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Overview

» Hysteresis
» Preisach model
- elementary hysteresis operator
- combining hysteresis operators
- Preisach model
= Properties
- complete saturation
- memory formation
- nonlocal memory
- wiping-out property
- congruency property
= Representation
- first-order transition curves
- representation theorem
= Numerical Implementation
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Hysteresis

» Ferromagnetic materials turning point
- remanence reversible area
- hysteresis losses f(t)

» Superconductive materials major loop
- flux pinning
* Friction
» u(t)

z

minor loop
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Hysteresis and Field Simulation

* as a post-processing step
e.g. by Steinmetz formula

— . 2
_ f (1Bl
Physt = O-hystkhyst COHz\ 1T

= within a time-harmonic field simulation
complex permeability

B(t) = licos(a)t) :> [ = Zejqo
H(t) = H cos(wt — @) - H
« within a transient field simulation
by a hysteresis model
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Hysteresis Models

 Preisach model
e Jiles-Atherton model
« Stone-Wolfarth model

Preisach model

|.D. Mayergoyz, ,Mathematical Models of Hysteresis",
Springer-Verlag, New York, 1991, pp. 1-44.
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Elementary Hysteresis Operator
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Elementary Hysteresis Operator

u(t) |

all--\

A 4
a

ﬁ i

a u(t)

O]

V!
a
Y
A

-

CAS 2018 | TU Darmstadt | Institut fur Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 8

|
®



http://www.temf.de/

TECHNISCHE
UNIVERSITAT
DARMSTADT

Elementary Hysteresis Operator

u(t) | .

all--\

L]
1
1
|
1
1
1
A
A

O]

A 4
a
Y
a

CAS 2018 | TU Darmstadt | Institut fur Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 9

|
®



http://www.temf.de/

) TECHNISCHE
UNIVERSITAT
DARMSTADT

Elementary Hysteresis Operator
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Elementary Hysteresis Operator
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Elementary Hysteresis Operator
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Elementary Hysteresis Operator
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Combining Hysteresis Operators {7 Unversimar
FO = ) MyPa,p,u®)
p;A "
b3 |Bilas 1B aq a; u(t)
1 F—e =
- B : 1 =< A
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Combining Hysteresis Operators {7 Unversimar
FO = ) MyPa,p,u®)
p
e st O
- s 9o
1 y. S O
Bz |Bilaz 1B aq az u(t)
1 T— =
P=—i=¢ : 1 =< ~
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Combining Hysteresis Operators

FO = ) My Pap,u(t)
p

~ mq
Ya,p, _'®

u(t) R m \f\ f(t)
?053.33 _®m3
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Combining Hysteresis Operators

FO = ) My Pap,u(t)
p

@ continuous analogue

FO =Tu® = || m(@p) 7up u® da dp
azf

Preisach model
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Preisach Model

(@0, Bo)
®

”,31 ay  u(t)

t ?azﬂzu(t)

u(a, B) : finite function with |
support within T .
7 ',82 (%) U(t)

, limiting triangle
=) closed major loops —
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Complete Saturation UNIVERSITAT
negative saturation positive saturation
() all hysteresis (= all hysteresis
operators ,down” operators ,,up”
g == || B@B dadB  fos = ~fueg = [ n(a.p) dadp
(C((),.,Bo) T % (aO' ﬁO) T ﬁ(
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Memory Formation

u(t).

»

o= || w@pdads - |[[ na.p) dadp

S+ (t) S_(t)
ar, p-4-4------
AR /\n_-/\

>t

Bo === fee-
Bu ff-====
o
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Memory Formation

u(t).
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Memory Formation

»

u(t) f(t) = jf u(a, B) da df — ﬂ u(a, B) da dp

S+ (t) S_(t)

Az F-F--\----- /\——__/\ (QOJ.ﬁO)
i

B [ ofeeees
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Bo |‘ decreasing input
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Memory Formation

»
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Memory Formation
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u(t).
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S+ (t)

|

S_(t)

| j u(a, B) da dp

(@0, Bo) !

\ Zai. é’::’ff%%%ﬁff
fﬁ o

\ ,, Y
i f’ff:;?::-.

CAS 2018 | TU Darmstadt | Institut fur Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 40 'VE



http://www.temf.de/

TECHNISCHE
UNIVERSITAT
DARMSTADT

Memory Formation

»

u(t) f(t) = jf u(a, B) da df — ﬂ u(a, B) da dp

(\ sJ) s
AR /\/\
>

B [ ofeeees

Br1 [{-——---
Bo Il decreasing input

CAS 2018 | TU Darmstadt | Institut fur Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 41 'VE



http://www.temf.de/

TECHNISCHE
UNIVERSITAT
DARMSTADT

Memory Formation

»
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Memory Formation ﬁ?ﬁﬁﬁﬁ
state of the hysteretic material
determined by staircase interface L(t)
Increasing input decreasing input
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(Non)local Memory

local memory nonlocal memory
slope only determined slope determined by
by position position and history
o o
“(®) u(t)
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e s 0= [[- [[u= [[o- |
st s-(®)  si@®  SL®

2
S+ (@) \“‘
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Nonlocal Memory

(a0, Bo) 4
Y 4
oy :-;’,_.:-__.-""
i iu'(t + At) = u’ (t + At] i / s
s A R "§\\ NN IN% . B
S tt‘tI;;;*?" S
S, (t + At ~AS, St (t + At) "~ AS!
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u(t) ¢ each local input maximum wipes out the
ay /\ vertices of L(t) whose a-coordinates are
2% T ity il i below this maximum
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Congruency Property

»

u(t)
251

e

EQ\QQ\:\ 77
ERGR
NN

o



http://www.temf.de/

%57 TECHNISCHE
&)=\ UNIVERSITAT
9> DARMSTADT

Congruency Property

AF(E) = 2 j f w(a, B) dadp
AT(t) f(t)

sf©=2 || wap) dadp

AT'(t)

f'(@)

AT'(t) = AT (t)

4 .

Af'(t) = Af(¢)

*u(t)
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Overview

» Hysteresis
» Preisach model
- elementary hysteresis operator
- combining hysteresis operators
- Preisach model
= Properties
- complete saturation
- memory formation
- nonlocal memory
- wiping-out property
- congruency property
= Representation
- first-order transition curves
- representation theorem
= Numerical Implementation
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First-Order Transition Curves

f(t)

v

u(t)
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Identification

£(e) = jf uap)dadp — [ u(a,p) dadp

a Sy (t) S_(t)

P, p) =L Ls

M\mxm \ KX py  F@,B) = jf u(a, B) dad

| \ i g T(a',B")

T p , ,
3 S+(t) \‘x\i\ ﬁ ! Ay aZF(a ;,B )
Nxﬁ\\\ ula',p’) = — 90 p
\» 42

3&1\ fa B’

ula, ﬁ)_za 3B
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Representation Theorem

The wiping-out property and the congruency property
constitute the necessary and sufficient conditions for a
hysteresis phenomenon to be represented by the Preisach
model based on a set of piecewise monotonic inputs

f(®)

congruency

4

every minor loop
IS congruent to a
first-order
transition curve

v

u(t)
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Representation Properties

1. symmetry for physical reasons :
,u(—,B’,—a’) — ,Ll((l’, IB’) o

2. demagnetized state : f(t) = 0 4
u(t) \7

I

LA S
3 S+ (t) x

N

1
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» Hysteresis
» Preisach model
- elementary hysteresis operator
- combining hysteresis operators
- Preisach model
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- complete saturation
- memory formation
- nonlocal memory
- wiping-out property
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- first-order transition curves
- representation theorem
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Numerical Implementation

fo= || w@pdads ~ [ nwp)dads

si(t) s2(t)
oS O =- || na@pdadp+2 || uap) dads
\ G C y \5 L (0) y
o .
F (a0, Bo) > || weap) dads
k=1 Qy(t)

=0 -

Q) T(ak,Brk-1) T(akLr-1)
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Numerical Implementation

|| mapdeds= || wapdeds- || uap) dads

Qr(t) T(Qk,Pr-1) T(ak,LPr-1)
decreasing « \_ ) \_ J
(a0, Bo) Y Y

Qf;, F(akr ﬁk_l) F(“k! ﬁk)
f(t) = —F(ayg, Po)
n(t)—-1

+2 z |F (ak, Pr—1) — F(ay, Bx)]
k=1

+2[F(an: Bn-1) — F(an'u(t))]

CAS 2018 | TU Darmstadt | Institut fur Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 63 'VE 7

/
N\
=e



http://www.temf.de/

TECHNISCHE

Numerical Implementation 7 onversima

DARMSTADT

§&LJ,

n—1
FO = ~f*+2 ) (fape ~ faupies) + fan O = fayp,
k=1

decreasing a _ N
(a0, Bo) t set of first-order transition curves

Q}} ,x,,;;:;;:;; ettt ; r—— “, On Iy for p a r‘ticu Iar a and ﬁ

g

represent f, by bilinear
interpolation

fap = Co + cra + ¢ + czaf

.

Q\K{%; o

SHO

store a;, and (5, as representation
of the material state
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Slope (increasing input) UNIVERSITAT
iIncreasing input slope (increasing branch)
o .. _ df(®
Mincr(t)_ du
q u u+du
w0 =—|2 j a8 | w@p)da
wd @=2 [ uwpas
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Slope (decreasing input)

DARMSTADT
decreasing input slope (decreasing branch)
Cof) ____f ) YO
L7777 ? Mdecr( ) = "y
Umax u+du

d
w2 == 2j‘cm'j u(a, B)dp

\\\\% u
S+ (t) \\\ I a max
N\ Hgoer D) =2 j u(a,uw) da
\ u
<—>_"ﬁ
du =dp
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Exercise (1)

Everett function :

F(a',B") = f j w(a, B) dadp
T(a',p")

(o' = B2

%
.

g T .
it
ey r ]
.
5
3

s
s :

f’//
f’//

o

g F(a',B") =y

- - o,
Al NRN

2

+
N\
o~
\_/{}
7k
//ﬁ
~

N

N\

.-"
o

o

92F(a’,8")
da'9p’

<

check that u(a’, ') = —
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iIncreasing input slope (increasing branch)

[

(04
(a0, Bo) \

e

k(=2 j u(u, B) d
0 .\
E : 'uincr(t) = Zy(u - umin)
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decreasing input slope (decreasing branch)

(ao,fo) — T

Umax

w0 0=2 j w(a,w) da

u

d

'udecr(t) = 2y (Umax — U)

— B

du = dB
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Exercise (4)

a
(a0, Bo) 4 max
® T

u(too) = —O®max

f(too) = —F(ayp, fo) =

d
incr

d
'udecr

u. ~ (tog) =

—®max

(too) =
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Exercise (5)

time instant t,, : increase to u(t1y) = Amax/2

a
(a0, Bo) 4 Amax
¢ u(tlo) = Umax/2

f(t10) =

0 _
'uincr(tw) =

(t10) =

—®max

'udecr
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Exercise (6)

time instant t;; : decrease to u(t;1) = —amax/2

a

(a0, Bo) 4 Amax
u(tll) = _amax/2

f(t11) =

0

'uincr(tll) =

—®max
t —
'udecr( 11)

|
L
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Exercise (7)

time instant t,, : increase to u(t,;) = 0

a

(“0».,30) 4 max u(t21) ~0
f(tz1) =
d _
'uincr(tm) =

—®max
t —
'udecr( 21)

|
®
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time instant t,, : decrease to u(t,,) = —3amax/4
(04
(a0, Bo) 4 Omax
¢ u(ty) = —3@max/4
f(tz2) =
d _
He Cr(tzz) =
—®max ’ ,3
t —
H dec r( 22) =
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Overview

» Hysteresis
» Preisach model
- elementary hysteresis operator
- combining hysteresis operators
- Preisach model
= Properties
- complete saturation
- memory formation
- nonlocal memory
- wiping-out property
- congruency property
= Representation
- first-order transition curves
- representation theorem
= Numerical Implementation

=  Example
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Linearisation

operating point P : (H™, B(W)

chord reluctivity v

differential reluctivity Vc(ln)

“source” magnetic field strength
HMY = HOY —y{Vp™

“source” magnetic flux density
H®™)

BS(") — p(n) _ o)
Yd

» H

H™
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Magnetoquasistatics

7-B =0 modified magnetic vector potential
., 0B I—> B =0+ VxA*
VXE = ——
o 0A"
L, ) = Fo_
v-j=0 LA L
/ > Vx(VWXA*) + o o= =Js — VxH,
H=vB + ﬁc ﬂ
f= oE +f ~ ~ da = ~2
s _J CMVCa+MGE=]S—ChC

CAS 2018 | TU Darmstadt | Institut fur Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 77



http://www.temf.de/

7\ TECHNISCHE
UNIVERSITAT
DARMSTADT

Example

test problem . hysteretic material:

measured hysteretic first order

/ transient curves
\ ™
1.0 d =
_ e
> 9,;, ______________ -
.a ;é‘i
& 0.0 , 2,
© ﬁ.{f l
>
S [
-1.0 _;’;_:;:Y )
10 s
-25 -20 -15 -10 -5 0 5 10 15 20 25
<’ Magnetic field / KA/m
Zo
= non-hysteretic nonlinear material
O -5
-1
0 2 4 6 8

. research Dr.-Ing. Jing Yuan
Time /s |
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Vector Hysteresis UNIVERSITAT
transformator flux density at position C3 flux density at position C1
€D
o e
1 ] i
: T (e e
@ I Ll 4
|
|
| A
: y
3
u,/// X
H- >

Y

simplified vector-Preisach model =
scalar hysteresis model + direction factor
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Comparison: Jiles-Atherton model and measurements
Preisach model with Jiles-Atherton model ' .
— XXX measuremse nt,s,;;;g#r-
' : = 1:0[[==- Jiles i 74
1,54 | — Jiles-Atherton > ity |
11— P i h ~ = I'Js: U
. reisac @ 00| :!/?‘ |
" S Hil
X A
"o Saq

-1 0 1 2

0.5- field strength (A/m)

flux density (T)
S

] Preisach model and measurements
-1,01 X000 measuremgnts ,_/,:;:'ﬁ"‘-"‘" ‘
1 = 10— =-_Preisach )r:":-,:i”'
~— L
-1,5- A7
T ' T ! T T T T T ' T ’ T ' T Y 1 "? ’/’ |
-2000 -1500 -1000 -500 O 500 1000 1500 2000 o0 éﬁ/ﬂ
(@) [
field strength (A/m) = 77
=) W
- magnetoquasistatische simulations with BDF1 = - iif =TT
2 -1 0 1 2

- 70 time steps

field strength (A/m) _
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3D example of a vector-hysteresis model

IIIii iIIIl

i N |

N\
N\

N

——

with hysteresis

A
N
4,0- AN >0

—x— Strom |
3,54 = v— Strom 11

hysteretic material

e m——aa A
e mmm——N
it S D
..... “ IERER!
.......... IEREE
........... IBRER]
........... IERER
Ve [ Yreoeoe
v VAL rree
~~ ~W Y I REE
-—- == Y - . ’
P ~~=v -
s AR Y - -
1y s NN ~S ~
I N N e i '
Ve (S [
rvrory [ R IR S
IEEER] (ST I AR RS
[ERB R VR N IR
voveyy e daa L T
RN
Vs
NN

P

time (s)

...........................

e P S NN
e m e e n L Y
L ' 1
[ I I N R T
[ T
[ v
Vb , v
[ 2 [
A - Y ad
~ - -

- - ~~ -~

, ~~ = A SN
rry v [N WY
rrr| . s [
vy L
[N} L
(IR 1N I EEE [
T [l
\\mmeecrrrreaam e X
Ammm e ———mmer 4
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TEAM Benchmark Problem 32

Cross-section of the TEAM Benchmark Problem 32
@ 't ®

A A
Wmdm% - !730 Wlndlng
7 Al
/ ; «—>
/ /
175 2 120 2 |
/ / hysteresis curves
1 / / X
5 % 4
/ / / 5]
z % %
/ / / 10
/ 5 9
5 9 / y 0,51
/ / /
\ 4 Z — o0
X -0,5
v 10l
-1,5-
41500 -1000 -500 O 500 1000 1500
(dimensions in mm, Z=2.5mm) Alm
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TEAM Benchmark Problem 32

Comparison simulation to measurements

(at pOS|t|on C3) current excitation:

5- 154
] \ At 2
110_ : 10
~~ ] - fE 5
= 05- 2 €
g S5 9 0
e o —
= 0,01 P s
3
3 -05- -10-
3 - o0 o tim 0,08 0,10
= -1,01 /' |—-- simulated (scalar) ’ L e(S) ’ ’
1 \n...,,,m’ - - = = simulated (vector) Zeit/'s
-1,5- ——— measured 4
0,00 004 008 012 016 020 ‘
time (s)
* magnetoquasistatische simulation with BDF1 time integrator A _ 3 _
* inverse Preisach model @ !
|
» Conjugate-Gradient method with SSOR preconditioning :
1

* linearisation by the Newton method
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Comparison simulation to measurements

(at position C1)

10 0 .
0,8
0,61
0,41
0,21
0,01
_0,2_'
0.4
-0,6-
-0,8-
1,0-

By/T

— - — simulated (scalar) |

simulated (vector)
measured

1,0-0,8-06-04-0,200 02 0,4 06 0.8 1.0

Bx/T

inverse Preisach model

* linearisation by the Newton method

magnetoquasistatische simulation with BDF1 time integrator

Conjugate-Gradient method with SSOR preconditioning

000 002 004 006 008 010

time (s)
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