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Modeling Hysteresis Effects

This document describes zn approach 1o model hysteresis effects with COMSOL.
Multiphysics and the AC/DC Module. It is written for version 3.4 and later,

Tatroducrion

Thysteresis cifiets originare from the alignment of how the dlectronz spin around the
nucleus in o magnetic demadin, For each domain there is a reversible and imreveesible
raration, which comesponds 1o a reversible and irreversble magnetzation (Ref. 13, In
a magneric material withour hysteresis losses, there is only a reversible pare of the
magnetization, usually modeled with a relative peemeability. A full hysteresis model
inclzdes a nonlincar pelationship berween the change in the magnetic field (H), the
change in magnetization (M), 2nd the change in the magnetic lux density (B). [tis
oaly arcessary fo define a relarinnship betwesn two of s, becanse the thied one can
always be caleulated with the formula

B:pﬂ{ﬂi—“] _-_,f"U'

wlere Wy s the parmeability for vacuum. One tmqur:ml}f cited method is the
Tiles-Atherton mechod (Ref. 23, which this document base its modeling on, This
model is also described in Bell 1.

The full solution ofa ransient hysterosis mode] can be tinse consaming even for 2 2D
mosdel, 501 it is olten desirable to comvert the hysteresis modeling 1o a reduced model
One such example is hysteresis losses in time-harmonic simulations, The hysteresis
losses can in such cases be modcled using a complex valued permeahility that
represenls e average energy loss over one cycle. Az a final result, the fime harmonic
loss parameter is extracted from the wansient model desoibed below. g

Model Definitian

The basic setup of the model is based on the inducior moddd defined in the model
“Inductor in Amplifier Circoit” on page 191 of the AC/DC Module Model Lidrary.
The materdal modd of the iron core for that model is replaced with a hysteresis moddel
based on the Jiles-Atherron method. The inductor model uses the Azimuthal
induction currents application mode of the AC/DC Module, sulving for the magnetic
potential A
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where o is the clecimnc conduciviy

Becamse the inducoor has a lenge numbeer of torms 1t is not efficient teooode! cach mwm
a5 2 separare wire. [nstead the entire codl is rredared 25 a block with 2 consoant extermal
current density corresponding o the current in cach wire, The conducrivityin this

blisck is wero to avoid eddy currents, whiclyis motivared with the facr that no corenes

can flow betvesn the individoa wires, The eddy coments warhin each wire 15 neplected.

THE JILES-ATHERTON HETHOD
More decails abour rhis method can be found 1o references 1, 2, and 3, The basic
COMATons are
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Mrtv =ll\’-{HI:IM.:l.' Mi:r:l - )
(il @ Y H

M, =M cotht = _ = |~ > )

L LS @ H'rlJ I'H*’| !
am B, M, 20

‘lfr=g{?d”='. . n} 'l :g“ﬂ:J?" > | ._-__.:

of ok il |Mr'n|.l| 1':' i

H=H:+aM [ 7)

swhere o, o, o, M, el & are model parameters for che Jiles-Asherton {TAY methad. A
firthe algebra gives che following owo important relatons

¥

n‘!l'.r:r'\.r = E{Man_ M} - L }
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where the second one is sobved 25 anextra PDE with the magneric ficld, H, as solution
variahle {vector valued . The soluGon viciable can be med directly in the constintive
relatian H=M(B) for the Azimurhal application mode. Ivis cquivalent 1o insread solve for
the magnetization, M, as salution varable and use the constnative relation

B=ugH-+ugH. The perameter valises usead in the model are speafied in the table below.
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Ref 1 outlines a procedure to exirac these pagmeters from measurements of
maAgnetic materals.

PARAMETER YALUE UMNIT

a 560 Afla

c 0.1

a 0.0007

M, 1.606 A/m
k 1200 Alm E

“The function g(x) is implemented using the T1smhs function to avoid abrupt changes,
peing 3 transiton parameter caleulated with the fullowing formuls

g 0
R car (A2)

where fis the frequency. Another numerical nck is also necessary when caloulating the
M, vector, bocause the given formula has singolarities when [H| approaches zero. A
standard Taylor expansion modvates the following spgroximanon

B

Mz mjcon Y
da Pl

M - ‘Lul;'-; .II

CONYERSION TO TIME-HARNOHIC SIHULATION
In the equations below the magninide of a vector i denoted with 4 dot product o
avoid conbiusion with the complex abanlute valie, :

A linear material model for losses in magnetc matenals can be specified as follows
o= T (12) f

where " and p,.'" are the real part and imaginary part of the relative permeability, The
power density in such 2 material can be caloulated with

= ZRe{—uB-H*) = %muupr"fﬂ-ﬂ*} = i, TH M) LEY

1
Plogs = 3

where H,q, is the root-mean-square {rms) value of H over one opcle
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Hrms= ; Hﬂg'ﬂ At}

In the transicnt hvsteresis model, voar can calcubate the power densine with an

mLegraliom aver tine

Plogs = JL i“'"
[

which will converge to an average power loss. Using the two ecuarions fur pg., the
tme-harmenis parammeters for the hysteresis marenial can be extracred from

Brme Brme = #Slur‘l:{erm 3 Hn.m:I‘I &)

J st
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where dpm 15 the dimain repressating the magretic material. These equadony give
uniform parameiers for the maeneric domaing but ir 5 also posstble 1o extrace
distribired paramerers if che volume imuegrals are dropped. Sach 3 deiled exmction
ﬂ|ﬂ!,’ wiakes sense when the oansent madel 15 very simdlar fo the fime-harmanic mcded

in terms of geometry and physics seiings.

Inthe madel, a global equagon calcolates the time mtegration of total magnenic energy
ever the magneric nrapenial domain. All the s vabies is calenlated using the quad and
at-operanars. The quad operztor zror performs 4 numerical integrarion, and theat

{:FE!’ or evaliaee 5 an t.\pr-.wmt al a o r*la.m time. The rms mt:mtlnn must be dooe

at the pustprovcssing siage, bocasee the at o -::-|H.|.'=.tnr cannot evaluate previous oe

steps during solving. These nenvariables are necessary to caleulate the aversge tomal

1=
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power loss and the time-harmenic parameters for the refative pormebility: All the
domain integrations are defined using integration coupling variables for subdomains.

Resules prd Discussion

e §E ._"||,_'|T]_*E. :Ef] £ r
The currest in the coil is inusoidal with a frequency of 50 Hz, and an amplicude of  5(

5 A. In arder ta get a good average, the smulation runs for 80 ms, which is four fall uT = ﬂﬂ b}
eycles. A plot of the 7-component of the B-field veesus the z-component of the

H-fidd, shows 4 very pronounced hysteresis effecr. The figure bedow shows such a plos

where the Aelds arc evalzated at the ongin.
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Figsers 1- The hysteresis loap evaluated az v ovigin.
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T et avalue of the average power loss, the total magnetis energy inside e nagnetic
mvaterial s reconfed, The average over tune gives the power loss, which gers a more
acourate resule for longer simualaion times. A ploe of the fiest 4 sceonds s shown belov

Awarage power nss
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Eigisre 2: The ewcvaue power lon diisdputed o the magnaiic sazerial

From this fignre an average power loss of arousd 04 Wocan be cxiacted. The sverage
s values for the B and H-fields together with the other extracted values sre given in

thie talile below:

EXTRACTED PARAMETER  VALUE

Prois 0402 W
H:rma 1660 Afm
B inT
o, 422

i, 236
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Modeling Usiug the Graphical User Inierface

The steps nelowr are based on upl:ni_n_g a nodel from the ACADC Mode! I.Lbra.r:.".

MODEL HAVIGATOR
I Click the Madel Library tab. Browse 1o the model ACDE Module>Electrical
Components>amplifier and inductor nocirouit.

Click 0K and wair for the mode! to open.

Choose Model Navigator from (he Multiphysies menu.
Select 2D -l the Space dimension |15z,

.‘:-n:ln:u:r_ﬁﬂl'l_fﬂL Multiphysics>PDE Modes>PDE, General Form.

L R A

Eane Hr*-l-l:é in the Dependent variables oot Licld, and caner hyss in tlie Application

mode name cdit [cd.
Click the Add button.
& Click OK in close the Model Havlgator.

=

OFTIONS AND SETTINGS

Consianis

I From the Options meonu, choose Constants.

2 I the Constants dialog boy, change the existing constant freg w50 Hz|. Ther add
the following constants with nanies and values:

r 4

HAME WAaLAFE DESCRIFTION

A SE0LAR] JA paramecer )
Vs 1.686[0'=] Saturation magrerzation (&g
k 12004 ") & pararnareor P
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HAME  WALLE DESCRIFTION
[ 0.1 A parametsr
glpha 0.0007 1A parameter
[ %0} delta cfik=(1-cl)*freq 2 Smoothing paramersr
Lol 18-3 qu_ll_:_r_a_.r_l_l_:?_[l::r nurmerscal integration
3 Clck 0K

Expressions

I From the Options memi, chonse: Expressions>Global Expressions.

2 In the Global Expressions dialiog hoy, change the exsong expression for T_coil to
si&]*sin(2*pi=freg=t). Then add the followane vanables with names and

CRPUESSIOmS:
MAME EXPRESSION DESCRIFTION
Her Hr+alpha*"¥r_smga Effective magnecic field,
r-component
Hez Hzealpna*™iz emga Effective magnetic field,
T-COMpOoNEnt
" norsHe sgrtiHer-2+Hez"3) Effestive magneric flald, norm
- Manr Mz*if (norsHefa<0.1, Her! Anhysuerotic magnetization,
fa*a) , (coth{normbe/a)-a) r-EOMmponent
noreHe ) *Her § normHe |
fznz Ms*if {normHe fa<d.T,HEZ/! Anhysteretic magnetization,
(3%a}, {coth{noraHefa) -af I-COMPONEnt
normHe j -Hez fnoraHe )
Mrovr ¥ (Manr-Mr_emga) i {1-c) Reversible magnetzacion,
F-COMpOnEnt
Mrevz ¢~ [Manz-H7r _emga)i(1-c) Reversible magnetizacion,
T-COMpOnent
normirey  sqri{Mrevr 24Mrevz 2l Reversible magnetization. narm
ghirrrdt  xplus{Mrevrediff{Hsr, LWrevz®  Time derivadve of irreversible
diff{Hez T}, delta}f MAgmetiaticn, r-Component
(k) =if (noredrevs0,Mreve |
normieay O
diirrzdt xplus{Mreyr®oiff(Her, Ti+Hrevz®  Time derivetve of irreversible
diff{bez, t) della)f MagnENzaton, -Component
(crk)*if [ norodrev=0, Mrevz |
normirey, 0}
p_lozs Wmy T Average power loss
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3 Cliclk DK
4 From the Optiens o, choose Expressions=5calar Expressions.

5 ln the Sealar Expressions dialog box, add the following vaniables with names and
{5 y

XL B A ok VLo e <hi,

HamME EXPRESSIOMN DESCRIPTION

Hr_ros sqrt(quad{atil ,Hr _emga~2),T,0,t, rmsvalue of magnecic fiald.

tol) it} r-component

Hz_rms sqrt(quad{at{T,Hz_emga~2} ,T,0.,1, rmsvadue of magnecic field.
Eol) it} T-Component

Br_rms sqrt{gquad{at{T,Br_emga~2) 7,01, rmsvalue of magnetic fue
tol)ft} density, r-component

S s sgri{gued{ati{T,Bz_emqa~2; T, 0.t, rmsvaiue of magnetic flux
tol)ft} density, Z-Component

mur_biss: 1/ {E*pi*frogtoul_engatavgHErms)*  Imaginary part of refatve
poloss ! Voore permeabilizy

nur_grin  real{!/oud ssga“Z*sgri Real part of relative

evgBZrasfavgH2rms-mur_biss®2])) permeability

& Chclk OK.

7 From the Options menu, chonse Integration Coupling Yarfables>Subdomatn Yariables.
8 In the Subdemain Integration Variables dialog box, add the fllooing variables with

names and cipressions for the specified subdomam:

HAME _ EXPRESSION FOR SUBDOHAIN 1 DESCRIFTION

dimdt {2*pi*rf (Hr _emga<diff(Br_amga, Time derivacive for the
thtHz erqe*diff Bz swqa, T)) aceumulated magnetic energy

avgHarms (2 pi‘ce(Hr rms"2+Hz rest2)/ Average value of the squaraed
Yrarse o ot rrrs value of dhe H-field

Years E*api*r'-' Fies Pt ' “The volume of the core domain

avgB2rms . 2*pite*{Br rmst2+8z rest2) | Average value of the squarad
woore e value of the B-fiald

§ Cliclk oK.

10 From the Optiens menn, choose Functions.

11 In the: Functions dialog Do, click the New button. Tn thie afialogy bio that i ppears,
ciiter xolug in the Fuseten name edic field. Click 0K
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2 Enterx, deltain the Argoments cdit Beld, and :[;l_éfr;s_l x-della/2, delta)xin
the Expression edit field.

e —

13 Click OK.
PHYSICS SETTIRGS

Global Eguauions y
I Frog the Physies menn, choose Global Equations.
2 In the Global Equations dialage box, wdd ihe following vamable with s and

squation:
RAME EQUATICH DESCRIFTION
m Wt -cdWimdt  Accumulated magretic energy boss

Subdprmain Settings (Arsmrathal Currents, emgal

1 Choose the Multiphysics menu and malke sure that the Azimuthal Induction Currents,
¥ector Potential {emga) application mode is aoive.

2 @i 1o the Physies meno and chonss Subdomain Settings.

3 In the Subdomain Settings dialog hox, seleer subdamain 2. and choose H = f{B) from
the Consticutive relation lisl,

i =

4 T the Mapgnetie feld edic fields, encer Hre and Hz.

§ Click the tnit tab, and make sure chat the inidal condition for all saldomains s set
Lo gern,

& Click oK.

Subdoreain Sattivgs (POE Genaral Forin, hyst)

I Choose the Multiphysies menu and choose the PDE, General Form (hyst) applcation
e

I Gt the Physics mieni and choose Subdemaln Sertings. §7

2 In the Subdamaln Sectings dialogr box, selecl sulbdomains Vand 3, w00 cleap the Active
in this subdomain check Doz,

3 Selecr subdomain 2, chck the T b, and pake sure that all edit Aelds have cero valoe.

4 Click rh-: F 12b and emeer the fu]]uwmg CAPEUSSIOLS u1 thae pws it fiehds

n:!ﬂ:'Ff{i'Ir" _emaa,t)- (1 c:‘ﬂ'nr-rpdt n*na:H’-Eum 1 == fed 'J:I
;l:.—ﬂ*.h'lﬁ_umqa ty-(1- r:i'ﬂ'ur'r‘f’dt r*rl'r-F'I‘thanE 1) .t :

5 Make sure rhas there are only zero entries in the edir ficdds under the e, and d; oabs.
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L W
& Click che Element tab and enter sheurd (2, { 'He', "Hz ' 1) i the Shape functions
edir fichd, This makes the appEcation mode use vector elements of the second order
for the in-plane magnenc Ged.

T Click oK,
Bovngory Settmgs {PDE General Farm Heat)
1 TFrom the Physics mentt, open the Boundary Settings dialog box,

2 Make sure that all active boundaries are set to the Neamann boundary type, and that
the edir fields under the 6 tab are all zero.

3 Click oK.

MESH PARAMETERS
Lo the samme mesh as in the onginal model,

COMFPUTING THE SOLUTION

Solver Poromotors
I Frow 1he Solve menn, choose Solver Parameters, Japn

1 In the Solve Parameters dialog box. choose Transient [rom the Analysis [ist,

3 Make e thar the Time dependent solver wsselecied, enter 1inspace (0, 80-2 207}
in the Times codit fli!{ﬂ-., and 12-3 in th: Relative tolerance edit held.

4 Chek OK,

Probe Plot Parameters [ S = B

| From the Postprocessing mweni, ¢lioose Probe Plot Parameters.

2 Click the New batton, In the dislog box that appears. use the Coardinate probe from
the Plot type list, and enter BH in the Plot name cdit fizld.

3 Click 0K to create the new prohe-plon variable,

4 Eaner Hz in che Expression edit field, and leave the coordinate values at the origin,

§ Click the Mew botiomn to create a second probe-plot vanable, Chogse Glebal from the
Plot type list, and mame the vanable Fower  Less, Click 0K

& Choose Global Expresslon>Average power loss froim the Predeflned quantities list. This
calenlares the average power loss fromn the acenmulated magnetic energy loss,

7 Chek 0K 1o closs the Prabe Plot Parameters <halog boi

B Click the Selve toolbar butten, While solving, vou can sze the valucs o the probe
plot variables, Increase the size of the Progress window if vou wish to ger larger
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plots. When the solution process is finished, the probe plots are copied to twe now
fgures. The plot of the average power Loss is shown in Figure 2 on page 6.

FOSTPROCESSING AND VISUALIZATION

1
2

From thi Postprocessing ineinit, chonse Plot Parameters

In the Plot Parameters dizlog hox, click the Surface rxh, Choose Magnetization,
z-camponent rom the Predefined quantities |ist.

Click the Comtoor taly, select ihie Contour plot check box, and choose Magnetic
potential, phi component froon the Predefined quantities Jisi.

Click the radie button for Yector with fsolevels, and enter
-linspace(io-6,2e-5,10) in the corresponding edir ficld,

Cloose thic ¢onl color map and click 0K,
Crpen the Cross-Section Plot Parameters dialog box from the Pestprocessing meni.

Chck the Point tin, and choos: Magnetic flux density, T component {rom the
Predefined quantities [ist.
In the %-axis data srca, click e radio button for Expression, and click the Expression

button.

In the dislog box thar appears, choose Magnetic field, 2 eompanent from the
Predefined quantities lise. Click DK 1o cloge the diales box.

W Click OK tir see the plot in Figure 1 on page 5.
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