Simulation-Based Design
In
Electrical Engineering

3. Magnetic Problems in Engineering Praxis



Magnetisms: probably one of the most
important physical phenomena for the

existence of the human being o
_—
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Figure 1. Deptford in construction around 1890. From Notes and Records of the Royal Society of
London, 1864, 15:37.

« 1890: Sebastian de Ferranti launch 10.000V Deptford system to supply
38.000 lamps in London

. : 1995 by The History of
 Shortly after, a mysterious fire destroyed all the transformers at a Science Society,

substation near London putting it out of commission for the entire winter 86:30-51
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Ferranti effect
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Engineers, 1891, 20:389)
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The Ferranti Effect is a rise in voltage
occurring at the receiving end of a

(long) transmission line, comparing to

the voltage at the sending end
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| Fleming’s controlled field experiment on
EEE— the Ferranti effect

LamiTn (Journal of the Institution of Electrical




Ferranti effect

R L
211 o The charging current I_ produces drop in the
T l, T reactance of the line which is in phase opposition
V V to the receiving end voltage and hence the
S C= R sending end voltage Vs becomes smaller than the
l l receiving end voltage Vr
@, O
A [.-oCU 10"
IC where:
VS . lc = charging current (A/km)
| R . w = 2mf ; = System frequency
¢ . C = capacitance per unit length (UF/km)

U = Applied voltage (V)
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Ferranti effect
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Solution for Ferranti effects are
the shunt reactors added at the
end of the lines to compensate

O O _ .

the capacitive reactive energy
K X / @CU 10~

IC where:
Vs . lc = charging current (A/km)
| R . w = 2nf ; f= System frequency
c . C = capacitance per unit length (UF/km)
U = Applied voltage (V)
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Grid line

|

Control

= Basic function
= [nductance control
m Reactive power control

m Advanced System control

Shunt reactor (700Mvar, 154kV)
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Magnetic Design

Static problems

Formulation:

—

rotH=J divB=0
H =H? B' =B’ s o | w

B= ,LlH (isotropic, linear) ‘M b= n(H)

|

—

B = ,u(H) -H (isotropic, nonlinear)

I
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Magnetic Design

Static problems

Formulation: | .
rotH=J divB=0 N
i 140 i _ po j j )
Ht - Ht J Bn - Bn @ © g .
B= ,LlH (isotropic, linear) ‘M b= n(H)
S, J
= ,u(H) -H (isotropic, nonlinear)
The size of the matrix system is 1uat: Volume charge appears as a
determined by the number of the correction of the RHS during
surface unknowns! 47 - H iteration process
7v\*7 S T Vi \ T
O .
[AltH[e]=[B]+[D]{[~]
\
Material parameters appear only as a dq)
diagonal term! Fus Fn | = 1 J‘ Bds ——N
Matrlx enerated only once! - N -
% 4 y r dSJ + 4 Jp(N) ww\gpo'fopt com IR Sc dt
T Sa MJ MN

10
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~ Magnetic Design

Static problems

Formulation: |

rotH=J divB=0
Hi =H’, B} =B ®

—

B = uH

(isotropic, linear)

- M p=u(H)

3 = y(H) . H (isotropic, nonlinear)

- rM.] rMN

H oy = — j[a(J) aw(J)] dSJ+— j p(N) ==V,
4 SJ 4 MN

~ 1 F Fiw -~

H,. = ja(J) SJ+—jp(N) dVi + H? (K)
47[ SJ KJ KN
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B. Krstajic, Z. Andjelic, S. Milojkovic, S. Salon: Non-linear
3D Magnetostatic Field Calculation by the IEM with

Surface and Volume Magnetic Charges, Tran. on Mag.,
vol.28,No.2,March 1992
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-
l COIL
I= 10f A/m?
f LINE 1
hy* 0.15m - -
h:'n-.'hl
R,= 0.06m
hi
LB

0.6

www.polopt.com
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Test example

4/30/2018

: Team Benchmark problem, JIEE 1981

L
-Ree&lt contours of -

Loadcase o

Data ¢ Bvolum-flux
Component : BV-E

Min : 2.73E-01
Mazxz 1.49
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vol.28,No.2,March 1992




What is controllable reactor? (cont.)
Yoke

Main Winding

Control Disk

Iron Disk

® Similar to a fixed reactor
Control Current

m The control disks replace the air-gaps in the fixed

reactor Control Disk
m The control disks are with control winding in which
4/30/2018 DC currents flow through www.polopt.com
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Magnetic field distribution
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Controllable Reactor

Induced voltage calculation

lgc = Current in Reactor Coil
Icc = Current in Control Coil

Upe = €ac = lac RAC + NAC

dd,.

=—€pc =lpc - RDC + NDC

uDC

4/30/2018

d(DAC d(DD AC

ch)AC—>DC

Flux plat B fo
capturing AC flu
flowing through DC N\~ -

turns

www.polopt.co

Main winding

Contral coils

Flux plat A for

// capturing DC flux

flowing through DC
turns
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= Example: Controllable Reactor _

2.00E+01
1.50E+01 £ =" p =
f \ f —e—eac
1.00E+01
/ \ / —=—edc
5.00E+00

’ A
/ / 0.1000
/\ 10/ 15‘?\ 20/ % /\ 30/ 35 4 POLOPT
;’E‘Iﬂe 7

,/ \, / Flux change for I, = 0-1000A

N W

-2.00E+01

0.00E+00

-5.00E+00

-1.00E+01

0/’/’/«\-\
N

Induced voltages Uac, Udc

Permeability changes for I, = 0-1000A
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Force Analysis
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FORCE ANALYSIS

B BEM offers the most natural / accurate / efficient modeling approach for:

O Computation of the DC forces in current-
currying bus-bars in the presence of:
= [inear magnetic materials
» non-linear magnetic materials

O Computation of the AC forces in current-
currying bus-bars

0 Computation of the forces acting on the
magnetic bodies:
= [inear magnetic materials
= non-linear magnetic materials

0 Computation of the forces acting on the
non-magnetic bodies

4/30/2018 www.polopt.com
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//

m ) J.R. Melcher: Continuum Electromechanics, M.I.T
Force analysis .

Press, Cambridge, MA 1981

N _ M. Zahn: Derivation of the Korteweg-Helmholtz
F :-.- f (r)dQ Electric and Magnetic Forces Densities Including
. Electrostriction and Magnetostriction from the
Q Quasistatic Pointing Theorems, IEEE Conf. on El.
And Diel. Phenomena, 2006, ISEN 1-4244-0546-7

Korteweg-Helmholtz force density in compressible magnetizable media:

£ > oo 1o g 1 d .
F= (o), >~ H-Avato) + v(; p Y A )

Incompressible linear magnetizable media

—_ —

F:qufo+y0M-vF|

Incompressible, non-permeable media
f=pJd, xH

4/30/2018 www.polopt.com
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F :j f(r)dQ

f=upJd;xH
P1
Ap(x)=0 VxeQ
o0Q oG
i S04 ) - (0d00) § o007
jf =—oVg
H :AI:IJ/+HM H’-> Biot — Savart
H™ (x 4—i0(x) :dl“ +—jp(k)Lde
_AX)
(-2 § -

www.polopt.com

xk

Q -

(I =22 gfy)  yeT

eContribution from the non-linear part
does not influence the matrix size!!!

e It is just a correction of the matrix
RHS.
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// -
DC Forces on current-carrying conductors

Example 1 : Modeling of two bus-bars in presence of magnetic
material using Pro/E-POLOPT integrated tool

Forces on two bus-bars
1.00E+06
Two bus-bars only 9.00E+05 —
FORCE VECTOR(S) F[N] ON 2 BODIES
| T T e 8.00E+05
| Mo, |Dom. | X-comp. [N] | ¥-comp. —Ccomp . odule
I””1'|””é'["'%'éé%éléé'|””é'éééé'éé'i”'i'é%ééléi'i"'%'éé%é'éé'{ 7.00E+05 |
. + -2. + -1. + . +
| 2| 0| =-7.916E+05 | -Z.104E+02 | ~-6.138E+00 |  7.916E+05 | _ 6.00E+05 | D Bus-bar 1
! Z, 5.00E+05 ||
TN mBus-bar 2
Two bus-barsi . - 4 .00E+05 +
wo bus-bars in presence of linear materia
FORCE VECTOR(S) F[M] ON 2 BODIES 3.00E+05
| 2.00E+05 ]
| Ma. |Dom. | H-comp. [H] | ¥Y-comp. [N] | Z-comp. [H] | Module
A 1.00E+05 +
| 1| 0| B.783E+05 | 1.271E+04 | -2.0598E+01 | &.784E+05 |
| 2] 0| -5.169E+05 | B.003E+04 | -B.790E+00 |  5.230E+05 | 0.00E+00 ‘
! only BB BB+LM BB +NLM
Two bus-bars in presence of non- linear material . .
| FORCE VECTOR(S) F[N] O 2 BODIES Impact of Ilnear/ nonlinear
Wo. |[Dem. | - .OIN] | Y- .M Z- .M Madul H
i1:“10:?2‘:‘;%[0;:IZEBE[Di:19‘;4;01:”6%05' materials on the forces
. + -1. + -1. + . +
4/30/2018 | 2| 0| -9.391E+05 | -6.631E+04 | -4.714E+00 | 9.414E+05 WwWw.polopt.com 22
|




AC Forces

4/30/2018 www.polopt.com 23
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" AC Forces on Current-carrying Conductors

Time —average Lorentz force density : f
- 1 L
=2 Re{j x B

Key challenge
Calculation of eddy-current J taking into account:
e skin effect
e proximity effect
e presence of the magnetic materials

Approach:

e BEM -> meshing interface between different media only

e New innovated formulation for skin-effect treatment

e New Galerkin integration technique (geometrical singularities)
e New compression / acceleration techniques used

4/30/2018 www.polopt.com 24
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HOUt _

- Requires pre-calculation of

the current distribution
(Laplace problem)

Hy()=H, =Hg +H5

(r-r) dr' VreR?

H— @ formulation

—J<r>+—<ﬁ n(r) = ((r) <V

—Cfa (rn(r) xV(

r—r'||3

Boundary value problem

rotrot H" +iwou-H =0 VreQ',

Ap=0 VreQ,

n><(H++V(p):n><H0 Vr e o,

n-(,uH++,uOV(p)=,uo-n-H0 vr e o

Integral representation

—(L+i)k|r—r|
H* () =rot(— g@;(r)LdS) reQ

§(n)= —qﬁ—d|r (:|)| S, reQ

Equivalent currents

—(J+|)kHr |

)dS =-—n(r)xH,(r)

))dS,. -

Equivalent charges

H
-B

31 Sl
X

B

a

o afe)

www.polopt.com

1 1 .
i (r)+E§ia (r)n(r)-V(” - ”)dS +
1+|)kHr r
n(r)- (J(r') x V(E———))dS,. = ~n(r)- Hy(r)
e =
2n><HOj 1 1
-2n-H, K(et”?)=ae_ﬁr G(§,U)=4—

25



Example 1:
Skin-effect in Cu/Fe
conductors

4/30/2018

2 10E+4

5000
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ooon
.a0oo
.8000
7000
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S000
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3000
.2000
.1000

000000000 R BB @2

Field penetration in the Cu-conductor

16000

1| —real part of H (Analytical) '
1| = =imaginary part of H (Analytical) |3 i@
real part of H (POLOPT)

O  imaginary part of H (POLOPT)

H in phi-direction [A/m]

14000

[A/m]

10000

n phi-directio

I 000+

="
=3
Ir

-0.008 -0.006 -0.004 -0.002

meaolat.com

0002 0004 0006 0008 O.01

= 12000 (oo

I ¥ N S ——r

2000 fr-----1%-----

Oc
-0.m

| —real part of H (Analytical) '
i | mm==imaginary part of H (Analytical) |-
real part of H (POLOPT)

1]

O  imaginary part of H (POLOPT) | & 1

SIS T O N ——
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0.002 0.004 0005 0008 001
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Example 2: Proximity effect in parallel bus-bars

- m

Proximity effect
Current in same direction

Magnetlc field

Opposite currents

Magnetic field intensity

Similar currents
) -

Current (real part) along
the graph line

le]u&{(’
Graphgd values of -
Loadcash ;L1

: Jrs)

Peip 0o

Average} at : Nodes I

Cnnﬁpq&a t @ IMV
Min * : 16683.15
|

Mmsl i 2.22E07

Steel-200

4/30/2018 www.polopt.com
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Example 2: Validation TEAM P21

0.009

Ic
0.006 —8—TEAM P21 |
0.003 A
// e

0.000
-0.003 /
0.006

-0.009 %
4

-0.012

Bx [T]

-0.015
0 100 200 300 400 500

« B, in z-direction =
* non-magnetic steel
H=1

4/30/2018 www.polopt.com 28
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Forces on
Ferromagnetic
Structure
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Forces on magnetic bodies
Force density in incompressible linear magnetizable media

//

—

]?:yojfo+/¢0|\7l-VH

f = IIJO M . VH — in the absence of the conduction current

Total force

|E :J. F(r)dQ — §’[dr { — traction vector of the tensile
Q r

forces per unit

Maxwell stress method

Magnetic charge method
? best method

Magnetization current method

Virtual work method
4/30/2018 www.polopt.com

When polarized or magnetized
materials are present, the Lorentz force
law must be applied not only to the free
charges within the materials, i.e. the
surface charges and currents discussed
earlier, but also to the orbiting and
spinning charges bound within atoms.

When the Lorenz force equation is applied
to these bound charges, the result is the
Kelvin polarization and magnetization force
densities.

Thus, Kelvin forces must be added to the
Lorentz forces on the free charges!

L.D. Landau, E.M. Lifshitz: Electrodynamicsy

in Continuous Media, Nauka, Moskow, 1982

30
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.~ Forces on magnetic bodies
Force density in incompressible linear magnetizable media

f =4 xH+py,M-VH

f = ﬂo M y VH — in the absence of the conduction current

Total force

F :j f (r)dQ = @tdr t — traction vector of the tensile
Q r

forces per unit

J.R. Melcher: Continuum Electromechanics, M.I.T Press,

Cambridge, MA 1981

I

Maxwell stress method — F— i”§-ndA
Hy
Magnetic charge method 'B?-B*/2 BB, BB, |
s=*| BB, B2-B'/2 BB,
Magnetization current method Ky B.B, B,B, BZ - B?/2
Virtual work method B* =B, + Bj +B,

4/30/2018 www.polopt.com 31
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*  Forces on magnetic bodies

[ — Z. Ren: Comparison of Different
. H H Force Calculation Methods in 3D
Benchmark Problem: Levitated Sphere (Linear case) FEM! modeling, IEEE on Miag, 30, 5,
FEM-based methods Sep.1994
Comparison of Levitation Forces (Newion)
coil
R1=0.035m methods o A two dual
RI=0.05m formulation | formulation | farmulations
h Re=0.07m Fasst 20275 | 3s51.08 35123
h=0.03m Fpm 88,75 293 .87 366.26
=500
I Fom 292.75 351.08 B o 2 — 5%
E@E 292.35 350.97 35126
Fe 0.408 0.114 (03
virtual work 362.46 353.82
analytical 372,88

x10E+4

POLOPT

FORCE VECTOR(3) F[MN] oW 1 BODIES

| Eecomp. [H] | Y-comp. [HN] | Z-comp. [M] Madule

|
2| 0.000E+00 | 0.000E+00 |  3.716E+02 |  3.71GE+02 |

3 e =0.34%

0.5000

4/30/2018 Force density distribution www.polopt.com 32
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Forces on magnetic bodies

[1] S. Bobbio at all: Equivalent Source Methods
Benchmark Problem: Levitated Sphere (Non-linear case) (e i v sl 2vel e B ol by pie e

Force with Extension to Nonlinear Materials,

IEEE Tran. on Mag., Vol. 36, No. 4, July 2000

B-H curve for the nonlinear test problem

o F[N] for different coil currents

25 2500
2 — 2300 /L

ﬁ\ 2100
1.5
_ 1900
g /\

1 k 1700
0.5 N Z, 1500

\ (e
\ \ ™~ 1300 T

0 -/
0 50000 0000 150000 1100
H[A/m] 900 +— F[N]- Ref.
700

—=a— F[N]-POLOPT

500 ]
30 35 40 45 50 55

Current [KA]
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Forces on magnetic bodies

4/30/2018

Low-voltage switch, Sace, Italv

'Y

B-H curve

[

50000 100000 150000 200000 250000 300000
H [A/m]
www.polopt.com

non-linear 10kA
(Bmax =1.42)

F=39N

linear 10kA
(Bmax = 2.10)

F=58N

non-linear 50kA
(Bmax = 3.41)
F=393N

Result contours of -

Loadcase L1
Data : Bnormal-flux
L
Min : 5.40E-05
Max : 1.42

Z

abr

Losgcase 1 LL
Data : Bnormal-fluz B

Min 1 2.33E-08 2.0000
Max H 2.10

z
Result contours of -
Loadcase : L1
Data : Bnormal-fluz
Min : 1.31E-04

Maz B 3.61

7z

L 2
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/

Forces on
Non-magnetic
Structures

4/30/2018 www.polopt.com 35
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" Forces on non - magnetic bodies

4

B AL,

@® Ferromagnetic ( «>>1 y>>0 ): attractive effect, (iron, ferromagnetic alloys,...)

@ Paramagnetic ( £ >1 7 >0 ): linear attractive effect, no remanent
magnetism, (ferro-fluids, oxygen, aluminum,...)

® Diamagnetic ( <1 ¥ <0 ): repelled effect (bismuth, wood, copper, gold, Simplified comparison of =

supercon ducto rs, .. ) permeabilities for: ferromagnets (uy),

paramagnets (u,), free space (ug) and
Example: diamagnets (uq)

. r,

H(x)=—41 J'o—(x)—dxsg S, +
7C 5 rxg

1 I_’-;<N 3 O

EJp(N)rg dV, + H°(x)

XN

F(x)=-0.5 j 1A xH2dS

4/30/2018 www.polopt.com 36



MEMS Simulation o, sensor- layout

aoa » Achieve IC layout having at least the same
* performances as the standard layout!

IC layout

4/30/2018 www.polopt.com 37
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MEMS Simulation 0, sensor- layout

Force density distribution

\\

v mmama y‘- g |
Dot . .
m ' ~—x1 <41

N

> / i

,'4"" Result contours of
12
J Data

Force vectors acting on dumb-bell

Averages at : NodeS
Calculapsd=x

Alllllllligg:f 0
A s
A4 i ]

x10E-1

B ; o000

7.2000
™ 5 8000
" 6. 4000

6. 0000
' 5.6000
2000

1.8000

Calculated force: 1 4000

Fx Fy Fz ;/2333/

3.17e-7|-2.73e-8 | -8.87e-7 3 20m

8000
800

L T = Deviation to measurement: < 10%

Coupled Electromagnetics- Molecular Dynamics - Mechanics
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