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ABSTRACT The main factors of stress distribution in MCRs are the magnetostriction effect of the core
materials and the magnetic force between gaps under DC bias excitation. This article developed a coupling
model for MCRs considering Maxwell magnetic force and magnetostriction under DC flux density biases.
The constitutive equations of the magnetic field and strain field are constructed based on the magnetic
property curves with a new measured and analyzed method to consider DC magnetic flux biases, which
is the key contributions of this study. Then, the electromagnetic vibration properties of the MCR model are
calculated and analyzed. To prove the validity of the proposed method, the vibration of a 4.4 kVar-220 V
MCR is tested and analyzed.

INDEX TERMS Magnetically controlled reactors, finite element analysis, electromagnetic vibration,

magnetostriction.

I. INTRODUCTION

High-Power magnetically controlled reactor (MCR) is a shunt
static device that is widely used in high-voltage grids for
the compensation of reactive power at the point of common
coupling (PCC). By controlling the MCR core magnetization
properties, rapid and smooth reactive power compensation at
the PCC can be realized [1]. The main drawback of the MCRs
is the significant mechanical vibration it exhibits because
of the near magnetically saturated working conditions under
AC and DC excitations, which result in low-frequency noise
pollution, fastener loosening, and power grid faults [2], [3].
The noise due to such vibration is about 10 dB higher than the
noise of traditional power transformers of the same capacity.
Thus, the mechanical vibration of MCRs has become an issue
that restricts its utilization at full capacity.
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MCR mainly consists of AC power winding, the DC con-
trol winding, and the iron core. The AC power winding is
connected to the PCC and produces alternating magnetic flux.
The DC control winding is connected to a rectification circuit
to generate a bias magnetic flux that offsets the main flux and
controls the reactor to realize the reactive power regulation at
the PCC [4]-[6]. The MCR adopts a sectionalized iron core
structure with airgaps in which a non-magnetic conductive
material is filled to limit the magnetic core saturation. Under
the magnetic field strength provided by the power windings,
the magnetic core is subjected to a Maxwell electromagnetic
force [7], [8]. Meanwhile, the length and the volume of the
ferromagnetic materials exhibit a slight change due to the
core magnetization process. This phenomenon is referred as
the magnetostrictive effect and magnetostrictive force. The
magnetostrictive force is distorted in the airgap of the iron
core when the magnetic field tends to saturate which sig-
nifies the electromagnetic vibration of the MCR [9]-[11].
To reduce the vibration and noise caused by the vibration
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of the MCRs, the numerical models about simulating the
electromagnetic force should be investigated, which will also
be the basis for the optimization and design of the special
structure motor [12], [13].

In recent years, several numerical models are proposed
to calculate the electromagnetic vibration of the iron core.
A magnetic-mechanical strong coupling finite element model
to simulate the magnetostrictive vibration effect is proposed
in [14]-[16]. Meanwhile, the stress caused by bending and
cutting will affect the magnetostrictive properties, which
leads to the magnetic flux concentrated and vibration and
noise of the core more severely in this area [17]-[19]. How-
ever, the Maxwell electromagnetic force is not considered
in this model. The Maxwell Stress Tensor (MST) method is
used to investigate the radial force for PMBDC motors with
2-D FEM. And the vibration reduction scheme based on the
above method has achieved good damping effect [20], [21].
An magnetostriction model considering the anisotropic mag-
netization properties based on backpropagation neural net-
work is proposed in [22], [23] in which the vibration of a
single-phase transformer is investigated. A numerical-based
model for the static electromagnetic force is presented in [24]
in which the correlation between the airgap length and the
vertical displacement along with the influence of the Young’s
modulus on the vibration of the airgap filler material is inves-
tigated. The magnetostrictive orthogonal calculation method
considering the magnetostrictive properties in different mag-
netization directions in [25], [26] is used to calculate the
vibration characteristics of the cores of electrical equipment.
The hysteresis magnetostriction characteristics of electrical
steel is used to investigate the vibration and the noise of a
transformer under different DC biases [27], [28].

While several analyzed methods have been introduced in
the literature as discussed above, there are still many defi-
ciencies in these methods when applied for electrical equip-
ment, especially in the MCRs. For instance, the magnetic
properties used to calculate the electromagnetic vibration in
all presented studies were not measured under real operating
conditions especially in DC bias flux magnetization condi-
tions. When considering the DC and AC flux excitations, the
MCR silicon steel materials are more likely to be magnetized
to saturated corresponding to the magnetizing situation of the
pure sinusoidal excitation [29]. Meanwhile, the DC magnetic
flux density cannot be obtained using existing measuring
methods, which results in inaccurate magnetic properties data
and incorrect simulation results. Thus, the DC magnetic flux
excitation must be simultaneously considered for accurate
investigation of the electromagnetic vibration of the MCR
which is the main contribution of this article.

This article proposes a numerical model coupling with
electromagnetic force and mechanical characteristics for
MCRs considering the DC magnetic flux bias of the silicon
steels. Firstly, the magnetization curves and the magnetostric-
tive curves of silicon steel 30JG130 under AC with DC
magnetic flux densities are measured. Secondly, based on the
constitutive equation of the electromagnetic and mechanical
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fields, the numerical electromagneto-mechanical coupling
three-dimensions (3D) MCR model of a 4.4 kVar-220 V MCR
is constructed and analyzed. Finally, the MCR prototype is
built and tested to prove the validity of the method proposed
in this article.

Il. ANALYSIS OF MAGNETIC PROPERTIES FOR MCR CORE
To accurately simulate the electromagnetic vibration of
MCRs, the hysteresis loops and magnetization curves of
electrical lamination under various magnetizing conditions
should be measured and calculated as the material under
different types of magnetizing conditions shows different
saturated nonlinearity. As the MCR operation point is near
magnetically saturated condition under AC with DC exci-
tations, a new approach for measuring and analyzing the
magnetic nonlinear properties of electrical steels under DC
bias excitation is proposed below:

A. METHOD FOR ESTIMATING THE MAGNETIC
CHARACTERISTIC OF SILICON LAMINATION

WITH DC BIAS EXCITIZATION

Under the working conditions of MCRs, the alternating cur-
rent in the AC power winding produces AC magnetic field
Hjyco and AC flux density Baco. On the other hand, the direct
current in the DC control winding produces DC magnetic
field Hpco. and DC bias flux density AB. Thus, the theoreti-
cal AC and DC bias magnetization property of the lamination
core comprises Baco + AB and Hyco + Hpco, as can be seen
in Figure 1(a) and (c), respectively. The AC components By
and H,co can be obtained by the B and the H measuring
coils [30]. The DC components: Hpcg can be obtained using
a magnetic circuit calculation method based on the applied
DC current. However, AB cannot be measured or calculated
directly. As a consequence, the practical magnetization prop-
erty under DC field is represented by the AC bias magne-
tization property curve of B,co and H,.o + Hpco (the blue
curve in Figure 1(b)), which is not accurate to simulate the
electromagnetic vibration properties of MCRs under working
conditions. Thus, the key point to analyze the magnetization
property of silicon steel is to obtain the DC magnetic flux
biases under different AC magnetic flux densities.

This work proposes a new approach to obtain the DC bias
magnetic flux density AB by changing the excitation forms in
the measuring system. Firstly, Haco and Hpco are applied in
the measuring system and the AC bias magnetization curve
of Byeo and Hyo + Hpco is obtained. Then, the AC mag-
netic field Hy.; with an equal amplitude of Haco + Hpco as
shown in Figure 1(c) is applied and the produced magnetic
flux density B, is measured using B measuring coil. As a
result, the second AC magnetization property curve of By
and Hyc (the black curve in Figure 1(b)) can be calculated.
The DC magnetic flux density AB is calculated using the
difference between the maximum values of B,c; and Baco.
Thus, by adding AB to By, theoretical AC, and DC bias
magnetization property is obtained. Finally, based on this
method families of the AC and DC bias magnetization curves
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FIGURE 1. Magnetic flux density and magnetic field waveforms with and
without DC bias: (a) Magnetic flux density waveforms in the time domain,
(b) The hysteresis loops of the material, (c) Magnetic field strength
waveforms in the time domain.

under a series of AC flux density levels can be measured and
calculated.

The property of magnetostriction effect which is essential
for the simulation of the electromagnetic vibration is the
relationship between the magnetostriction A and the mag-
netic field strength H. As the DC magnetic field can be
obtained using magnetic circuit calculation based on the
applied DC current, the magnetostrictive property curves can
be obtained directly using the measuring system. As shown
in Figure 2(b), the AC magnetostrictive property curve of
H,. and A, is symmetrical to the A- axis. The frequency
of the magnetostriction curve of A,. shown in Figure 2(a)
is two times the frequency of the excitation signal H,.. Due
to the saturated magnetization nonlinearity property under
DC bias, the waveform of the magnetic strength field H,. +
Hpc (red curves in Figure 2(c)) is sharp at the top area and
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(2)

[T ) r
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|
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= AC magnetostrictive property curve

=== AC and DC bias magnetostictive property curves
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FIGURE 2. Magnetostriction and magnetic field waveforms with and
without DC bias: (a) Magnetostriction waveform in the time domain;

(b) Magnetostrictive loops; (c) Magnetic field strength waveforms in the
time domain.
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asymmetrical to the r-axis. Meanwhile, due to the saturated
nonlinearity of magnetostriction property under DC bias, the
waveform of magnetostriction (red curves in Figure 2(a))
shows two different peak points which lead to the fact that
the frequency of the magnetostriction curve is the same as
the excitation signal.

B. CHARACTERIZATION OF MAGNETIC AND
MAGNETOSTRICTIVE PROPERTIES OF 30JG130 STEEL
UNDER DC BIAS EXCITATION

The measuring system shown in Figure 3 is designed based
on the standard IEC60404-3. The measuring device mainly
includes an excitation system, sample support, an anti-
vibration table, and a laser interferometer. The excitation sys-
tem includes an external primary magnetization coil, an inter-
nal secondary measuring coil, and two magnetic yokes, which
is supplied by a power amplifier with digital feedback control.
The waveform output of the power amplifier is controlled by
the NI PXI DAQ system which can provide arbitrary voltage
waveforms in different service conditions. The magnetic cir-
cuit consists of two U-shape magnetic yokes and a test sample
(600 mmx*100 mm). The magnetization coil is wound on the
sample to be tested. The device is placed on an anti-vibration
table to ensure the accuracy of laser emission and reception.
Laser interferometer of resolution ratio 10 nm/m and working
frequency 100 Hz emits a laser beam to the reflector. The
deformation of the measured sample which is used to calcu-
late the magnetostriction is obtained by calculating the time
difference between the reflected and emitted laser beams.

Reflector

e

Test sample

FIGURE 3. Magnetization and magnetostriction measurement device.

To obtain the magnetization curves and the magnetostric-
tion curves of the material with the contribution of bias mag-
netic flux densities, the magnetic field and strain parameters
under two kinds of excitations (By.; and H,, Baco and
H,.o + Hpcp) are measured. Based on the method mentioned
above, the measured hysteresis loops of the silicon steel sheet
with different magnetic flux density levels under 80 A/m bias
magnetic field are shown in Figure 4.
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FIGURE 4. The measured hysteresis loops of silicon steel sheet with
different magnetic flux density levels under 80 A/m bias magnetic field:
(a) Without the consideration of DC magnetic flux; (b) Considering DC
magnetic flux.

The hysteresis loops with lower flux density levels (0.1
T-1.4 T) shown in Figure 4(a) decreases gradually if the
DC biases flux density is not considered, which means the
magnetic flux density induced by the hysteresis loops in
Figure 4(a) will be much lower than that in Figure 4(b) when
the magnetic fields H are of the same values. The basic
magnetization curves with and without DC magnetic flux
density biases are plot by connecting the vertex points of the
hysteresis loops which is shown in Figure 5. The permeability
in Figure 5(a) is much lower than that in Figure 5(b) for
specific magnetic field H. The magnetization curves without
considering the DC magnetic flux biases AB are not appropri-
ately used in the FEM calculation, which causes the reactor
core to fail to reach the working magnetic flux density. Thus,
the DC bias flux densities should be considered for accurate
analysis.

As the DC bias field Hpc can be estimated indi-
rectly by the Magnetization Current Method (MCM) and
the magnetostrictive strain A can be directly measured,
the magnetostriction loops considering the DC bias field
can be obtained as shown in Figure 6. The magnetostriction
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FIGURE 5. Magnetization curves with different AB: (a) Without the
consideration of DC magnetic flux; (b) Considering DC magnetic flux.

o

property curves without DC bias excitation are symmetrical
to the A-axis, while it distorts when the DC bias is applied.
Magnetostriction property curves with lower magnetic flux
densities (0.1 T - 1.4 T) shown in Figure 6(b) decrease
compared with the curves shown in Figure 6(a). It means
that the strain which is resulted from the magnetostriction
effect and based on the property of Figure 6(b) will be much
lower than that of Figure 6(a). In the electromagnetic vibra-
tion simulation of electrical equipment, the magnetostriction
single-value curve is enough to meet the requirement. Thus,
the single-value curves of magnetostriction given in Figure 7
are obtained by connecting the vertex points on the magne-
tostriction loops with different working point. The single-
value curves of magnetostriction gradually decrease with the
increase of the DC bias magnetic fields.

The measured results show an obvious difference between
the magnetization curves with and without considering the
DC bias field, which is also true for magnetostriction prop-
erties of the material. So, the DC bias effect should be con-
sidered in the electromagnetic vibration computation of the
MCR core.

Ill. MCR ELECTROMAGNETIC VIBRATION SIMULATION

A. ELECTROMAGNETO-MECHANICAL COUPLED
CALCULATION 3D MODEL OF MCRS

The analyzed MCR is a three-limb core structure reactor
shown in Figure 8. There are three airgaps in the middle of
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FIGURE 6. Magnetostrictive property curves under different bias magnetic
fields: (a) Without DC bias excitation; (b) Considering DC magnetic flux.
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FIGURE 7. The single-value curves of magnetostriction of silicon steel
sheet under different bias magnetic fields.

each core limb filled with a non-magnetic conductive material
to reduce the magnetization saturation extent of the core. Two
DC control windings are wrapped around the left and right
core limbs, while the middle core limb is wrapped by the AC
power coil.

To simulate the vibration of the magnetostriction effect
with the DC magnetic flux density, the modified magneti-
zation curves and magnetostrictive curves considering the
DC bias effect proposed by out method is used. The relation
matrix vACHTPC between the magnetic flux density B and the
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DC windings
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FIGURE 8. Structure of the MCR under investigation.

magnetic field strength H, and the relation matrix dAC+PC
between the magnetostriction strain ey, and the magnetic field
strength H, are calculated. The constitutive relations of the
magnetic field and magnetostrictive strain can be expressed
as

e, = dACTOCH

H = vAC+DCB

ey

where vACHDPC and dACHPC are the reluctivity matrix and
magnetostrictive coefficient matrix, respectively. These are
obtained from the measured magnetic properties data consid-
ering DC magnetic flux densities.

Equation (1) shows that the essence of magnetostriction
is the energy exchange between the electromagnetic and
mechanical systems. Based on the reference [9], the total
energy function I(A, u) of the MCR core can be set. And the
required solution is to find the optimum multi-function I(A,
u) to minimize I(A, u) by using the energy variation principle.

The magnetostrictive energy Iy, is used to get the mag-
netostrictive force. According to the virtual work principle,
the magnetostrictive force fy, can be expressed as follows:

Foms

L
N du
de
AC+DC , AC+DC X | JAC+DC, AC+DC

:_/ E<d11 " 4% Bxa_+dzz " U By

Q] Uy

ae de

2 dyy TPCuTPCB, —Z) dxdydz ()

duy ou;

where E is the Young’s Modulus.
Then, the pure elastic energy I, can be expressed as

1
1 =f —0 -ed
e 922

—/ E ¢ (¢ +8+8)2
S e, 20+ [ 1=20 T

1
—i—sﬁ + ey2 + 822 +§ (J/xzy + yyzz + yzi)i| dxdydz (3)

where « is the Poisson Ratio.
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TABLE 1. Material parameters values of MCR model.

Relative Poisson Young’s
permeability (1) Ratio (1) Modulus (GPa)
Gap Filler
(Epoxide resin) 1 038 1
Silicon Steel
Core (30JG130) - 031 110
Windings 1 0.35 110
(copper)
Ao7s (T)
0.7
0.6
0.5
0.4
0.3
0.2
0.1
N ¥ 6.03x107
(a)
x10* (m)
7
fIs
a
i3
2
1
0
Cross-section of airgap region
(b)
Middle Column
A 167x10°
' Right-side Column e ID(N/m )

Left-side Column

«

FIGURE 9. The simulation results of MCR core at ¢ = 0.015 s under the
bias magnetic fields of 40 A/m: (a) Magnetic flux density;
(b) Displacement; (c) Stress.

w S

¥ 4.83x10°

The magnetic stress can be expressed as:

B.H — YBH B.H, B.H.
Fome = f ByH, B,H, — ABH B,H,
$ B.H, B.H, B.H, — 3BH
My
x| ny [dS “4)
ng

B. SIMULATION RESULTS OF MCR
Based on the proposed model of MCR, the electromagnetic
vibration characteristics can be calculated. A fixed constraint

170276

2 °
) R 7
ot Gl

= |
5)e \ [ |‘ I
k I N
N i ‘
T e—r | 8 |
6 : ‘ A
» =g
/

FIGURE 10. The distribution position of the points.

—=— point 1 —e— point 2 —A— point 3—v— point 4
—— point 5—<— point 6 —>— point 7 —— point 8

2.0 M
20 _ Yoke
2 el el
< ,/ _
E - —
§ 1.5 el \H—H—r—/ \ Column
<
&
a
T 5 ./’:\I } Airgap
0.00 01 0.02 0.04

Time(s)

FIGURE 11. The displacement curves in points 1-8 of MCR core under the
bias magnetic fields of 40 A/m.

condition was added to the model to simulate the actual work-
ing situation. The material parameters values of MCR model
are shown in table 1. The nonlinear relative permeability of
silicon steel core is calculated based on magnetization curves
in Figure 5(b). The other material parameters values in table
1 are acquire from the database of JFE Steel Corporation [30].

By applying an excitation voltage of 200 V, 50 Hz to the
AC power winding, and different DC currents to the DC con-
trol windings, the magnetic field strength and displacement
distribution of the MCR cores are computed. The maximum
displacement of the MCR core is 7 x 107® m when the
maximum magnetic flux density reaches 0.78 T as shown
in Figure 9. The stress is concentrated on four corners of the
middle column, the center of the left-side column and the
right-side column.

To study the vibration characteristic at some key areas of
the MCR core as shown in Figure 10, the displacement curves
at points 1-8 with times are analyzed as shown in Figure 11.
As shown, the most obvious deformation positions are located
at points 1-4 on the yoke of the MCR core while the least
obvious deformation positions are located at points 6-8 that
are in the airgap. To obtain the influence of the measured
magnetic properties on the vibration displacement, the dis-
placements and magnetic field strength waveform in the time
domain at point 6 and point 8 are compared. From Figure 12,
we can get the period of the displacement waveform is the
same as the magnetic field waveform, which is the same trend
of the magnetostriction curves shown in Figure 2(a). Thus,
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FIGURE 12. The comparison of magnetic field strength and displacement
in point 6 and point 8 of MCR core under the bias magnetic fields of 40
A/m: (a) Point 6; (b) Point 8.
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FIGURE 13. Schematic diagram of the vibration test system for MCR.

the magnetostriction effect is the most important factor of the
MCR core vibration under DC bias excitation.

IV. THE VERIFICATION EXPERIMENT OF MCRS MODEL

A. MCR VIBRATION TEST

The schematic diagram of the developed vibration test
system for MCR is shown in Figure 13. In addition to
the magnetostriction effect, Maxwell electromagnetic force
which is generated in the airgap region is also one of the
main sources of vibration. Thus, the acceleration sensors
are set on the MCR cores in the vicinity of the airgap
area to analyze the key sources of vibration. The AC and
DC coils, airgap gasket, fixture, and other components are
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Data Collector
:

(b)
FIGURE 14. The vibration test system for MCR prototype: (a) MCR
prototype test system; (b) position of the acceleration sensors.
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FIGURE 15. The acceleration curves of the core around the airgap when
Ipc = 0 A: (a) point 6; (b) point 8.

assembled as shown in the hardware setup in Figure 14. The
vibration test system including the Data collector (model:
SQuadriga), acceleration sensor (model: 352C23, serial:
LW172875, sensitivity:0.529mV/m/s2) and PC. Parameters
of the MCR test in this article are shown in table 2.

The size of the tested reactor core is consistent with the cal-
culation model, and the material used in core is 30JG130 sili-
con steel, which is the same grade used in the model. The AC
winding and the DC magnetomotive force are consistent with
the simulation model. In the case of an equal DC magneto-
motive force in the simulation and the experiment, the control
DC current Ipc is set at 5 A according to the Ampere circuital
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TABLE 2. Parameters of the MCR.

Type of MCR EKDG-4.4kVar-220V
Rated frequency (Hz) 50
AC rated voltage (V) 220
AC winding turns 234
o] T T

—s— x-direction —— y-direction —&— z-direction |

Acceleration(m/s?)

®
0.00 0.02 0.04 0.06
Time(s)
()

T T

—=— x-direction —— y-direction —4— z-direction |

Acceleration(m/s?)

Time(s)
(b)

FIGURE 16. The acceleration curves of the core around the airgap when
Ipc = 5 A: (a) point 6; (b) point 8.

theorem, when the magnetic field in the simulation model is
160 A/m. The measured acceleration of the core around the
airgap (points 6 and 8) when Ipc = 0 A and Ipc = 5 A are
shown in Figures 15 and 16, respectively.

As shown in Figures. 15 and 16, the waveforms of the
acceleration in all three directions are sinusoidal when Ipc =
0 A, while the waveforms are sharp at the top and bottom
areas when Ipc = 5 A. Also, it can be observed that the
amplitude of the acceleration curves at point 6 is larger than
that at point 8, which agrees with the obtained simulation
results. The vibration cycles when Ipc = 0 A and Ipc =5 A
are 0.01 s and 0.02 s, respectively, which is in the same trend
as the magnetostriction curves in Figure 2(a). This change of
the vibration cycles is due to the saturated nonlinearity of the
magnetostriction properties under DC bias magnetization and
the asymmetry of the magnetic strength field to the time axis.
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FIGURE 17. Comparison between the experimental and simulated results
under DC bias: (a) point 6; (b) point 8.

B. COMPARISON OF EXPERIMENTAL AND

SIMULATED RESULTS

To verify the proposed method in this article, the frequency
characteristics of the vibration accelerations are compared
between the experimental and numerical results. The mea-
sured total accelerations can be obtained from:

a=,/a+a}+a 5)

where ay, ay, a, are the accelerations in x, y, and z directions,
respectively.

As shown in Figure 17, the acceleration is in the low-
frequency range and at 50Hz is the most dominant compo-
nent. Due to several stochastic factors such as mechanical
components, harmonic, lamination and joint of iron core in
addition to electromagnetic vibration, which cannot be accu-
rately simulated in the MCR model, the simulation results
are not completely consistent with the experimental data.
However, the difference between the measurement and the
simulation data is within reasonable accepted limits.

V. CONCLUSION

This article studies the electromagnetic vibration properties
of MCR with a focus on the influence of DC bias magnetic
flux. By using the AC and DC bias magnetization and mag-
netostriction curves of the 30JG130 steel sheet, an accurate
vibration analyzing model of MCR can be provided. Results
show that two peak points appear during one vibration cycle
and the vibrations in the middle limb (wound by AC power
winding) and the two-side limbs (wound by DC control
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windings) are not synchronized. Meanwhile, the amplitude
and frequency of the measured vibration accelerations based
on the MCR prototype test are in the same trend with the
simulated results, which verify the validity of the proposed
method.
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