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Abstract

Eledromagnetic devices are often operated under non-linear conditions. Therefore, the airrrent and/or the
voltage may not be sinusoidal. This is the @se when power eledronic sources or loads are applied.
Ferromagnetic saturation causes the machine to behave non-linea as well. Four different FEM algorithms to
smulate axd approximate the joint effect of the mentioned combined non-lineaities are discussed here. A
practicd exampleisused to ill ustrate and compare the gproaches used.

I ntroduction

Saturated eledromagnetic devices, such as saturated transformers and AC-machines, are more and more operated
by power eectronic converters. The machines are subject to non-sinusoidal voltage and current waveforms.
Generator loads, such as photovoltaic inverters, are often non-linear. On the other hand, more axd more
eledrical loads have to be considered severely non-linea as well. This behaviour is mainly caused by power
eledronic devicesins de the |oads with the associated control techniques.

Traditionally saturation effeds are mnsidered as only non-linea phenomena. This gave rise to quasi-dtatic
methods and algorithms using single harmonic models and equivalent materia properties (Vasent, 1989 that
prove to work well for many types of machines in “traditional” periodic operating modes (Hameyer, 1997. For
“non-traditional” states, time-stepping approaches were advisable, yielding entire transient numerical models.
However, often smplifying approximations can be found enabling to calculate many conditions by using less
time @mnsuming methods. Sincethe steady state is an important cdculation aim, the frequency domain with its
implicit assamption of a steady state ndition, is a good mathematicd solution domain to look for
approximations.

FEM Approximationsin the Frequency Domain

To describe the magnetic field in the frequency domain, the 2D vector potential equation is, before applying the
FEM-method, transformed into the frequency domain (Fourier Transform):
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The convolution product enables mathematically the generation of new frequencies. The time-derivative will be
replaced by appropriate jcr-operators. The Fourier spectra of the periodic fields are in fact discrete series. It is
important that the frequency components are known in advanceto be able to take advantage of the approximate
methods. If the frequencies are unknown, time domain approximations can be applied.

Depending on the particular applicaion and on the relative magnitude of the frequency components, different
approximations can be performed, yieding non-linea computation algorithms with a varying degree of
complexity.

Single harmonic approximation (time harmonic, sinusoidal)

In this time harmonic approach, only the fundamental magnetic field frequency component, modelled as a
complex number and a DC-component of the (effective) reluctivity are mnsidered (Vassent, 1989 Hameyer,



1997. It is posshle to include iron losses by using a complex reuctivity (Lederer, 1998). This can be
considered as an €l ptic approximation of the magnetic BH-characterigtic. These asaimptionsyield:

Dpeq(ADA)-diwA=-3g ¢, (3)
Multi-harmonic |

In the ase the magnetic field contains a dominant fundamental frequency component, it can be assumed that the
DC-saturation level is dominated by this component. A typical example of this stuation is a magnetic device
conneded to a strong sinusoidal power grid feeding a non-linea load producing current harmonics. The tota
magnetic field can then be @l culated by meansof an uncoupled set of equations, with the harmonic equation (4)
describing the dominant harmonic being the only non-linear equation and (5) determining the harmonic field
components.

DipeqlaPA)-diwA =-3g, (4)
OfpeqlAPAn)-gienAh=-3gp. h>1 (5)

Eq. (4) mugt be solved firgt, foll owed by the other field harmonics (eg. (5)). The solution of the hermonic fields
can be paral dized because the saturation level is determined by the fundamental frequency (4).

Multi-harmonic Il

In many cases, however, the field harmonics are important, e.g. when the supply voltage is non-sinusoidal and
contains higher harmonics and the device is not too much saturated. Thus, al of the harmonics have to be
considered to oltain the DC-saturation, but it is assumed that the field components do not mutualy interact
diredly. Therefore, all the equations are non-linealy coupled.
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The different equations (6) are solved for a certain operating point, in which the saturation state is temporarily
frozen. Hence the set of equations becomes locally decoupled and can be clculated in parallel. The
synchronisation point in this algorithm is the nontlinea update of the materia properties.

Harmonic Balance

When the mutual interactions between the different harmonics, expressed by the mnvolution product terms in
eq. (1), caused by saturation, are modell ed, the different equations become intensely coupled (Yamada, 1989;
Driesen, 1999 and a full harmonic balanceis required. Both, harmonics in the field as well as in the material
seriesareincluded. FFT algorithms can be used to calculate this non-linea reluctivity updetes.
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The semi-uncoupled multi-harmonic algorithms | and Il have the advantage that they can be implemented in a
parale environment, such as a cluster of workstations. However, the harmonic balance algorithm can be
parallelised upto a certain point, but in general more than one iteration over the different harmonic eguations is
required before a non-linea reluctivity update an be performed (Driesen, 1999). The very time consuming
aternative is a sequential time-stepping non-linear smulation, accounting for all non-lineaities.

Applicdions

For comparison, the discussd algorithms are applied to a single-phase transformer FEM model. The mesh is
shown in Fig. 1. The @re consist of ferromagnetic maerial. The discussd dgorithms are implemented in an

FEM package and peralelized using the PVM-library (Driesen, 199). Hysteresis efects are negleded.
Therefore, only odd harmonics are found in the magnetic field and the material series in the harmonic balance
algorithm contains a DC-term and even harmonics only.
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Fig. 1 2D-mesh of the transformer model used in cdculations.

No-load conditi on with sinusoidal voltage

When the transformer is conneded to a sinusoidal primary voltage of 300V at 50 Hz, saturation of the magnetic
materia ocaurs in the crners of the yoke (Fig. 2). The adaptively refined mesh is refined in these locations.
Only harmonics caused by saturation are found. Obviously, these do only occur in the multi-harmonic
algorithms. The right-hand sides of the equations are filled in with the voltage source At higher harmonic
frequencies, the anplitude of these sourcesis zero. Saturation harmonicsare found inthe no-load current.

The solutions of the multi-harmonic algorithms | and Il converge towards the single harmonic agorithm.
Therefore only the harmonic balanceis meaningful, sincethe off-diagonal convolution terms can be identified as
arbitrary currents generating an — only mathematically meaningful — magnetic field. The first three solutions of
the harmonic balance dgorithm, performed on a series running up to the 15" field harmonic, are shown in Fig. 2.
The ‘arbitrary currents' in the corner indicate local saturation; they seem to push the flux out of the crners.
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Fig.2 Set of solutions by the harmonic balance dgorithm on the single-phase transformer model.

No-load conditi on with sguare-wave voltage

In a second application, the same transformer is operated by a square-wave voltage. In this case the multi-
harmonic | and Il algorithms are useful and are forming an approximation to the exact solution. Fig. 3 showsthe
driving square-wave voltage for a low frequency approximation (see(Driesen, 1999) for discusson), cutting of f
at 750 Hz.
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Fig. 3 Sguare wave approximation using alimited number of harmonics.




The difference between the algorithms can be noticed in a graph of the no-load currents (Fig. 4), with the exact
current as obtained by atransient simulation for comparison. It can be seen that the harmonic balance algorithm
follows the no-load current very good, until the sharp peak. At this point of strong ferromagnetic saturation, the
frequencies are too high and are not considered in this approach. Here, multi-harmonic Il overestimates the
current, whereas the faster converging multi harmonic | comes close to the harmonic balance sol ution.
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Fig. 4 No-load current under semi-square wave voltage awmpared for the different dgorithms.

When (harmonic) loads are mnsidered, identicd results are obtained. Convergence is usually reached faster
sincethe load-related harmonic leakage fluxes determine the high freqiercy fields.

Discusson and conclusion

In genera MH Il seams to overestimate the saturation effects more than MH 1, sinceit averages them out over
the whole time span. MH | works fine when there is a dominant fundamental as itis the cae with most PWM -
schemes. Harmonic balance @n acoount for the time-local occurrence of saturation up till a preset maximum
frequency and delivers the best approximation, but leads to longer computation times and a more difficult
convergence behaviour.
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