 180 200 220 240 260

Advantages: No meshing of the coil, no cancellation errors,
distinction between source field and iron magnetization

Stephan Russenschuck, CERN-AT-MEL

45



Accelerator
‘ Technology
. Deparument

Stephan Russenschuck, CERN-AT-MEL
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i@ii The FEM Part (Vector Laplace Equation)

1
— —V?A =J+ curlM in £2;,
Ho
A-n=20 on 'y,
1
—divA =0 on I'p,
Ho
nx(Axn)=0 on I'p,
1
E(curlA)xn:(] on 'y,
- 1
> [— div Aa] =0 on I',;,
EI .u’D ai
o i
< — (curl Aj — poM)x nj +—(curl Ay)x n, = 0 on Iy,
2 Ho Ho
: [A]ai — 0 on I, .
@
g
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@ FEM Part “ ﬁ::ﬂ:g;
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Stephan Russenschuck, CERN-AT-MEL

1 1 OA

— erad (A - e, ) - grad w, d€}; —|— ( — quni)*wudFai:

Ho Joy { ) Ho STy, on; (n )

M - curl w, d2;
£y

OAPEM HAFEM 4 ABEM
— al 1 - . a — ,
Qr,, : . . (poM < n;) + . 0 only;

L (curl APEM M) +—(curl APM)sm, =0 on Ty
fo o

1 1
— grad (A - e, ) - grad w, d€ — — Qr,, -wedl'y = M - curl w, d};
Ho Joy HO STy Qi

K {Act = [THQe} = {F(M)}
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@ BEM Part
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Vector Laplace Weighted Residual

VZA = —poJ . in €2, / V2 AwdQ, = — / 110 Jw dQ,
Qa Q,

From Green’s second theorem:;

9 DA
/ AVZ0dQ, = — / 10w A, + f A Ar,, — / wdTa;
Q.

dn, n,,
Qa ]-_‘a,i Fa,i
1
w (r,r') = w = ;
4’}T|I‘—I‘| V2w:_5(|r_rﬂ'|)
£ () = du* _ Jw __(r—r’) n;
ong  Ong A |r — 1|

Stephan Russenschuck, CERN-AT-MEL

/ A(r)VwdQ = f A(r)o(jr — v|)dQ2 = A(x')
Q) Q -
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—A(r) + /Qrai u*(r,r’) dTq + /AFa,i ¢ (r,r') dTy = fggJu*(r, r') dQ..

Fai Fai ﬂa

"»
| A),. : 2 E ;/ s
| = R

oS s

90°corner | 90° cone inner | half space | 90°cone outer

i (2 —V2)m 27 2+V2)7

o 1 22 1 24+/2
4 2 4

Stephan Russenschuck, CERN-AT-MEL
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BEM-FEM Couplin
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Stephan Russens

ABEM
Ar

Accelerator
‘ Technology
. Department

BEM
Coul
lﬁr {GHQE} + [H]{Az} = {Az,s}
BEQFTVIjen
| 1 FEM
S AR
i | K{A} - [THQ.} = {F.(M)}
lﬁreduced j‘soume
Aperture

(Q} = —[C)  HNAY + [G){A)

([K] + [T][G] [H]) {A} = {F (M)} + [T][G]H{As)
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Stephan Russenschuck, CERN-AT-MEL

[K{A} ={F(As, M)}
yields an iteration scheme

{Apa} = [K]7H{F(As, My)}
Subtracting {4z} from both sides yields:

{AA} = {Apa} — {Ad = KR}
where the residual is defined by

{Ri} = {F(As, My) } — [K{ Ax}

Introduce a relaxation parameter w.

{Ari1} = {A} + w{AAL}

with wg = 1 and

Wr—1

| _ BAT{8A 1}
{84 1}

Wy =

Accelerator
‘ Technology
. Department
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1. Set iteration index k = 0, and initialize vector potentials {Ay} = {0}.
2. Fork=0,1,2,..., unit convergence Do:

3. Compute the force vector { F(As, M)} and the residual {R}.
[{Rg}
4 T (A ooy < € Goto 8.
5 Calculate the step sizes {AA;} = [K] 1 {R:}.
B. Choose the relaxation parameter.
7. {Ars1} = {Ak} + w{AAL}
8. End Do.
Advantages

e If direct solvers are used, the stiffness matrix needs to be inverted only
once.

* The method is globally convergent

* No derivative of the M(B) curve is required.

and disadvantages

* The number of iteration steps is high.
* Evenin the case of linear media the M(B)-iteration is necessary.

Stephan Russenschuck, CERN-AT-MEL
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AV

Stephan Russenschuck, CERN-AT-MEL

INFO =40:

COMPUTING

INFO =40:

COMPUTING

INFO 240:

COMPUTING

INFO 240:

INFO 240:
INFO 296:

GMREES STEP 23, RESIDUAL=
GMEES STEP 24, RESIDUAL=
GMRES STEP 24, RESIDUAL=
»rErrrerrryr NEWION STEP

THE GLOBAL
GMEES STEF
GMEES STEF
GMEES STEF
GMEES STEF

MaTRIX. ..

25, RESIDUAL=
26, RESIDUAL=
27, RESIDUAL=
28, RESIDUAL=
GMEES STEP 29, RESIDUAL=
GMEES STEP 29, RESIDUAL=
Frerrrerrrer NEWLION STEP
THE GLOBEAL MaATRIXE. ..
GMEES STEP 30, RESIDUAL=
GMRES STEP 31, RESIDURAL=
GMEES STEP 32, RESIDUAL=
GMEES STEP 33, RESIDUAL=
GMEES STEP 33, RESIDUAL=
Frrrererryr> NEWION STEP
THE GLOBAL MATREIXE. ..
GMEES STEP 34, RESIDUAL=
GMEES STEP 35, RESIDURAL=
GMRES STEP 36, RESIDUAL=
GMEES STEP 37, RESIDUAL=
GMEES STEP 37, RESIDUAL=
Prerrre»r»rrx2»>» NEWLTON STEP
Frrrerrrryr> NEWIOHN STEP
SO0LVER INFORMATION
NUMEEER 0OF TIME STEPS

NUMEEER 0F NON-LINEAR STEES
AVERAGE PER TIME STEF

NUMEEER 0OF LINEAR STEPS

0.1014E-05  -59.5Z DE)
0.2402E-06 { -65.78 DE)
0. 2402E-06 ( -65.78 DE)
4, RESIDUAL= 0.3917E-03
0.9083E+00 ¢ 0.00 DE)
0.1915E-04 { -46.76 DE)
0.6527E-05 { -51.44 DE)
0.2510E-05  -55.59 DE)
0.468%9E-06 ( -6Z. 87 DE)
0.468%E-06 ( -6EZ.87 DBE).
5, RESIDUAL= 0.1=299E-03
0.9083E+00 ¢ 0.00 DE)
0.3846E-05 ( -53.73 DE)
0.1670E-05 { -57.36 DE)
0.7543E-06 { -60.81 DE)
0.7543E-06 ( -60.81 DB).
b, RESIDUAL= 0.3413E-04
0.9083E+00 ¢ 0.00 DE)
0.2110E-05  -56.34 DE)
0.1095E-05  -59.19 DE)

0.3836E-06 { -63.74 DE)

0.3836E-06 ( -63.74 DE).

7. RESIOUAL= 0. TE9YE-OS
7. RESIOUAL= 0. TE97E-O5

LER R BE I )

{ -3%.38 DE

-43. 22 0E)

-4%9. 05 OE)

-55.43 OE)
-55.43 OE).

Always check convergence of your computation
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