®

Check for
updates

Numerical Investigation on Frequency
Dependence of Hysteresis Characteristics
of Conducting Ferromagnetic Materials

Zhang Yubo!, Liu Tianyiz, Liao Zhenyu3, Li Dongl, and Chen Dezhi! &

1 State Key Laboratory of Advanced Electromagnetic Engineering and Technology, Huazhong
University of Science and Technology, Wuhan 430074, China
dzhchenthust.edu.cn
2 State Grid Jiangsu Electric Power Company Suzhou Power Supply Bureau, Suzhou 215004,
China
3 State Grid Hunan Electric Power Company Electric Power Research Institute,
Changsha 410007, China

Abstract. The hysteresis characteristics of ferromagnetic materials have signif-
icant effects on the performance and loss of electrical devices and components.
Studies have shown that the hysteresis loop changes significantly with the increase
of frequency, which becomes an important factor in electrical designing and oper-
ating. In order to provide a reasonable explanation and analysis method for the
variation of dynamic hysteresis loops in the wide frequency range, experimental
measurements and theoretical simulations are carried out. In this paper, the change
of the hysteresis loop shape caused by the increase of frequency is attributed to
eddy currents in the sample, so only the static hysteresis loop is the real reflec-
tion of the material characteristics, at which frequency the eddy current effect can
be ignored. In order to verify this conjecture, the static hysteresis loops and the
dynamic hysteresis loops in the range of 20 Hz ~ 1000 Hz were measured for
the annular sample made of 20# steel and B35A300 non-oriented silicon steel
sheet. Then, based on the static hysteresis loops of their own, the finite-difference
time-domain method was used to solve Maxwell equations at different frequen-
cies to obtain the magnetic field distribution in the sample. The average magnetic
induction intensity was used to get the hysteresis loops. The calculated curves
are found in good agreement with the measured ones, which indicates that the
loop swelling-up is due to the inaccuracy of the measurement principle, and fre-
quency has no effect on the hysteresis characteristics of 20# steel and B35A300
non-oriented silicon steel sheet at least in the frequency range below 1 kHz.

Keywords: Magnetic hysteresis loop - Frequency characteristic - Maxwell
equations - Numerical simulation

1 Introduction

The electrical system contains a large number of magnetic devices and components made
of ferromagnetic material, which plays an important part in the transformation process
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of electric energy [1—4]. But the nonlinearity and loss of ferromagnetic materials also
directly affect the quality of electric energy and the stability of electrical system [5].
Previous studies have shown that the hysteresis loops of ferromagnetic materials exhibit
different shapes under different operating frequencies and waveforms [5-8]. So the
prediction of dynamic hysteresis loop of ferromagnetic materials is of great importance
to the optimal design and stable operation of magnetic devices and components [6, 9—11].

Most of the existing methods for predicting dynamic hysteresis loops are based
on dynamic hysteresis models, such as the dynamic Preisach hysteresis model [12—
15], the dynamic Jiles-Atherton (J-A) hysteresis model [8, 16, 17] and the dynamic
Energetic hysteresis model [18-21], which are evolved from their static hysteresis models
respectively.

The above dynamic hysteresis models all need to measure the data in similar working
conditions in advance, and then to identify the undetermined parameters of the model.
Therefore, the model is in essence a fitting method, which cannot predict the dynamic
hysteresis loop physically.

Based on the analysis of experimental data, we speculate that the change of the
measured dynamic hysteresis loops with increase of frequency is essentially caused by
the imperfection of the measurement principle, which does not take into account the
eddy current effect in the test sample under dynamic conditions. In order to verify the
above speculation, we select 20# steel and B35A300 non-oriented silicon steel, which
are commonly used in electric motors, and measure their static hysteresis loops and
dynamic hysteresis loops in the range of 20 Hz ~ 1000 Hz. Then we calculate the
dynamic hysteresis loops by solving Maxwell equations using finite-difference time-
domain (FDTD) method based on the static hysteresis loops, and compare them with the
measurements. The result shows that the change of measured dynamic hysteresis loops
with frequency can be explained by the inhomogeneity of magnetic field caused by
eddy currents, without introducing other assumptions, which indicates that the essential
hysteresis characteristics of ferromagnetic materials do not change with frequency at
least in the frequency range below 1 kHz.

2 Measurement Devices and Measurement Results

2.1 Measurement Devices and Measurement Principle

The experimental materials we choose are 20# steel ring and B35A300 non-oriented
silicon steel sheet, whose main parameters are shown in Tables 1 and 2. 20# steel ring
is wrapped by coil (see Fig. 1), and then measured by the ring sample measurement
method. B35A300 non-oriented silicon steel sheets are placed into Epstein frame (see
Fig. 2), and then measured by Epstein frame measurement method. We choose MATS-
2010SD and MATS-3000M as our measurement devices, whose principles are shown in
Fig. 3.
The magnetic field strength we measure is defined as follows:
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Table 1. The main parameters of 20# steel ring.
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Parameter Describe Value

d Inside diameter 68.0 mm

D Outside diameter 76.4 mm

h Thickness 4.0 mm

y Conductivity 4.6 x 100 S/m
Ny Number of turns of primary coil 200

N> Number of turns of secondary coil 50

Table 2. The main parameters of B35A300 non-oriented silicon steel sheet.

Parameter Describe Value
a Length 300.0 mm
Width 30.0 mm
c Thickness 0.350 mm
n Number of sheets 24
y Conductivity 3.18 x 10° S/m
N Number of turns of primary coil 700
Ny Number of turns of secondary coil 700
primary coil

20# steel ring

7y
A1) A

secondary coil

Fig. 1. 20# steel ring and the coils.

where N is the number of turns of primary coil, i; is the current of primary coil, and
I 1s the length of magnetic path.
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Fig. 3. The measuring principles of the measuring devices.

The magnetic flux density is defined as follows:

1
B = dr 2
stm/uz ®)

where Nj is the number of turns of secondary coil, Sy, is the cross section area of
magnetic path, u is the voltage of secondary coil, and ¢ is the time.

The magnetic field strength and the magnetic flux density are obtained by Eq. (1)
and (2), and then we can draw the hysteresis loop.
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2.2 Measurement Results

By changing the current of primary coil, we can obtain the hysteresis loops at different
conditions. The measured static hysteresis loops of 20# steel ring and B35A300 non-
oriented silicon steel sheet are shown in Figs. 4 and 5, respectively. These curves will be
used to predict the dynamic hysteresis loops at different frequencies in the next section.
The measured dynamic hysteresis loops will be compared with the predicted ones in
Sect. 5 (see Figs. 8 and 9).
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Fig. 4. A series of static hysteresis loops measured at different maximum magnetic field strength
of 20# steel ring with a very low frequency (<0.1 Hz).
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Fig. 5. A series of static hysteresis loops measured at different maximum magnetic field strength
of B35A300 non-oriented silicon steel sheet with a very low frequency (<0.1 Hz).

3 Theory Analysis

Now let’s take a closer look at Eqs. (1) and (2) used to calculate the magnetic field
strength H and magnetic flux density B in measurements.
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Equation (1) is derived from Ampere’s circuital law, and Eq. (2) is derived from
Faraday’s law of electromagnetic induction. Both formulas imply that the magnetic field
in the sample is uniformly distributed, which is true at DC or very low frequencies.
However, under dynamic conditions, eddy currents in the sample cause this assumption
to fail.

In this case, H in Eq. (1) is just H on the sample surface, while B in Eq. (2) is the
average value of B on the sample section. Considering the effect of the eddy current,
the B amplitude inside the conductor is smaller than the B of the surface, and the phase
also lags behind the B of the surface. The same is true for the mean of B across the cross
section, and the higher the frequency, the more significant this feature becomes.

If we observe the measured dynamic hysteresis loops, we will find the same rule: as
the frequency increases, the peak of B decreases, and the position of the B peak occurrence
lags behind that of the H peak. The higher the frequency, the more pronounced the
phenomenon is.

Therefore, it is reasonable to speculate that the shape change of the measured hys-
teresis loop with frequency is due to eddy currents not considered in the measurement.
The true hysteresis characteristics of the material will most likely not vary with the
frequency. In other words, only the static hysteresis loop measured at DC or very low
frequency is the true description of the physical characteristics of the material, and the
dynamic hysteresis loop measured at high frequency is contaminated by the vortex effect.

To verify this, in the next section, we will use the FDTD method to solve Maxwell
equations based on the static hysteresis loops, to obtain the actual magnetic field distri-
bution on the cross section and to get the average B to draw the B-H curves, and compare
them with the measured ones.

4 Calculation Model

20# steel ring and the coils are roughly a symmetric model. Since the size of the section
is much smaller than the radius of the ring, to simplify the calculation, the section of
the ring can be approximated as the rectangular region in Cartesian coordinate system
as the solution region (see Fig. 6).
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Fig. 6. Simplification of the computational model of 20# steel ring.

Ignoring the displacement current, Maxwell equations are simplified as:

at (3)

VxE=-2
VxH=yE
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where E is the electric field strength vector, B is the magnetic flux density vector, ¢ is
the time, H is the magnetic field strength vector, and y is the conductivity of the sample.
B = B(H) is determined by the static hysteresis loops shown in Fig. 4. H only has a z
component (H = He;), so we can get rid of E:

9’H  0°H 0B 3H

— t—=y—=— 4
o Ty~ VoH o @

Because of the symmetry, we choose the 1/4 model for calculation, which means
that the Oabc region in Fig. 6 is used as the final solution region.

On ab and bc, the boundary conditions are imposed as follows:
H|ab - H|bc - Hs(t) (5)

where H,(t) is the magnetic field strength waveform corresponding to each dynamic
hysteresis loop and is obtained by recording the current of primary coil.
On Oa and Oc, due to the symmetry, the boundary conditions are imposed as follows:

oH

dy

— 0H —
o= Eloe =0 ©)
At the initial time, the sample is in a completely demagnetized state:
Hx,y, D)= =0 (N

In the calculation, the value of B = B(H) needs to be obtained by interpolation
from the static hysteresis loops shown in Fig. 4. In an excitation cycle, Hpax of each
point in the solution region is different, so the static hysteresis loop of each point is
also different. Hpax of each point is determined by iterating, which determines its static
hysteresis loop. The data required for the calculation usually doesn’t come from the
known static hysteresis loops. However, the change of the static hysteresis loop changes
with H . continuously, so we can get the desired static hysteresis loop from the known
static hysteresis loops. The interpolation method of the static hysteresis loop is shown
in Fig. 7: firstly, according to the value of H,y, find the known B{-H| curve and B3-
H3 curve which adjacent to the desired B>-H; curve; secondly, according to a same
waveform style (such as cosine) and the value of Hmax1, Hmax2 and Hmax3, spread Hi,
H; and H3 into a same time cycle, respectively; thirdly, map H1 to B1 from Bj-H|
curve, and map H3 to B3 from B3-H3 curve; then, according to the value of Bpyaxi,
Bmax2 and Bnax3, determine the linear interpolation ratio, and use B; and B3 to get By;
finally, according to H» and B,, get the desired B>-H»> curve.

The FDTD method is used to solve the problem of initial conditions and the boundary
conditions that composed of Eq. (4) to Eq. (7), so we can get the magnetic field strength
and the magnetic flux density at any point and at any time in the sample. For B35A300
non-oriented silicon steel sheet, we only need to select the cross section of one piece
for calculation in a similar way (because of its large ratio of width to thickness, the
dimension of calculation can even be reduced).
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Fig. 7. The interpolation method of the static hysteresis loop.

5 Comparison of Calculation Results and Measurement Results

According to the calculation results, draw the B-H s curves, and compare it with the
measurement results. In the calculation curve, Hy is the magnetic field strength on the
surface of sample, and B is the magnetic flux density on the cross section of magnetic
path, which can be calculated as follows:

B(t) = 3- SfB(x, v, t)dxdy (8)

where S is the cross section region of magnetic path.

We calculate the dynamic hysteresis loops of 20# steel ring and B35A300 non-
oriented silicon steel sheet at different frequencies. The comparison of the calculated hys-
teresis loops and the measured hysteresis loops of the two samples at different frequencies
is shown in Figs. 8 and 9 respectively.
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Fig. 8. Comparison of dynamic hysteresis loops between the calculated one and the measured
one of 20# steel ring at different frequencies.

The result shows that in the frequency range calculated in this paper, the calculated
hysteresis loops of 20# steel ring and B35A300 non-oriented silicon steel sheet are in
good agreement with the measured hysteresis loops, and the trend of B-H curve which
changes with frequency is almost the same. This has verified the speculation about the
hysteresis characteristics in this paper: at least in the frequency range below 1 kHz, the
frequency has no effect on the hysteresis characteristics of 20# steel ring and B35A300
non-oriented silicon steel sheet, and the effect of frequency on the hysteresis loop is
caused by the imperfect measurement principle.
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Fig. 9. Comparison of dynamic hysteresis loops between the calculated one and the measured
one of B35A300 non-oriented silicon steel sheet at different frequencies.

6 Conclusions

In this paper, we select the annular sample made of 20# steel which is commonly used
in motors and B35A300 non-oriented silicon steel commonly which is commonly used
in electric vehicles as 2 examples. According to their static hysteresis loops measured
at a very low frequency (<0.1 Hz) where the eddy current effect can be ignored, we use
numerical method to solve Maxwell equations without introducing other assumptions,
and then we get the way that the magnetic field in the sample changes with the excitation.
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Then, we use H which is the magnetic field strength on the surface of sample and B
which is the magnetic flux density on the cross section of magnetic path to draw the
B-Hj curves. The result shows that at least in the frequency range below 1 kHz, the
calculated hysteresis loops are in good agreement with the measured hysteresis loops.

At least in the frequency range below 1 kHz, the frequency has no effect on the
hysteresis characteristics of 20# steel and B35A300 non-oriented silicon steel sheet, or
we can say that the change of the magnetic domain’s orientation completely keeps up
with the change of the magnetic field caused by the external excitation. And the change
of the dynamic hysteresis loops is caused by the imperfect measurement principle, rather
than the electromagnetic characteristics of the material itself.

The method in this paper solves Maxwell equations directly and doesn’t introduce
other assumptions, so it can be considered that it gives a physical explanation for that
the dynamic hysteresis loops changes with the frequency.
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