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Overview

▪ Hysteresis

▪ Preisach model
- elementary hysteresis operator

- combining hysteresis operators

- Preisach model
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Hysteresis

▪ Ferromagnetic materials

- remanence

- hysteresis losses

▪ Superconductive materials

- flux pinning

▪ Friction

reversible area

turning point

major loop

minor loop
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Hysteresis and Field Simulation

▪ as a post-processing step

e.g. by Steinmetz formula

▪ within a time-harmonic field simulation

complex permeability

▪ within a transient field simulation

by a hysteresis model
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Hysteresis Models

• Preisach model

• Jiles-Atherton model

• Stone-Wolfarth model

• ...

I.D. Mayergoyz, „Mathematical Models of Hysteresis“, 
Springer-Verlag, New York, 1991, pp. 1-44.

Preisach model
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Elementary Hysteresis Operator
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Combining Hysteresis Operators

! " =$
%
&%'()*+*,(")

,(")/0 /1/230 3132

http://www.temf.de/


CAS 2018  |  TU Darmstadt  |  Institut für Theorie Elektromagnetischer Felder (TEMF)  |  www.temf.de | Prof. Dr.-Ing. Herbert De Gersem  |  23

Combining Hysteresis Operators

! " =$
%
&%'()*+*,(")

,(")/0 /1/230 3132

http://www.temf.de/


CAS 2018  |  TU Darmstadt  |  Institut für Theorie Elektromagnetischer Felder (TEMF)  |  www.temf.de | Prof. Dr.-Ing. Herbert De Gersem  |  24

! " =$
%
&%'()*+*,(")

,(")/0 /1/230 3132

Combining Hysteresis Operators

http://www.temf.de/


CAS 2018  |  TU Darmstadt  |  Institut für Theorie Elektromagnetischer Felder (TEMF)  |  www.temf.de | Prof. Dr.-Ing. Herbert De Gersem  |  25

!(#)%& %'%()& )')(

Combining Hysteresis Operators

* # =,
-
.-/01232!(#)

http://www.temf.de/


CAS 2018  |  TU Darmstadt  |  Institut für Theorie Elektromagnetischer Felder (TEMF)  |  www.temf.de | Prof. Dr.-Ing. Herbert De Gersem  |  26

Combining Hysteresis Operators

!(#)%& %'%()& )')(

* # =,
-
.-/01232!(#)

http://www.temf.de/


CAS 2018  |  TU Darmstadt  |  Institut für Theorie Elektromagnetischer Felder (TEMF)  |  www.temf.de | Prof. Dr.-Ing. Herbert De Gersem  |  27

! " =$
%
&% '()*+*,(")

Combining Hysteresis Operators

, " ! "
'()/+/

'()0+0

'()1+1

&2

&3

&4

http://www.temf.de/


CAS 2018  |  TU Darmstadt  |  Institut für Theorie Elektromagnetischer Felder (TEMF)  |  www.temf.de | Prof. Dr.-Ing. Herbert De Gersem  |  28

Combining Hysteresis Operators

continuous analogue

Preisach model
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Preisach Model

!(#, %) : finite function with 
support within '
limiting triangle

closed major loops
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Preisach Model
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negative saturation

all hysteresis

operators „down“

Complete Saturation 
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Memory Formation
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increasing input

Memory Formation
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decreasing input

Memory Formation
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Memory Formation
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increasing input decreasing input

state of the hysteretic material 
determined by staircase interface L(t)

Memory Formation
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(Non)local Memory

local memory

slope only determined 

by position
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slope determined by 

position and history
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Nonlocal Memory

suppose
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Nonlocal Memory
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Wiping-Out Property

increasing input
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Wiping-Out Property

each local input maximum wipes out the 

vertices of L(t) whose a-coordinates are 

below this maximum
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Congruency Property
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First-Order Transition Curves
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Identification

!

"

!#

"#

$% &

$' &

( !#, "#

* & = ,
-. /

0 !, " 1! 1" − ,
-3 /

0 !, " 1! 1"

4 !#, "# =
*56 − *5676

2

4 !#, "# = ,
9 56,76

0 !, " 1!1"

0 !#, "# = −:
;4 !#, "#
:!#:"#

0 !#, "# = 1
2
:;*5676
:!#:"#

http://www.temf.de/


CAS 2018  |  TU Darmstadt  |  Institut für Theorie Elektromagnetischer Felder (TEMF)  |  www.temf.de | Prof. Dr.-Ing. Herbert De Gersem  |  58

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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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

congruency

every minor loop 

is congruent to a 

first-order 

transition curve

!(#)

%(#)
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!" #

Representation Properties

1. symmetry for physical reasons :

2. demagnetized state : $ # = 0
' −)*, −,* = ' ,*, )*

- #

#

,

)
!. #
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Numerical Implementation

("#, %#)
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01 2
3 ", % 4" 4%

:
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= 2
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Numerical Implementation

decreasing
("#, %#)

"

'( )

%

'* )("+, %+)
(",, %,)

-
./ 0

1 ", % 2"2% = -
4(5/,6/78)

1 ", % 2"2% − -
4 5/,6/78

1 ", % 2"2%

: ";, %;*+ : ";, %;

< ) = −: "#, %#

+2 ?
;@+

A 0 *+
: ";, %;*+ − : ";, %;

+2 : "A, %A*+ − : "A, B )
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Numerical Implementation

set of first-order transition curves

only for particular ! and "

store !# and "# as representation 

of the material state

decreasing
(!%, "%)

!

() *

"

(+ *(!,, ",)
(!-, "-)

. * = −.) + 23
#4,

5+,
.6787 − .67879: + .6;< * − .6;8;9:

represent .68 by bilinear 

interpolation

.68 = =% + =,! + =-" + =>!"
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Slope (increasing input)

! "
incr(() =

+,(()
+-

slope (increasing branch)increasing input

(./, 1/) .
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>?@A

>
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+
+- 2 =

>?@A

>
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>
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decreasing input

Slope (decreasing input)

d" = d$
$

$%&'

d(

(*+, $+) *

$

./ 0

.1 0

(*2, $2)

3(0)

"
"

"%&'

4 5
decr(0) =

9((0)
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slope (decreasing branch)
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4(*, ") d*

4 5
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(simple) Preisach distribution function : ! ", $ = & = ct

Exercise (1)

"

$

")

$)

*+ ,

*- ,

. "), $)

/ "), $) = 0
1 23,43

! ", $ 5"5$

Everett function :

/ "), $) = & ") − $) 7
2

check that ! "), $) = −9:;(23,43)
923943
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Exercise (2)

slope (increasing branch)

! "
incr ' = 2*(, − ,./0)

increasing input

(23, 53) 2

5

67 '

68 '

(29, 59)
(2:, 5:)
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,

,./0

d, ,

,,./0
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! "
incr(') = 2 >

?@AB

?
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decreasing input

Exercise (3)

d" = d$
$

$%&'
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(*+, $+) *

$
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.1 0

(*2, $2)
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slope (decreasing branch)

4 5
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decr(0) = 2 <

=

=>?@
4(*, ") d*
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time instant !"" (starting point): $ = −'()* (negative saturation)

Exercise (4)

('", ,")
'

,

./ !
0 !"" = −1 '", ," =
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$ !"" = −'()*

2 3
decr !"" =

2 3
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time instant !"# : increase to $(!"#) = ()*+/2

Exercise (5)

. !"# =

((#, 0#)
(

0

()*+

−()*+

$ !"# = ()*+/2

2 3
decr !"# =

2 3
incr !"# =
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time instant !"" : decrease to # !"" = −&'()/2

Exercise (6)

(&-, /-)
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/
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&'()
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2 3
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2 3
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time instant !"# : increase to $ !"# = 0

Exercise (7)

((), +))
(

+

- !"# =

(./0

−(./0

$ !"# = 0

2 3
decr !"# =

2 3
incr !"# =
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time instant !"" : decrease to # !"" = −3'()*/4

Exercise (8)

('., 0.)
'

0

2 !"" =

'()*

−'()*

# !"" = −3'()*/4

3 4
decr !"" =

3 4
incr !"" =
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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
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▪ Representation

- first-order transition curves
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!

"

operating point # : (" % , !(%))

# 2!(%)) *+
*!)

(%)

= +-
(%) − +(%)

Linearisation

!(%)

"(%)

chord reluctivity +(%)

+(%)
+-
(%)

differential reluctivity +-
(%)

"/(%)

"/(%) = "(%) − +-
(%)!(%)

“source” magnetic field strength

!/(%)
!/(%) = !(%) − "

(%)

+-
(%)

“source” magnetic flux density
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Magnetoquasistatics

modified magnetic vector potential! ⋅ # = 0

!×' = −)#)*
!×+ = -⃗

! ⋅ -⃗ = 0

+ = .# + +0

-⃗ = 1' + -⃗2

# = 0 + !×3⃗∗

' = −)3⃗
∗

)*

!× .!×3⃗∗ + 1 )3⃗
∗

)* = -⃗2 − !×+0

567869 +7:
;9
;* = <= − 56>?

@ @ @@ @
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Example

hysteretic material:

non-hysteretic nonlinear material

test problem: measured hysteretic first order 

transient curves

research Dr.-Ing. Jing Yuan
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Vector Hysteresis

transformator

C1

C2

flux density at position C1flux density at position C3

C3

x

y y

x

simplified vector-Preisach model =
scalar hysteresis model + direction factor

C3

C1

C3 C1

http://www.temf.de/


CAS 2018  |  TU Darmstadt  |  Institut für Theorie Elektromagnetischer Felder (TEMF)  |  www.temf.de | Prof. Dr.-Ing. Herbert De Gersem  |  80

Scalar Hysteresis Models

Comparison:
Preisach model with Jiles-Atherton model

- magnetoquasistatische simulations with BDF1
- 70 time steps

Jiles-Atherton model and measurements

Preisach model and measurements

MeasuredXXXXXX

Jiles

MeasuredXXXXXX

Preisach

measurements

Jiles

measurements

Preisach

field strength (A/m)

fl
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x
 d
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n
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y
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T
)

field strength (A/m)
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u
x
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n
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y
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)
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x
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y
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T
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Vector-Hysteresis Model

X

Y

+ Z

Z

X

Z
Y

with hysteresis

without hysteresis

t=4s3D example of a vector-hysteresis model

hysteretic material

Zeit  / stime (s)

c
u
rr

e
n
t 
(A

)
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TEAM Benchmark Problem 32

C3

C2 C1

175

175

x

y

120

30 30

30 30

x

y
Z

winding winding

Cross-section of the TEAM Benchmark Problem 32

(dimensions in mm, Z=2.5mm)

hysteresis curves
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TEAM Benchmark Problem 32

C3

• magnetoquasistatische simulation with BDF1 time integrator

• inverse Preisach model

• Conjugate-Gradient method with SSOR preconditioning

• linearisation by the Newton method

Comparison simulation to measurements
(at position C3)

current excitation:

simulated (scalar)
simulated (vector)
measured 

time (s)

fl
u
x
 d

e
n
s
it
y
 (

T
)

time (s)

c
u
rr

e
n
t 
(A

)
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TEAM Benchmark Problem 32

C1

C2

current excitation:

simulated (scalar)
simulated (vector)
measured 

time (s)
c
u
rr

e
n
t 
(A

)

• magnetoquasistatische simulation with BDF1 time integrator

• inverse Preisach model

• Conjugate-Gradient method with SSOR preconditioning

• linearisation by the Newton method

Comparison simulation to measurements
(at position C1)

C1
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