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ABSTRACT The cores of anode saturated reactor (ASR) are the main vibration source of the HVDC
converter valve system. The ASR is excited with an impulse voltage, which contains many harmonic
components, and the magnetostriction of cores is usually the main reason of the ASR vibration. Therefore
it is significant to study the influence of the harmonic on the vibration of core of ASR. In this paper, the
magneto-mechanical coupling model is established based on the magnetostriction theory and the expression
of vibration acceleration in the presence of third harmonic is derived. The vibration test platform is built
to test the core’s vibration acceleration. The magnetic and magnetostrictive properties of silicon steel
sheet under different working conditions are measured. The three-dimensional simulation model of the
core is established, and the vibration acceleration under different magnetic flux density is calculated. The
comparison of the experiment and simulation results shows the rationality of the magneto-mechanical
coupling model. The influence of third harmonic magnetic flux density on vibration is studied by changing
the phase of the third harmonic magnetic flux density and the ratio of the third harmonic magnetic flux
density to the fundamental magnetic flux density. Both the calculated and measured results show that the
third harmonic magnetic flux density affects the vibration acceleration according to the double-frequency
components of the third harmonic, as well the sum-frequency and difference-frequency components of the

third harmonic and fundamental frequency.

INDEX TERMS HVDC, anode saturable reactor, magnetostriction, vibration, harmonic.

I. INTRODUCTION

HVDC technology has been developed in recent years, by
converting the AC power into DC power at the sending end,
and then transmitting to the receiving end, where the DC
power is inverted into AC power to feed back to the AC
system [1]-[5]. The anode saturated reactor (ASR) is the
key component in the HVDC system. The vibration problem
of ASR is very prominent, which mainly comes from the
cores of ASR [6]. A model of ASR is shown in Figure.l.
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When the converter valves are turned on and turned off, the
ASR endures a large impulse voltage, which contains a lot
of harmonics, and the spectrum of the impulse voltage is
shown in Figure.2. The harmonics current will aggravate the
core vibration of the ASR [7]. The core vibration will in
one hand cause the large noise, which destroys the working
environment, and in another hand accelerate the device aging,
reduce service life of the device, and even reduce the working
life of the converter valve system [8].

Under the magnetic field provided by the winding current
of ASR, the magnetic core is subject to Maxwell’s electro-
magnetic force [9], [10]. At the same time, the length and
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core winding

FIGURE 1. The model of ASR.

volume of ferromagnetic materials of core change slightly
due to the core magnetization, which is called magnetostric-
tive effect and magnetostrictive force [11]-[13].

Chukwuchkwa et al. have studied how to reduce the
magnetic core noise caused by magnetostrictive effect [14].
The vibration signal analysis method in power transformer
monitoring has been extensively studied [15]-[17]. Many
measurements have been made on the test transformers in
the laboratory and in the manufacturing process of power
transformers [18]—[23]. It is pointed out that magnetostriction
of oriented electrical steel is the main source of vibration and
noise of power transformer, which shows that the high mag-
netostriction is mainly due to the large transverse magnetic
moment [24].

Like the power transformer core, the ASR cores are made
of ultrathin silicon steel sheets. The magnetostrictive effect
of the ultrathin silicon steel sheet under the action of alter-
nating magnetic field and the electromagnetic force caused
by magnetic flux leakage between the core laminations and
joints are main reasons of vibration [25], [26]. With the
improvement of manufacturing technology, the electromag-
netic force caused by magnetic flux leakage between the core
laminations and joints is far less than the magnetostrictive
force, so the vibration induced by electromagnetic force can
be ignored compared with the vibration induced by magne-
tostrictive effect [27]. The magnetostriction of the ultrathin
silicon steel sheet is nonlinear with the magnetic field [28].
The anisotropy, applied stress, and temperature will have
a great influence on the magnetostriction of silicon steel
sheet [29]-[31].

The existing research on the core vibration of ASR is
mainly carried out under sinusoidal excitation, but the actual
excitation is impulse voltage containing multiple harmonics.
Due to the existence of harmonics, the magnetic and magne-
tostrictive properties of silicon steel sheet will change greatly
compared with that under sinusoidal excitation, which will
lead the change of core vibration characteristics. Therefore,
it is necessary to study the influence of harmonic on core
vibration.

In this paper, the magneto-mechanical coupling model
of the core of the ASR core is firstly established.
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Then three-dimensional simulation model of core is estab-
lished to calculate the vibration acceleration. A core vibra-
tion test platform is built to test the ASR core’s vibration.
Finally, through changing the ratio of third harmonic mag-
netic flux density to the fundamental magnetic flux density
and the phase of the third harmonic magnetic flux den-
sity, the influence of harmonics on the core vibration is
studied.

Il. METHODOLOGY
A. ELECTROMAGNETIC FIELD EQUATIONS
The ASR endures the large impulse voltage in practical oper-
ation, and the current contains a lot of harmonics which flows
into the windings. The equation of magnetic field in the cores
is as follows [32]:

1 0A

Vx —(VxA)=J—-—0c— @)

7 at
where p is the magnetic permeability (H/m). A is the mag-
netic vector potential, and the define of A is: B = V x A,
where B is the magnetic flux density. J is the current density
(A/m?), and o is the conductivity (S/m).
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FIGURE 2. Frequency spectrum of impulse voltage.

B. MAGNETOSTRICTION PRINCIPLE

It can be seen from the Figure.2 that in the frequency spec-
trum of the excitation voltage of ASR, in addition to the
basic component of 50 Hz, 150 Hz component accounts for
the largest proportion. Therefore, the combination of funda-
mental and third harmonic components is taken as the main
excitation to study the influence of harmonic on the vibration
of core. Assume the expression of magnetic flux density is as
follows:

B = Bicoswit + Bicos (w3t + 60) )

where B is the amplitude of fundamental magnetic flux
density, B3 is the amplitude of third harmonic magnetic flux
density, w1 = 2xf is the fundamental angular frequency and
f is the frequency of driving voltage, w3 is the third harmonic
angular frequency, and 6 is the phase of third harmonic
magnetic flux density. The applied magnetic field intensity H
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is [33]:
H, H,
H = —B = — (Bjcoswit + kB3zcos (w3t +6)) (3)
Bs Bg

where H, is the coercive field intensity of material (A/m),
and Bg is the saturation magnetic flux density (T).

The magnetostriction with driving magnetic-field H is the
fraction change rate of the ultrathin silicon steel sheets around
the direction of the winding length. The fraction change
equation is [34]:

1dL  2x
———=—>|Hl H=H “
LdH H?
where A is the coefficient of saturation magnetostriction of
the material, L is the length of material of rod geometry (m),
and H_ is the coercive field intensity of material (A/m).
Integrating (4), the fractional change in length is
obtained as:

AL s,
— =H ®)
L  H?

Then, the core’s vibration acceleration caused by magne-
tostriction is:

v d*(AL)
t di?
where a is the acceleration of core vibration. Combine with

formula (3), (5), and (6), the acceleration of core can be
described as:

AsL
a= —? [Zw%B%COSZQ)ll + 2w§B§c0s (w3t 4 26)
N

a =

(6)

+ B1B3 (w1 + a)3)2 cos (w1t + w3t +0)
+ B1B3 (w1 — w3)? cos (w3t — wit + 6) @)

It can be seen from equation (7) that the vibration of the
core includes the double frequency of the fundamental, the
double frequency of the third harmonic, and the sum and
difference frequency of the third harmonic and fundamental.
So Reasonable control of the ratio of third harmonic and
the phase of third harmonic can effectively reduce the core
vibration.

For convenience, k is used to represent the ratio of the third
harmonic magnetic flux density to the fundamental magnetic
flux density, that is, kK = B3/Bj, and 6 is used to represent the
phase of the third harmonic magnetic flux density.

Ill. ANALYSIS OF MAGNETIC AND MAGNETOSTRICTIVE
PROPERTIES OF SILICON STEEL SHEET UNDER
HARMONIC EXCITATION

To accurately calculate the electromagnetic vibration of ASR
core, the magnetic and magnetostrictive properties of silicon
steel sheet under various magnetizing conditions should be
measured and analyzed because the material under different
types of magnetizing conditions shows different saturated
nonlinearity.
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FIGURE 3. Magnetization and magnetostriction measurement device.

The measuring system is shown in Figure.3, which con-
forms to the standard IEC/TR62581. The measurement sys-
tem consists of three parts: host, magnetic circuit device and
laser transmitting and receiving device. In order to reduce
the influence of the surrounding environment on the mea-
surement results, the whole magnetic circuit device and laser
transmitting and receiving device are placed on a suspension
platform supported by air compressor. The magnetic circuit
device consists of a group of excitation coils and a set of
induction coils. The samples with effective length and width
of 600mm and 100mm are placed in the inner cavity of the
coil group. One end of the sample piece is fixed, and the other
end can be freely retracted.

Magnetic flux density(T)
=1

-800  -600  -400  -200 0 200 400 600 800
Magnetic field intensity(H/m)

FIGURE 4. Hysteresis loop under 50Hz sinusoidal excitation.

The sample is applied 50Hz sinusoidal excitation, and the
magnetic flux density is kept and tested from 0.1T to 1.8T
in steps of 0.05T. The measured magnetic hysteresis loop is
shown in Figure.4. It can be seen from the Figure.4 that when
the magnetic flux density is less than 1.6T, the area of the
hysteresis loop of the silicon steel sheet increases slowly with
the increase of magnetic flux density. When the magnetic flux
density is 1.8T, the area of the hysteresis loop is the largest
and the silicon steel sheet is in saturated state.

Figure.5 shows the waveform of magnetic flux density
under 1.2T in different k and 6. According to Figure. 5(a),
when the excitation has no harmonic, the waveform of mag-
netic flux density is sinusoidal. With the appearance of
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FIGURE 5. Waveforms of magnetic flux density.

harmonic in the excitation, the magnetic flux density appears
distortion, and the distortion worsens with the increase of
harmonic proportion. It can be seen from Fig. 5(b) that the
distortion of the magnetic flux density waveform increases
with the increase of 6.

The magnetization curves of silicon steel sheet under dif-
ferent k and 6 are shown in the Figure.6, which are obtained
by connecting the vertices of the hysteresis loops. It can be
seen that the saturation magnetization of silicon steel sheet
increases due to the existence of harmonic component in
excitation, while the influence of different k& and 6 on the
magnetization characteristics of silicon steel sheet can be
almost ignored.

Figure 7(a) shows the magnetostriction butterfly curve of
silicon steel sheet under 50 Hz sinusoidal excitation. It can
be seen from the figure that the butterfly wings are sym-
metrical and the silicon steel sheet is in an elongated state.
With the increase of magnetic flux density, the amplitude of
magnetostrictive strain gradually increases and reaches the
maximum value when the magnetic flux density is 1.8T. The
time-domain curve of magnetostriction of silicon steel sheet
in a period under different magnetic flux densities is shown in
the Figure. 7(b). It can be seen that the magnetostriction of sil-
icon steel sheet changes periodically. When the magnetic flux
density reaches 1.6T, the waveform will be greatly distorted.
Fourier analysis of the waveform is shown in Figure.7(c),
which shows that when the magnetic flux density is below
1.6T, the magnetostriction is mainly concentrated at 100Hz
and 200Hz. However, when the magnetic flux density is
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FIGURE 6. Magnetization curves.

greater than 1.6T, the magnetostriction appears high order
harmonics. This is because the magnetostriction is not only
caused by the movement of the magnetic domain wall, but
also related to the rotation of the magnetic domain.

In order to use the measured magnetostrictive data in
FEM, the peak-to-peak value of magnetostriction Ap, can
be obtained from the difference between positive peak value
(Ap+) and negative peak value (Ap—), thus a series of single
value magnetostriction curves App-Bp, under different k and 6
can be depicted as shown in Figure.8. It can be seen that the
single value curves of magnetostriction show obvious differ-
ences under different & and 6, especially in the saturation
stage.

IV. SIMULATION AND EXPERIMENTAL SET UP
A. SIMULATION MODEL
A core of ASR is simulated by using the finite element sim-
ulation software. The simulation modules include magnetic
field, circuit and solid mechanics. The mesh division of the
core in the three-dimensional simulation model is shown in
Figure.9. The iron core is clamped by an iron hoop, because
there are two parts of the core. In order to simulate the effect
of the iron hoop, the top and bottom of the core are set as fixed
constraints. The turn number of excitation winding is 22, and
the excitation winding is wrapped around the core limbs. In
order to extract the vibration signal as complete as possible,
the sampling frequency is 32 kHz.

In the simulation, the lamination coefficient, conductiv-
ity, relative permittivity, density, Poisson’s ratio, Young’s
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FIGURE 7. Magnetostriction under 50Hz sinusoidal excitation.

modulus, permeability, saturation magnetization and magne-
tostrictive constant are considered. Among them, conductiv-
ity, relative permittivity, density, Poisson’s ratio and Young’s
modulus are obtained from the manufacturer, which can be
directly set in the material properties in the simulation. The
permeability, saturation magnetization and magnetostrictive
constant are measured by the measuring equipment shown
in Figure.3. The magnetization curve can be interpolated
in the material properties, and the saturation magnetization
and magnetostrictive constant are set in the globally defined
parameters. As for lamination coefficient, the effective cross-
sectional area of the core is equal to the actual cross-sectional
area times the lamination coefficient.
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FIGURE 8. Magnetostrictive curve under different k and 6.
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FIGURE 9. Simulation model of the core.

B. EXPERIMENTAL SET UP

The measurement platform is shown in Figure.10. The Per-
sonal Computer 1 (PC1) control the programmable power
supply to provide excitation for the winding. The turn number
of winding are 22. The piezoelectric acceleration sensor is
attached to the core by a magnetic base, and its sensitivity is
47.8mV/g. The data collector can get the real-time signal of
acceleration and transmit it to the computer and the sampling
frequency is 32 kHz. The Personal Computer 2 (PC2) is
used to analyze and processes the signal. The core is placed
on a sponge to reduce the effect of the ground on the core
vibration.

VOLUME 9, 2021



Y. Wang et al.: Study for Influence of Harmonic Magnetic Fields on Vibration Properties of Core of Anode Saturable Reactor

IEEE Access

= -

) : ]
Programmable
power supply

o e g
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FIGURE 11. Time domain vibration acceleration.

V. RESULTS AND DISCUSSION

The simulation vibration acceleration of ASR core under dif-
ferent magnetic flux density is shown in the Figure. 11(a), and
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measured vibration acceleration of iron core under different
magnetic flux density is shown in the Figure.11(b). It can be
seen that both simulation acceleration and measured accel-
eration change periodically. With the increase of the mag-
netic flux density, the amplitude of the acceleration gets
larger. The waveform of 0.3T, 0.6T and 0.9T are nearly
close to sinusoidal wave. But when the magnetic flux density
is 1.2T, the waveform has obvious distortion, and with the
increase of the magnetic flux density, the distortion level
gets heavier. The comparisons of time-domain simulation
acceleration and test acceleration under 0.9T and 1.8T are
shown in the Figure.12. It can be seen from Figure.12(a)
that when the magnetic flux density is 0.9T, the accelera-
tion amplitude of simulation and experiment are 0.01m/s’
and 0.013m/s?, respectively. The Figure. 12(b) shows that
the acceleration amplitude of simulation and experiment are
0.041m/s? and 0.068m/s> with the magnetic flux density is
1.8T. To analyze the waveform more specifically, frequency
spectrum diagrams of vibration acceleration with 0.9T and
1.8T are obtained through the FFT analysis, which is shown in
Figure.13. From Figure.13(a), the acceleration frequency of
both simulation and experiment results mainly concentrated
in 100Hz, in which the simulation reaches 0.0098m/s? and
the experiment reaches 0.0118m/s%. At the same time, the
acceleration frequency includes a small amount of 100Hz
multiplications, and the multiplications can be almost ignored
compared with the 100Hz component. Meanwhile, different
from the Figure.13(a), the spectrum contains the frequency
components 100Hz and a lot of its multiplications with the
magnetic flux density is 1.8T, as shown in Figure.13 (b).
The reason why this phenomenon occurs is that when the
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FIGURE 12. Comparison of time-domain accelerations calculated and
measured.

magnetic flux density becomes saturated, magnetostriction
is nonlinear with the magnetic field [35]. This is also why
the waveform have distortion when the magnetic flux density
comes to 1.2T and get larger.

Both the time-domain acceleration and spectrum acceler-
ation show that there is a certain error between the simu-
lation data and experiment data. The main reasons for the
error between experiment and simulation are as follows: (1)
The upper and lower surfaces of the core are set as fixed
constraints in the simulation calculation, but the actual upper
and lower bottom surfaces of the core are not completely
fixed. (2) The young’s modulus of the core is simplified
to isotropy during the simulation. Generally speaking, the
simulation results and the experimental results have the same
change trend. At the same time, the error is also kept in
the acceptable range, which verifies the correctness of the
simulation.

In order to only study the influence of third harmonic
magnetic flux density on the vibration of core, This article
focuses on the vibration characteristics of the core when
the flux density passing through the core is 0.9T, which is
in the unsaturated stage and the influence of the nonlinear
characteristics of magnetostriction can be ignored. In the
process of measurement, the amplitude B of the magnetic flux
density is 0.9T. The ratio k changes from 2% to 10%, with the
interval of 2%. The phase 6 changes from 0° to 180° and the
interval is 30° and the phase of fundamental magnetic flux
density remains 0°.
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FIGURE 14. Magnetic flux density distributions under B = 0.9T,
B3 = 8%B; and § = 120° at 45ms and 55ms.

Figure.14 shows the magnetic flux density distribution
under B = 09T, B3y = 8%B; and 6 = 120° at 45ms and
55ms. It can be seen from the Figure.14 that in one period,
the magnetic flux density changes obviously at different time,
and at 45ms and 55ms, the excitation is positive and negative
half cycle respectively, and the direction of magnetic flux
density is opposite. The maximum and minimum values of
magnetic flux density appear on the inside and outside of
the core corner respectively. The flux density of the straight
line part of the core is 0.9T, which is consistent with the
theoretical calculation. Figure.15 shows the magnetostrictive
stress distribution, and it can be seen that the maximum
and minimum values of magnetostrictive stress correspond
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acceleration without and with harmonic (B = 0.9T, B; = 8%B; and
6 =120°).

to the positions where the maximum and minimum values of
magnetic flux density appear respectively.

Figure.16 shows the simulation and experiment of the fre-
quency spectrum of vibration acceleration without and with
harmonic(B = 0.9T, B3 = 8%B; and 6 = 120°). In order to
intuitively compare the vibration spectrum with and without
harmonics, the simulation and experimental results are rep-
resented by different thickness and color. It can be seen from
the Figure.16 that both simulation and experiment show that
from no harmonic to including third harmonic, the changes
are mainly concentrated in 100Hz, 200Hz and 300Hz. This
is consistent with the meaning shown in equation (9). There-
fore, this article mainly focus on the influence of third
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harmonic magnetic flux density on the vibration acceleration
components of 100Hz, 200Hz and 300Hz.
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FIGURE 17. Vibration acceleration with different k.

Figure.17 shows the change of acceleration amplitude with
k under different 6. It can be seen from the Figure.17(a) that
with the increase of k, 100Hz component has an increase
trend when the 6 is less than 90°, an decrease trend when
the 6 is bigger than 90°, and remains nearly constant when
the 8 is 90°. Moreover, the larger the difference between 6
and 90°, the more obvious the trend. Figure.17(b) shows that
the component of 200Hz keeps the trend of increasing with
k, no matter what the 6 is. Figure.17(c) shows that 300Hz
component of acceleration does not have obvious rule with k.
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FIGURE 18. Vibration acceleration with 6.

Figure.18 shows the change of acceleration amplitude with
6 under different k. It can be seen from the Figure. 18(a) that
100Hz component of acceleration decreases with the increase
of 6, and the decrease range get larger with k increases.
Figure. 18(b) shows that the component of 200Hz has a small
decrease in general, especially when B3 = 10%B;, and
as same with 100Hz component, its change range becomes
larger with k increases. As for 300Hz component, it acts
out the regular pattern of first decreasing, then increasing
and finally decreasing. Moreover, like 100Hz and 200Hz
component shown in Figure.18(a) and Figure.18(b), 300Hz
component has the biggest change range when k is 10%, and
the minimum when k is 2%.
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VI. CONCLUSION

The magneto-mechanical coupling model is firstly estab-
lished of the core of the anode saturable reactor in this paper.
Then the magnetic and magnetostrictive properties of silicon
steel sheet under different working conditions are measured.
The correctness of the coupling model is verified by the
comparison of simulation and measured results. Finally, the
influence of harmonic on core vibration is studied by control-
ling different £ and 6. Conclusions can be get by analyzing
the frequency spectrum of vibration acceleration as follows:

(1) With the magnetic flux density increases, the vibration
acceleration amplitude get larger, and its frequency spectrum
mainly contains doubling of the fundamental, the frequency
doubling of the harmonic, and the sum and difference fre-
quency of the harmonic and fundamental. When the magnetic
flux density is large enough to get saturation, the waveform
has an obvious distortion, and frequency spectrum occurs
higher harmonic, which can’t be ignored.

(2) With k increases, the 100Hz component of vibration
acceleration has an increase trend when the 6 is less than
90°, and a decrease trend when the 6 is bigger than 90°, and
remains nearly constant when the 6 is 90°. The component
of 200Hz keeps the trend of increasing with the increase of
k, no matter what the phase of third harmonic is. 300Hz does
not have obvious rule.

(3) The increase of 6 brings out the decrease of components
of 100Hz and 200Hz, and 300Hz component presents that
firstly decreases, then increases and finally decreases. All
of them present that with k increases, the change range get
larger.
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