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In this paper, a new fixed-point technique for solving magnetic field problems under non-sinusoidal excitation is proposed. Since
hysteresis is branching, discontinuing the derivative at the reversals could become problematic when implementing the local-coefficient
method(LCM). To enhance convergence stability at the reversal points, typical approaches usually employ a large fixed-point coefficient.
However, this approach considerably impedes the convergence speed, especially in the cases of multiple reversal points under non-
sinusoidal excitation. Therefore, a new fixed-point technique is developed, incorporating the Anderson acceleration with LCM. This
method aims to substantially accelerate the iterative convergence speed while guaranteeing the overall convergence of the iterative
process. Finally, the effectiveness of the proposed technique is rigorously validated through a comparative analysis of the computational

costs incurred in numerical simulation experiments.

Index Terms—Finite element method, fixed-point method, magnetic field, nonlinear hysteresis.

[. INTRODUCTION

he incorporation of hysteresis within the finite element

analysis(FEA) is essential for accurately predicting the
residual flux distribution within transformers and conducting a
thorough analysis of loss characteristics in electrical machines.

In solving magnetic field problems of hysteretic magnetic
media via the finite element method (FEM), since dealing with
the multi-valued hysteresis problems depends on the
implementation of the nonlinear iterative algorithm, the
convergence of the fixed-point method (FPM) becomes a
crucial problem. Compared to other nonlinear iterative
algorithms, such as the Newton-Raphson method, the FPM is
extensively utilized for solving problems of hysteretic magnetic
media due to its outstanding robustness and simple iterative
form. However, the traditional FPM has a very slow
convergence speed making it difficult to apply it to time domain
FEM directly. Thus, in time-stepping FEA, Dlala proposed the
local-coefficient method (LCM), which accelerates the
convergence at the non-reversal points by determining fixed-
point coefficients via the utilization of differential
reluctivities[ 1]. Nevertheless, since the branching nature of the
hysteresis, the differential reluctivities at the reversal points
cannot be predicted accurately, and larger fixed-point
coefficients are required to ensure stable convergence at these
points, which also results in a significant decrease in the
convergence speed at the reversal points. To address this
problem, Yue recently proposed a fixed-point technique to
further improve the convergence speed by adaptively adjusting
the convergence factor of LCM at the reversal points[2].
However, under non-sinusoidal excitation, the case of multiple
reversal points drastically increases the time to adjust the
convergence factor, resulting in a significant increase in overall
computation time.

Based on classical extrapolation theory, the Anderson
Acceleration (AA) exhibits excellent performance in solving

nonlinear problems. It is expected to provide new insights for
improving the speed of fixed-point solutions[3]. Therefore, to
enhance the convergence of the FPM in solving the multi-
valued hysteresis problems under non-sinusoidal excitation, a
new fixed-point technique that incorporates the LCM and AA is
proposed in this paper.

II. DETERMINATION OF FIXED-POINT COEFFICIENT AT
REVERSAL POINTS

In the time-stepping analysis of the hysteresis magnetic field,
the LCM determines the fixed-point coefficient based on
differential reluctivities, which are calculated from the
backward difference formulation:
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Where vep is the fixed-point coefficient, C is the convergence
factor, ¢ is the time step, H is magnetic field intensity, and B is
magnetic flux density.
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Fig. 1 Difference between the calculated fixed-point coefficient and the
required one at a reversal point

As illustrated in Fig.1, there is a difference between the
fixed-point coefficient calculated from solving the equation (1)
and the required fixed-point coefficient at a reversal point,
which causes the iteration to diverge at the reversal point.
Therefore, the fixed-point coefficient at the reversal point will
be calculated by the following equation:
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Where v is the reluctivity of the vacuum. According to the
contraction mapping principle, the contraction factor of this




fixed-point coefficient is close to 1, ensuring computational
convergence at reversal points[1]. However, the computational
speed at reversal points will be significantly reduced.

III. FIXED-POINT ITERATION TECHNIQUE INCORPORATED WITH
ANDERSON ACCELERATION

Anderson acceleration employs the outcomes of prior
iterations to formulate a linear combination, subsequently
utilizing this combination to forecast the next iteration point.
This approach is designed to refine the current iteration by
integrating historical iteration data, ultimately enhancing
convergence speed. Its implementation in magnetic field
solution is:
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Where £ is the iterative step, ¢ is the time step, f is the residual
of magnetic flux density B, Af; is the residual of f;, m; is the
historical information capacity, Fy is the residual matrix, y is the
least squares coefficient matrix, f is the relaxation factor, G(B)
is the finite element calculation of coupled hysteresis.

Following each finite element computation, the Anderson

acceleration updates the iteration history, specifically the
residual matrix. Subsequently, QR decomposition solves the
least squares problem presented in equation (3). Finally, the
coefficients obtained from this process are employed to
determine the next iteration point. The specific process is
illustrated in Fig.2.
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Fig. 2 Flow chart of a fixed-point technique incorporating the local-
coefficient method and Anderson acceleration

IV. EXPERIMENTAL VERIFICATION

According to the [IEC60404-2 standard, an Epstein Frame(EF)
measuring platform was established to measure the hysteresis
loops of B30P105 grain-oriented silicon steel under non-
sinusoidal excitation conditions. The non-sinusoidal excitation
voltage has an amplitude of 9V and contains a third harmonic
component shifted by 180°. Then, in numerical simulation, a

finite-element mesh consisting of 938 nodes and 1814 elements
was utilized for the analysis. Additionally, an observation point
located at the EF magnetic circuit's center was selected to
validate the simulation accuracy.

Furthermore, a comparative analysis of computational
consumption was conducted for three fixed-point techniques to
validate the efficiency of the proposed technique. Firstly, the
global coefficient method (GCM) is necessary for comparative
analysis since it always ensures convergence, an advantage in
the case of multiple reversal points. However, due to
conventional GCM convergence being excessively slow, we
incorporate GCM and AA (GCM-AA) in the comparative
analysis. Finally, the convergence speed of the LCM and the AA
(LCM-AA) are thoroughly examined in this paper.
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Fig. 3 The measurement and simulation results
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TABLE I
COMPUTING CONSUMPTION
Fixed-point Iterations Single period
technique per time step calculation time (s)
GCM-AA 17 2573
LCM 11 1955
LCM-AA 7 1118

The Obtained results show that the simulation results of these
three techniques and measurement results in Fig.3 (a) are
consistent, validating the simulation accuracy. From Figure 3(b)
and Table I, we can find that although the GCM-AA always
converges stably regardless of the reversal points, the average
number of iterations is the largest, so the overall computation is
the most time-consuming. Further, the LCM has a dramatic
surge in iterations at the reversal points compared to the other
two techniques; hence, the overall computational efficiency is
inadequate. In contrast, the LCM-AA demonstrates a
substantial decrease in iterations required at reversal points,
significantly reducing iterations per time step and ensuring
efficient and stable computational performance. Overall, the
LCM-AA proposed in this paper ensures that using FEA for
solving magnetic field problems incorporating hysteresis
properties under non-sinusoidal excitations is always stable and
has a fast convergence rate. More examples of algorithm
performance verification, including those under PWM
excitation, will be presented throughout the paper.
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