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The state of the art of harmonic balance finite element method (HBFEM) is to use harmonic balance theories and finite element
method based computational electromagnetics (CEMSs) technology to analyse or investigate nonlinear electromagnetic fields with
harmonic problems in electrical and electronic engineering. HBFEM can directly solve the steady-state response of the electromagnetic
field in the multi-frequency domain. The method is often considerably more efficient and accurate in capturing coupled nonlinear
effects than the traditional FEM time-domain approach when the field exhibits widely separated harmonics in the frequency spectrum
domain and mild nonlinear behavior. This paper presents an overview of HBFEM and its application in solving various harmonic
problems related to high frequency transformers, DC biased transformers, and geomagnetic induced currents on transformers.

Index Terms— Computational electromagnetics (CEMs), Harmonic balance finite element method (HBFEM), Multi-frequency
domain (MFD).
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moving boundary technique, can be considered as well. The
HBFEM has been validated by applying it to several test cases
(transformer feeding a rectifier bridge, various synchronous
and asynchronous machines, DC biased transformer, etc.). The
harmonic waveforms of the magnetic field, currents and
voltages etc., are shown to converge well compared to those
obtained with time stepping as the spectrum of the HBFEM
analysis is extended. The comparison results between HBFEM
and other numerical methods are illustrated in Table I.

I11. HARMONIC BALANCE FEM IN EM FIELDS

Harmonic balance can be applied to EM field analysis as
the fields that contain the harmonics also satisfy Maxwell's
equations. The harmonics generated in EM fields can be
described in the following three ways:

e When a linear EM object is excited by sources which
contain the harmonics, it will exhibit the harmonic
field.

e When a nonlinear EM object is excited by a sinusoi-
dal signal, it will exhibit harmonic fields.

e  When both linear and nonlinear EM objects are ex-
cited by the sources which contain the harmonics, the
result is a complex harmonic field.

One of the most obvious properties of a nonlinear system is
the generation of harmonics. For example, we use the
following equations to describe the quasi-static EM fields.
These can be defined as follows:

A. Nonlinear Electromagnetic field

Nonlinear Magnetic field:
VxWxA+oc(AlIa&+Ve)—I, =0 (1)

Nonlinear electric field:

V- {E+£(E/ &) =0 2)
where the electric field E, magnetic vector potential A, scalar
potential ¢ on the arbitrary node i in the discretised system,
the electrical conductivity o, dielectric permittivity & and the
source current density Js can be respectively expressed as:

A = B+ S (A, sin(kat) + A, coskat)} ®

& =g+ S{p. sinkat) + gl coskat)} (@

k=1

E' —E) + Y{EL sinkat) +EL coskat)} ()

Jo=Jp + D {J, sin(kat) + J,, cos Ket)} (6)
k=1
where the vector Ay, Eo, Jo and scalar ¢ are the DC
components respectively, and ks and kc represent the sin and
cos components. In practical applications, harmonic k is not
infinite. Only a finite number is required in the real system.

B. Nonlinear Medium Description

Nonlinear phenomena in EM fields are caused by nonlinear
materials. The nonlinear materials are normally field strength

dependent. Therefore, when the time-periodic quasi-static EM
field is applied to the nonlinear material, the electromagnetic
properties of the material will be functions of the EM field.
They will also be time dependent.
The magnetic reluctivity v corresponding to B(t) can be
expressed as:
v(t)=H(B(1))/B(t) =
£ _ )
Vo+ D Vi sin(kat) +v,, cos(kat)}
k=2n-2
The electrical conductivity o related E(t) can be expressed
as:

ot) = o(Et) =

o+ {0 sin(kat) + o, coskat)}

k=2n-2

®)

C. Boundary Conditions

Since the trigonometric functions are orthogonal functions,
the harmonic potential Pk (degrees of freedom) on the
boundary satisfy Dirichlet and Neumann boundary conditions.
The frequency-domain representation, or spectrum on each
boundary node, can then be expressed as follows:

Dirichlet boundary condition:

F?(:{F%, Fzs’ PlC’ PZS’ PZC’ .

Neumann boundary condition:

R _Fo R R Py Py | R
A Tl alal Al al A
where the k is the harmonic number, potential P, and Py
are the sum of the harmonics on each boundary node i.

D. The Generalized HBFEM

The system matrix equation for current source excitation can
then be written in a compact form;
[SKAH+IMKA—K}=0 (11)
where [S] is the system matrix and [M] is the harmonic related
matrix, and {K} is related to excitation source. All harmonic
components of magnetic vector potential A can be directly
obtained by solving this system matrix equation.

The detailed discussion and new application in DC biased
transformers and geomagnetic induced currents on transformer
problems will be presented in the full paper.
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