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HARMONIC BALANCE FINITE ELEMENT METHOD

TAKING ACCOUNT OF EXTERNAL CIRCUITS AND MOTION
Junwei LU, Sotoshi YAMADA and Kazuo BESSHO

Electrical Energy Conversion Lab., Kanazawa Univ., Kodatsuno 2-40-20, Kanazawa, Japan

Abstract —The alternating-current electric machines are
usually excited by voltage sources and the external ele-
ments are connected in the magnetizing circuit. There-
fore the magnetiq'fields including nonlinear character-
istics, voltage sources and external circuits should be
considered togethet in the analysis model. Furthermore,
the motion effects in fleld problem of eleciri¢ machines
must be sometimes taken into account. .

This paper describes a new approach for analyzing
the time-periodic nonlinear magnetic field problems con-
sidered external circuits and motion in the harmonic
domain by using the harmoniec balance finite element
method. The system equation for governing magnetic
fleld with motion and circuits is investigated. A few
applications are discussed.

INTRODUCTION

There is sometimes the necessity to take account of both the non-
linear magnetic field and the magnetizing circuil in field prob-
lems of electric machines. Because the electric machines are
usually excited by voltage power sources, then the correspond-
ing magnetizing currents are unknown. The external circuits
connected with magnetic field have some influences over magne-
tizing currents and magnetic field. The motion may change the
distribution of flux and eddy currents. In this case, we ghould
make a system matrix equation governing all of them in detail.

In order to solve such kind of time-periodic solutions, we pro-
pose the harmonic balance finite element method which assumes’
that the time-periodic solutions are expressed as the sum of fun-
damental and harmonic components. Eventually, the calculation
with respect to time is carried out in the harmonic domain (the
frequency domain). Therefore, the procedure of numerical anal-
ysis becomes easy to deal with like the analysis of static field.
The system equation governing the magnetic field is reasonably
combined with the equation of circuits in a single matrix equa-
tion. '

In this paper, firstly we describe the formulation of 2-dimen-
sional harmonic balance finite element method(HBFEM) which
includes voltage power sources, circuit elements and molion. Sec-
ondly we apply this method to the magnetic frequency tripler
with five-legged core. For the dynamic problem; the high-speed

hybrid induction motor proposed by us is discussed and some
numerical results are shown,

HBFEM TAKING ACCOUNT OF MOTION EFFECT

As the analysis model includes rotating or moving part, accord-
ing to Maxwell's equations, the formulation of 2.dimensional
magnetic field related to the vector potential A is given by
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By using Galerkin's procedure, Eq.(1) becomes
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where N; is the shape function of the fitst-order triangular ele-
ment as a weighting function. The speeds of x- and y-direction
(V., V,) ate assumed to be constant. v and o are the magnetic
reluctivity and the conductivity respectively. The variables such
as the vector potentials A, the magnetizing current density J,
and the magnetic reluctivity » can be approximately expressed
in harmonic solutions, then
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 is the fundamental angular frequency. H(Z5) is the magne-
tizing characteristic of the core which is expressed by an approx-
imate function(1}].
The matrix expression of HBFEM for a single element is ob-
tained as follows: ‘

(s*] {A*]+ [N*J {A}+ [M*] {A°)-(K*}=0 (5)
where the vector {A*} and {K*} are expressed as

(A*) = { Ars! Ave! Ass! Asel, o,
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where the superscript ¢ means a single element,
[S€] and [V*] have these forms:

“(bibite1es) D (bibatcie2) D {bibstcter) D]
| (b2bi4e2e1) D (babetcac2) D (babstc2ed} D | (8)
 (brbitercr) D (babaterca) D (brbstercr) DL

2N N N
(Ne] =288 [N 2 N N] (9)
LN N 2N

The matrix
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where D and N are the reluctivity and the harmonic matrices_ as
shown in reference [1). The matrix {A] is related with motion

and can be given by
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(10)
where I is the unit matnx.

SYSTEM EQUATION FOR DYNAMICS
MAGNETIC FIELD WITH EXTERNAL CIRCUITS

Usually the electric machines are excited by three-phase voltage
sources and connecied with external circuit as shown in Fig.l.
In this case, the magnetic field and circuits should be considered

in the analysis.
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Fig.1l Analysis model taking account of
external c¢ircuits and motion

According to Faraday’s law, the relation between magnetic
vector potential and terminal voltage can be given by the follow-
ing equation, then

v=—d/dt ($§Ad2) (11)

where the integration is done along magnelizing coil. '

Substituting magnetic vector potential in Eq.(3.2) into Eq.(11),

the terminal voltage related to magnetic field-can be obtained

by

Vi= I {~Z (nAns'coslhwt)
Eﬂ.“ nsl.3.%,.... .

thAnc'sin{nwt)) } wdoA /3 Se (12) .

where k denoles the number of circuits. S, and d, are the area
for a coil and the depth in z-direction respectively.

Based on the harmonic balance method, the terminal voltage
{Vi} for a single element in the k-th circuit is expressed as
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According to Kirchhofl's law, the matnx equations of mag-

nelizing voltage sources and external circuits related to the field
are oblained by
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where the applied three-phase voltage sources {V,},{¥\} and
{V.,} are expressed as
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and [C,] is obtained as
[ Cx] “3: [Ck']‘ (20)

{/,},{/,},{Ju} and {J;} are the magnetizing current densi-
ties and Lhe current densities of external circuits. {Vua} is the
voltage at the neutral point. These variables have the same ex-
pressions as £q.(19). {Z] is the impedance of circuits for each
harmonic component, hence

[z ) 0
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0

The system equation of magnetic field for the whole region

can be written as follows:
[H) (A} —(G.) [T} ={G+) (T} =(G.) [T}

: ser = [Gx) {Jx) oor = (0] (22)
the coefficient matrix [H} of HBFEM has the form
[H} = I C([s°) + [N*] + IM*]) . (23)
{G,] is the cunstantimatrix related to the currents, that is
(Gxd =Z [G®] (24)
where [G}) is defined as
(K*} = (Gx*) () (25)

{A} is vector potential for each harmonic component and can be
expressed as '

(A} = {{A') T ([an}F (AT} P .o} T (26a)
[A'} = [A1s' Ase! Aaat Aaet een ) T (26b)

Combining Eqs.(14)-(18) and (22), the r;ystem matrix equation
{for the whole magnetic field, voltage sources and external circuit
are obtained as follows:
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Since [H] is a lare-sized band matrix, the system matrix Eq.(27)
becomes a doubly-bordered band diagonal, and it will be solved

by Gaussian elimination,

- EXAMPLES OF APPLICATION FOR STATIC
MACHINE

Since our purpose is to make an oplimal design of high-speed
hybrid induction motor which is combined by three-phase mag-
netic {requency tripler and induction motor{2], the analysis of
magnetic {requency iripler as a sialic machine should be dis-
cussed first. We use magnetic frequency tripler with five-legged
core as an analysis model. This is a typical analysis model
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. Fig.2 Magnetic frequency tripler

{or the application of HBFEM taking accuunt of voltage power
sources and external circuits as shown in Fig.2. This device
contains a five-legged core, three magnetizing coils and two sec-
ondary coils connected in series as an output power{3). It can be
described by Eq.(27) without motion term. Because magnetic
{requency tripler usually works in the magnetic saturating state,
the harmonic components will be generated in the magnetic core.
According to the calculated results, the fundamental compaonent
and high-order harmonic components distribute in the different
way as shown in Fig.3.

But=2rx./3

3ut=2r/3
a) b) c)

Fig.3 Distribution of magnetic flux.
a} 1s fundamental harmonic component.
b) is third harmonic component,
c¢) is fifth -harmonic component.

As the secondary coils are connected in series, the funda-

mental component of opposite-direction currents will be canceled -

out in the secondary coils. Thus we can obtain high freqiency
power f{rom the secondary ¢oils. The analysis results of magne-
tizing currents and output current compared with experimental
resulls are shown in Fig.4. We can find that there are some third
and fifth harmonic components in the magnetizing currents and
fundamental component in the output current.

ANALYSIS OF HIGH-SPEED HYBRID INDUCTION
MOTOR

The high-speed hybrid induction molor consists of three-phase
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"Fig.4 Waveform of currents
{a) Calculated results
{b) Experimental results
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to two-phase magnetic {requency tripler and induction motor as
shown in Fig.5. The induction motor has two pairs of magnetic
frequency tripler and four magnetic poles with the air-gap in
the middle leg of cores. The three-phase magnetizing windings
are connected as Scott-connection and four additional coils con-
nected with the capacitors for increasing output power are put in
the poles. When a 60Hz commercial source is applied to hybrid
induction motor, the rotation speed(10800rpm) will be gained
between the poles.

The principle of three-phase to two-phase magnetic frequency
tripler is thal two single-phase triplers composed of 3-legged

. cores are connected in Scott-connection. Therefore, the input

voltages shifted at 90 degree are applied {o two triplers as shown
in Fig.6.

278

{a) Conflguration
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(b) Connection of windings

Flg.5 High-speed hybrid two-phase
induction motor )
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slips, we can find that the molion has made some.influence on
the distribution of magnetic flux,

—a v
Co "”% core, Since the comparisions are made between the different
' ; q

Fig.6 Three-phase to -two-phase magnetic CONCLUSIONS
triplancy tripler The paper proposed a formulation of HBFEM taking account of
These two triplers produce Lhree-times frequency voltage due external circuits and motion, and showed some applications, A N
to the third harmonic component. The output voltage of tripler comparison is made between experimental and numerical results
[]] is expressed as- _ | for the stalic model, and shows a good agreement. It is suit-

able to analyze the high-speed hybrid induction motor by using
(28} . HBFEM. The further investigation for analyzing the character-

istic of the high-speed hybrid induction motor will be continued,
where n, 83,y and V;,_, are integer, phase difference and peak and comparison belween experimental result and numerical re-
value of harmonic respectively, As two triplers have the same sult will be made. '
slructures, the voltage of the other tripler [II} has the form

'Ud(r:)- ﬂ{tk’zn_lsin[ (Zn-l)u:-!-ﬂzn_l]
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