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IIARMONIC BALANCE FINITE ELEMENT METHOD APPLIED TO NONLINEAR AC MAGNETIC ANALYSIS

Sotoshi Yamada

Kodatsuno 2-40-20,

ABSTRACT

The harmonic balance finite element method{lIBFEM)
we proposed is suited to analyzing the time-periodic
magnetic fleld. An AC magnetic field calculation
involving saturation characteristics requires many
iterations and the Intricate procedures for the tlime
derivative. The procedure of the numerical calculation
for a new FEM is intrinslcally sinilar to that for the
static nonlinear magnetic problem. The paper describes
.the feormulation for the time-periodic magnetic fleld
probliems with any saturation characteristics. The
calculations applied to a reactor and an electromagnet
verifies the formulation of the HBFEM.

IXTRODUCTION

The harmonic balance finlite element method
(HBFEM)} was developed for the purpose of analyzing the
time-periodle problems with a2 saturated core. The
HBFEM Is the combination of the finite element method
and the harmonic balance method [1j. It provides the
field dlstributions for each harmonic.

The previous material reported the formulatlon
for only the magnetizing characteristics expressed by
third order or flfth order polynomlal functions{2].
But as the magnetizing curve of the magnetic core |is
more rectangular, {t Is difficult to represent the B-Iil
curve by only the low-order polynomial functions.
Here, we formulate the JIBFEM corresponding to any
profile of the magnetizing characteristics.

FORMULATICN OF WBFEM

For simplicity of the formulation, the followlng
assumptlons are wmade:
(1) The fleld is two~-dimenslonal in the (x.,y) plane.
(2} The problem ls quasi-stationary.
(3) The saturated core i{s lsotroplec.
(4) The hysteresis Is not considered.

Therefore, the vector potential A={0,0,A) satisfies.
in the region of Interest surrounded with some
boundary conditions, the following:
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where v and o are the magnetic reluctivity and the
punductlvity.

Formulation Is made by use of the Galerkin

- procedure and the welghting functlons are the same as
the shape functions Nj(x,y}. Its integral form is,
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We are only Interested In the tlipe-periodic

solution (the harmonic problem} when an alternating
current 1s applled. Therefore, all varlables, 1|.e.
vector potentials, flux densitles and applied current,
are approximated as harmonic solutions. that l1s,

Al = YL [Ans'sin(nowt) + Ancleos(nwt))
n=1.3.5...

Bx®*= 3, [B:n:'SEH(H&Jt)"I" H:nu'tﬂﬂ(l’lm l}] {3)
arl,3,.5%,..

Kazuo Bessho
Faculty of Technology,
Kanazawa, Japan

Junwel Lu
Kanazawa University

B,*= Z [Byna*sin{nwt)+ Byne®cos{nwt})
n=1,3.%9...
Joim T {Jasisin{nwt)+ Jpelcos(nwt))

Rn=1.3.5...,

where w Is the fundamental angular frequency.

The magnetizing characteristic of a core can be
expressed as any function of the flux density B, that
is, '

H=H (B) (4)

where the hysteresis characteristic Is neglected. The
magnetic reiuctivity is written as,

v(t)=H {B()} /B(1) (5)

where  B=(Bx2+By2)'“?2 . The reluctivity is
as Fourler expansion, that Is,

expressed

v{ty=vet+ I {vassin(nwt)+ vaeccos{nwt)) (6)

- n=~2,.4,8..,.
where,
| ¥
ve = -~— [ v {1)dt (7.a)
T o
i T
Vne= T v{(t)-sin(nwt) dt (7.b)
B
2 T
VYV pe = T uf ¥ (t)rcos(nwt) dt (7.cC)

We substitute Eqs.(3) and (6) into (2) and equate
the coefficients of sin(nwt) and cos{nwt)(n=1,3....)
on both sides according to the harmonlc balance

method. As a result, the matrix for one element |is
expressed as: .

! (byby+cic1) D (bybatcye2) D {biba+cyes) D
—— | (babitcac1)} D (babatczc2) D (babatc2ea)D | {A)

48 {babi+cacs} D (bsbz+caca)} D (babytcacy)D
2N N N7
+ “1"’2‘“ [ N 2N N [ (A} - (K) (8)
N N 2NJ

where,

(A= { Ara) Are! Azs! Azc! Asy! Asel, «ov,
Ars? Ate? K322 A30? Ag5a? Ago?, -,
Ara? A3 Aas? Ase? Agqd Asgd, o 3T

ln' ﬂ/ﬂ‘l Jll Jl: J!: J:in ]53 JE::.'”. [9]

Jia Jln j!: Jau JE: Jin."
J1s {1= Jas 2ac Jss lgg,+- )1

bi=yj-Yk., C1*xx-xj, A: eross section.

The block matrices D and N are given In Egs. (10)
and {11). The <coefficients of the matrlix D are
determined by only the Fourler coefficlents In Eq.(6).
Thé matrix D acts as a reluctivity and ls called the
neluclivily malaix, On the other hand, the matrix N is

a8 constant concerned wlth harmonic orders and s
called the Aarvnonic mubnrix .
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The system equatlon.for the entire region |is P 180 — 1
obtained by the same procedure as the conventional FEM (a) Reactor
and Is solved by the I1teratlon procedure for a
nonlinear static field. We applied the successive |
under-relaxatlon method to the calculations.
~ The maln feature is that the calculation |
concerned-with time Is not Included and the procedure ‘
of the calculation Is the same as the nonlinear static i
FEM. Dyt
It 1s possible to obtain approximate solutions Lt
by the sum of a finite number of harmonics because the :;;E_J
higher order components are reduced. ¥hen the harmonic §§§==J
components up Lo (2m-1) order are consldered, ‘the size. N
of the block matrices D and N are 2m+*2m respectively (b} Mesh and the distribution
and the order of the system matrix which ls the sparse of the fundamental component
and band matrix ls 2m times blgger than the number of Filg.l Reactor with a saturated core
nodes.
ANALYSIS BY TIIE HBFEM 5 o
Verification by simple problens | tq
The procedure of the HBFEM Is applied to a simple
reactor wlth a saturated core as shown in Flg.l{a}). 1.0

For slwpllcity, eddy currents are not considered In
this problem. The one quarter domain for calculatlon
Is subdivided a&s shown In Flg.1(b). _ - ) I | |

In the first problem, the magnetizing curve is 025 0.5 ;
expressed as a polygonal line as shown In Fig.2. The ' T K $107(A/n)
IBFEM Including harmonics up to third order is applled
to the reactor. The flux distribution of each harmonic
Is similar to that shown In Fig.1(b). The waveforms of
the flux density In the widdle leg are drawn in Fig.3. AT
In this problem, It is possible to calculate the flux ¢.d  Flux denslty
distributlon by using the ordinary technique of the HBFEM
nonlinear statlc FEM as the current density 1s given @ * .

Statlc FEN

Flg.2 B-UIl curve of a saturated core expressed
by the polygonal line

al a particular Instant.[3] The polnts {llustrated as

circles Indlcate the results. The agreement of the 1.0
results verlfies the procedure of the harmonic balance

FEM.

In the second problem, the magnetizing curve of
‘the core Is expressed as the ninth order polynomial 0.0
functlon as shown In Fig.4. We apply the |liBFEM |
including harmonics up to seventh order . to this
problem., The waveform of the flux densitles in the
middle leg are 1llustrated in Fig.5. The analysls {n 5.0
thls problem needs the HBFEM with the relatlve higher | :
order harmonics because of the stronger magnetizing Applied current density
characterlstics and no alr gap. J1»6. 010 /n

Figure 6 show the waveform when the magnetizing 10.0 - J3=0,0
current Includes the components up to seventh order. 4 2
In this calculation, the flux density is simllar to = HO" Vi)

sinusoldal waveform. The results correspond to the Fli '
g.3 Comparison wlith results calculated by NBFEM and
analysis of the harmonic magnetlzing currents on a the nonlinear static FEM when tﬁe ﬂppllgd

transformer. current is slnusoldal.
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Fig.4 B-il curve of saturated core
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FIE.S Comparison when the Flg.6 Comparison when the

magnetizing current ls flux density 1s sinuscidal.

sinusoidal.

Magnet wlth Shading Coil .

The HBFEM also s applled to the field
.calculation of the electromagnet In Fig.7. The middle
leg has an alr-gap and shading colls. The

magnetization characteristic of the iron core is the,

same as ln Fig 4. The parameters for the calculation
are glven as,

J15=5.0#106 A/m2,  Jio=J352J30%0.0,
o = 3.55+107 S/nm.

The distributions of the fundamental and third
harmonlc.component in Flg.7 are drawn at a particular
phase. The UBFEM directly can give the component of
each harmonhic. The magnetic flux js delayed inside the
shading c¢oll and decreasses with Iincreasing the
frequency. The third harmonic of the flux flows
outside of the shadling ccll because the saturation
generates the harmonlcs.

CONCLUSIONS

The harmonlc balance FEM for the tlme-periodic
field distrlbution with magnetic saturation
characteristic¢s was described.

The features of the HBFEM are summarled as,
(1) The procedure of the calculation Is the same as
the statlc nonlinear FEM.
{(2) The calculation of the time component 1Is not
Included and the distribution of each harmonle
- component is directly obtalned.
Comparison wlth correspondling results obtalned
from static FEM solutions conflrmed the wvalidity of
this approach,
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Fig.8 Flux distributions when the frequency of a
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magnetizlng current is 1000 llz.
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