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Abstract

An inrush current will be generated inside a converter transformer during no-load switch-
ing on or off. The inrush current will cause severe vibration of the winding and other
components of the converter transformer. However, the current research on the vibration
characteristics caused by the inrush current is insufficient, and the influence of the converter
transformer components cannot be effectively evaluated. Therefore, this paper discusses
the building of an electromagnetic transient model of no-load closing of a conventional DC
converter station, and analyzes the time—frequency characteristics of the inrush current
under different working conditions. The finite element model based on the actual con-
verter transformer was built and verified. The vibration characteristics of some converter
transformer components under excitation of the inrush current were studied. The research
results can monitor the vibration of a converter transformer under different working con-
ditions, and can avoid the damage of converter transformer components caused by an
excessive inrush current.

Keywords: converter transformer; magnetizing inrush current; time-frequency

characteristics; vibration characteristics

1. Introduction

In the DC transmission project, due to the hysteresis effect of the silicon steel sheet,
there is remanence in the core of the converter transformer [1-3]. When the converter
transformer core is in a deep saturation state, the excitation inductance of the converter
transformer will decrease sharply, and finally a inrush current of up to several times
the rated current will be generated [4-6]. At the same time, compared with the power
transformer, due to the larger capacity of the converter transformer and the higher level
of remanence, the amplitude of the inrush current is higher and the attenuation is slower.
Because the force generated by the inrush current acting on the winding will cause severe
vibration of the converter transformer and its components, there is a risk of misoperation of
the protection equipment and damage to the converter transformer device [7-9]. Therefore,
it is of great significance to study the inrush current of the converter transformer and the
vibration of the converter transformer components to reduce the damage to the converter
transformer and improve its reliability.
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Most of the existing research focuses on the identification of magnetizing the in-
rush current [10,11] and suppression [12-15] strategies, as well as obtaining the vibration
characteristics of the transformer under rated operating conditions for transformer-fault
diagnosis. Zhu, X. [16] of Shandong University separated the vibration sources of the con-
verter transformer as the vibration signals of the winding and the core through the blind
source separation algorithm of the vibration signal, and realized the feature extraction of
the signal based on the variational mode decomposition feature extraction method and the
adaptive decomposition algorithm. Wang, Z. [17] of North China Electric Power University
and others analyzed the vibration signal through horizontal and vertical thresholds, which
can effectively judge the defects of transformer over-excitation, core clamp loosening, core
multi-point grounding and DC bias. Based on the analysis of the vibration mechanism of
the transformer, Wang, H. [18] of Shenyang University of Technology obtained the electro-
magnetic distribution inside the transformer and the vibration characteristics of the core
and winding under no-load and load-short-circuit conditions by finite element simulation.
At present, there is a lack of relevant research on the time—frequency characteristics of
magnetizing the inrush current, that is, the vibration characteristics of each component of
the converter transformer under the magnetizing inrush current, and it is impossible to
effectively evaluate the vibration of the converter transformer components caused by the
magnetizing inrush current.

Aiming to address the above problems, this paper studies the generation of the inrush
current of the converter transformer and its time—frequency characteristics under various
working conditions by constructing the equivalent electromagnetic transient model of
Dongfang Converter Station. Based on the finite element simulation model under the
coupling of electromagnetic-force-flow multi-physical fields, the time-frequency char-
acteristics of the vibration of some components of the converter transformer under the
action of magnetizing inrush current are studied. The finite element simulation model
of electromagnetic-force-flow multi-physical field coupling was established by COMSOL
Multiphysics 6.0. The advantages of this method are as follows: (1) through multi-physical
field coupling, the interaction mechanism of electromagnetic field-structure field-flow field
under transient excitation of the inrush current is accurately reflected; (2) based on the
synchronous solution of Maxwell’s equations, solid mechanics equations and fluid control
equations, the electromagnetic force vibration of winding caused by the inrush current
can be quantitatively analyzed and (3) the transmission path of vibration energy and
the distribution law of the key frequency band are revealed economically and efficiently,
which provides a theoretical basis for the design of transformer anti-inrush vibration. The
research results can provide a basis for the threshold research of the inrush current, can
further improve the reliability of converter transformers, and can make them operate safely
and stably.

2. Generation of Converter Transformer Inrush Current and Its
Time-Frequency Characteristics
2.1. Generation Mechanism of No-Load Inrush Current

Due to the deep saturation of the core during the closing of the converter transformer,
the excitation impedance is reduced, resulting in an internal inrush current. The no-load

closing equivalent circuit of the converter transformer is shown in Figure 1. The mechanism
of the magnetizing inrush current is as follows:
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Figure 1. Single-phase converter transformer no-load closing circuit diagram.

7s and L are the resistance and inductance of the AC power supply; rs and Ly are
the resistance and inductance of the primary side of the converter transformer and r, and
L, are the excitation resistance and excitation inductance of the converter transformer.
Suppose the power supply voltage is us(t) = Umnsin(wt + 0), the total resistance of the circuit
is 7 =rs + rg + rm, the total inductance of the circuitis L = Lg + Ly + Ly, and the circuit
satisfies Formula (1). .

L% + i = U sin(wt + 0) (1)

In the formula, i is the excitation current; ¢ is the closing time of converter transformer;
um is the amplitude of the power supply voltage and w is the angular velocity of the
converter transformer under power frequency. When the saturation degree of the core
deepens, both x, and ry decrease with the saturation of the magnetic circuit. Since
tm = 2nfLy, L and r decrease. Since us is constant, the value of the excitation current i will
rise sharply.

When the core of the converter transformer is unsaturated, the relationship between
the flux linkage 1 and the excitation current i is ¢y = Li. By using Kirchhoff’s voltage law,
we can obtain

¥(t) = Ymsin(wt + 60 — @) + [¥r — Pmsin(0 — (p)]e*%f )

LUy .
r24(wL)?
Q= arctan“’TL is the closing angle of the converter transformer; ¥; is the residual magnetism

In the formula, ¥, is the excitation flux linkage, and its expression is ¥, =

inside the core of the converter transformer; w is the power frequency angular velocity; 0 is
the circuit; L is the total inductance of the circuit; and r is the total resistance of the circuit.
Because the reactance inside the circuit is much larger than the resistance, and when the
closing angle ¢ = 90°, Equation (2) is

Y = — ¥ cos(wt 4 0) + (¥n cos O + ¥ )e T 3)

The magnetization curve is approximately regarded as two straight lines connected,
and the formula of the amplitude of the excitation current is

¥—¥  —¢mcos(wt+6)+ (Pmcost + ¢r)e Tt — ¢y

Lm Lm/N @

i p—

In the formula, ¥ is the flux linkage corresponding to the knee point; @y, is the

excitation flux; @, is the remanence of iron core; @; is the knee-point flux; and N is the
number of coil turns.
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2.2. Time—Frequency Characteristic Analysis of Magnetizing Inrush Current
2.2.1. Peak Feature

Since r is much smaller than wL, and the time to calculate the first waveform is short,
the attenuation effect of the inrush current under the first waveform is ignored. When the
magnetic flux reaches the maximum value, that is, the magnetic flux is 2% ncost + ¥y, the
inrush current reaches the peak value at this time, and the expression of the peak value of
the first current waveform of the inrush current is

_ (2¢mcos O + 1) — s
N Ln/N

)

Considering the attenuation of the inrush current with time, the expression of the peak
value of the inrush current is

¢Pm cosQ(l + e*%t) + gbre’ft — ¢
= Ln/N ©

By controlling the closing angle and the remanence, the inrush current waveform
under different working conditions can be obtained. At the same time, the amplitude of the
inrush current can be adjusted by suppressing the closing angle and the remanence, so as
to avoid the equipment damage caused by the excessive amplitude of the inrush current.

2.2.2. Breaking Angle Characteristics

In a cycle, when entering the saturation zone, the instantaneous value of the inrush
current will rise sharply. The inrush current is between 6; and 6, on the way. At this time,
the expression of the disconnection angle 6 is

04= 27 — (62 — 01) 7)

In the unsaturated zone, only the excitation current with a small amplitude can
be ignored, that is, the excitation current generated by the converter transformer in the
unsaturated state is ~ 0. Substituting the instantaneous value of the current to 0, we can get

cos(wt + 0) = cosd + Pr m('bs 8)

By solving the above equation, we can obtain
6, = arccos(cosf + ‘Prcpm‘PS) -0 )
6, = 27t — (arccos(cos 0 + Pr—9s ) —6 (10)

m

Substituting Formulas (9) and (10) into (8), the expression of the breaking angle can

be obtained:
b =) ay

m

6= 2arccos(cosf +

The main cause affecting the inrush current breaking angle is the size of the closing
angle. When cosf is larger, the breaking angle is smaller. In addition to the closing angle,
the core remanence also has a certain effect, but its influence is small.
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2.2.3. Fading Characteristic

After the converter transformer is closed, the time constant T of the inrush current

attenuation is expressed as
_ Ls+Ly+Lp

T= —M———
Rs + Ry + Ry,

It can be concluded that the decay time of the inrush current is related to the ratio of

(12)

total reactance to total resistance in the converter transformer.

2.2.4. Frequency Domain Characteristics

The equivalent circuit of the inrush current based on the conventional DC converter
station of Dongfang Converter Station based on PSCAD is shown in Figure 2. The specific
simulation parameters are shown in Table 1.
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Figure 2. Electromagnetic simulation circuit diagram of the actual converter station.

Table 1. Electromagnetic simulation parameter settings.

Parameter Value
Converter transformer capacity 237.4 MVA
Frequency 50 Hz
Grid side/valve side voltage 303.12 kV/93.07 kV
Hollow reactance 0.2p.u.
Magnetizing current 0.084%
Leakage reactance 0.16 p.u.

The working conditions are as follows: (1) the closing angle is 0°, and the remanence
is 0.8 p.u.; (2) the closing angle is 0°, and the remanence is 0.2 p.u.; (3) the closing angle is
30°, and the remanence is 0.8 p.u.; (4) the closing angle is 30°, and the remanence is 0.2 p.u.;
(5) the closing angle is 60°, and the remanence is 0.8 p.u. and (6) the closing angle is 60°
and the remanence is 0.2 p.u. The main frequency of the inrush current of the converter
transformer is concentrated in the range of 0-500 Hz, and the inrush current is mainly
concentrated at 50 Hz, as is its frequency doubling component, except the DC component,
for which the main frequency is 50 Hz. The current components and their contents under
different working conditions are shown in the following Tables 2 and 3.
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Table 2. Current components under different working conditions.
Harmonic Model Mode2 Mode3 Mode4 Mode5 Modeb
fundamental wave 3.280 1.776 2.986 1.455 2.106 0.622
DC component 2.285 1.065 2.011 0.849 1.300 0.337
2nd harmonic 0.926 0.963 0.990 0.876 1.018 0.482
3rd harmonics 0.232 0.212 0.158 0.285 0.117 0.301
4th harmonic 0.101 0.131 0.155 0.060 0.180 0.131
5th harmonic 0.103 0.105 0.081 0.116 0.064 0.011
6th harmonic 0.025 0.021 0.042 0.029 0.063 0.043
7th harmonic 0.013 0.056 0.046 0.042 0.040 0.045
8th harmonic 0.015 0.008 0.015 0.036 0.026 0.020
9th harmonic 0.017 0.029 0.026 0.006 0.027 0.006
10th harmonic 0.014 0.015 0.010 0.024 0.010 0.018
Table 3. Current content under different working conditions (%).
Harmonic Model Mode2 Mode3 Mode4 Mode5 Modeb
DC component 69.7 60.0 67.3 58.4 61.7 54.2
2nd harmonic 28.2 54.2 33.2 60.2 48.3 77.5
3rd harmonics 7.1 11.9 5.3 19.6 5.6 48.4
4th harmonic 3.1 7.4 5.2 4.1 8.5 21.1
5th harmonic 3.1 5.9 2.7 8.0 3.0 1.8
6th harmonic 0.8 1.2 14 2.0 3.0 6.8
7th harmonic 04 3.2 15 29 1.9 7.2
8th harmonic 0.5 0.5 0.5 2.5 1.2 3.2
9th harmonic 0.5 1.6 0.8 0.4 1.3 1.0
10th harmonic 0.4 0.8 0.3 1.6 0.5 2.9

From the results, it can be seen that for the spectrum under different working con-
ditions, as the amplitude of the inrush current increases, the current component at the
fundamental frequency (50 Hz) will also increase. The DC component accounts for about
50-70% of the fundamental component, and in addition to the main frequency, other fre-
quency doublings are affected by factors such as current amplitude and remanence, and it
is difficult to judge their size by single-factor characteristics. When the harmonic is more
than eight times (400 Hz), the content is less than 5%.

3. Analysis of Internal Vibration Signal Transmission Mechanism of
Converter Transformer

3.1. The Process of Vibration Signal Transmission

As shown in Figure 3, the main object of the inrush current generated at the time of
closing is the winding of the converter transformer. Under the action of the inrush current,
the winding bears a severe electrodynamic force, which in turn causes vibration. The
signal generated by the winding vibration is transmitted to the surface of the converter
transformer by means of the medium of insulating oil [19,20]. At the same time, the core
vibrates due to the influence of the winding vibration, its own electromagnetic force and
the magnetostrictive phenomenon. The vibration is transmitted to the surface of the box
through connecting parts and insulating oil. However, compared with the influence of
the winding vibration on the surface of the box, the effect of core vibration is relatively
weak [21].
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Figure 3. Transmission process of vibration signal.

3.2. Vibration Mechanism of Converter-Transformer Winding

When affected by the inrush current, the converter-transformer winding is based
on the principle of electromagnetic induction and it vibrates violently due to the force
generated by the induction. The structure of the disc-type coil is generally used in the
converter transformer. For its axial vibration, the mass-spring-damping model can be used
for analysis [22,23]. In detail, the winding wire cake can be regarded as a rigid body with
the same mass, and the pad between the winding and the connecting line can be equivalent
to an ideal spring.

Figure 4 shows the equivalent model of the axial vibration of the winding. K is the
stiffness coefficient of the metal wire and the pad, c is the damping coefficient between
the pad and the insulating oil, and m is the mass of each wire cake. It is assumed that the
displacement of each wire cake is the same under the action of electric force. In this case,
the axial vibration of the winding conforms to the following equation:

d*x

dx
i =F 1
Mdt2+C1dt+Kx + Mg (13)

Figure 4. Equivalent model of winding axial vibration.

Among the terms, C is the damping coefficient matrix between the pad and the
insulating oil, F is the Lorentz force matrix of the winding pancake, M is the mass matrix of
the converter-transformer winding pancake, g is the gravity acceleration, K is the stiffness
coefficient matrix of the winding pancake and x is the displacement matrix generated by
the force of the winding pancake.
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Solving x, we can get

M + Cp sin i +—=+g (14)

N ez%f(c o VAMK —C? x t ,\/4MK—C2><t> F
= 1 —_—_—nmm e —
M

The magnetic induction intensity By of the leakage magnetic field is
By = kyi (15)

Among the terms, k is the proportional coefficient of the leakage flux density and
winding current.

The electrodynamic force F of the converter-transformer winding under the action of
magnetizing inrush current is

27tRk; N2
2

F =27RiB, = (—Pm cos(wt + 0) + (Pm cos 0 + ¢y )e L — (ps)z (16)

m
Among the terms, R is the winding radius. Substituting F into Equation (14), the
second derivative of x is obtained, and the winding acceleration is

a = —w}(Cyeoswot + Cosinwpt) + A (¢mw2cos(a)t + 9)) (pmeosd + ¢ — ¢ps)  (17)

In the formula, w0 and A are constants related to the winding parameters:

_ 47RkiN?
Lm?M ~

4. Construction of Electromagnetic-Force-Flow Coupling Platform for
Converter Transformer

In this study, the simulation experiment was carried out based on COMSOL Multi-
physics 6.0 simulation software. The excitation inrush current waveform output by PSCAD
electromagnetic transient simulation was used as the excitation of the winding coil of the
converter transformer to obtain the vibration characteristics of some components of the
converter transformer under the excitation inrush current.

4.1. The Electromagnetic-Force-Flow Multi-Field Simulation Model Was Built

When the converter transformer is switched off, the core remanence is usually not
higher than 0.8 times of the initial remanence. Based on this situation, the worst working
condition was selected in the simulation experiment to carry out the research. The working
condition was set to the closing angle of 0° and the residual magnetism to 0.8 p.u. With the
help of an electromagnetic transient simulation experiment, the waveform of the inrush
current under this condition was obtained, as shown in Figure 5. In the future, this inrush
current waveform will be used as the excitation source to study the winding vibration of
the converter transformer [24-26].

In this study, a refined model of the converter transformer was built, including pancake
winding, a stacked core, outlet pipe and its oil pillow, pressure release valve, network side
and valve-measuring casing. The geometric model was built as shown in Figure 6 and the
front view is shown in Figure 7.

The finite element simulation model of the converter transformer was established, and
the specific parameters are shown in the following Table 4.
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Current(kA)

Time(ms)

Figure 5. Inrush current waveform under 0° remanent magnetization of 0.8 p.u. at closing angle.

Figure 6. Converter-transformer simulation geometry model.

Figure 7. Forward view of simulation geometric model of converter transformer.

Table 4. Converter-transformer modeling parameter table.

Parameter Value
Dimension of converter core LXWXxH:8m x 1.6m x4m
Height of net side winding 2040 mm
Height of valve side winding 1880 mm
Inner/outer diameter of mesh side winding 1896 mm /2156 mm
Inner/outer diameter of valve side winding 2556 mm /2856 mm
Number of turns of mesh/valve side winding 533 mm/171 mm

The excitation characteristic curve of the core of the converter transformer, i.e., the
B-H curve, is shown in Figure 8.
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Figure 8. Excitation curve of converter transformer.
4.2. Oil Flow Rate Through the Gas Relay Under Inrush Current
(1) Input Settings

Based on the PSCAD electromagnetic simulation results, the waveform was set as
the winding excitation source by interpolation. The wire model in the winding cake was
uniform multi-turn, the coil type was set to value, the coil excitation was set to current, and
the coil current input interpolation was set. The specific physical field setting process is
shown in Figure 9.

| [Acquisition of Equipment, physical |
| site and material parameters :
|

| Determine the simulation model |
| calculation parameters [
|

|

|

|
| Simulation modeling and | |
|

parameter loading

|

| Magnetizing inrush current
| waveform
;o
|
|

Magnetic field calculation
module

— \(‘lﬁ

grjﬂjl b I U\M

coupling

Lorentz L—_—————— e ——————————— =
Converter-transformer box
T Oil surge vibratioj
Windings vibration =

-
B
Fluid-solid i
coupling 1 o l "l
! m“ g = L

Figure 9. Converter-transformer vibration simulation test flow.

Fluid-solid
coupling 2

(2) Winding vibration

The vibration of the winding wire cake was realized by Lorentz coupling, and the
coupling interface of the winding wire cake was set to magnetic field and solid mechanics,
respectively. By applying a magnetizing inrush current to the winding under different
working conditions, the process of vibration of the winding under the electromagnetic force
under the corresponding working conditions could be obtained;

(3) Winding vibration drove oil-flow surging

The oil-flow surge inside the converter transformer was realized by adding a fluid-
solid coupling field to the winding wire cake. The winding wire-cake coupling interface was
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set to laminar flow and solid mechanics 1, respectively, and the fixed geometric coupling
type was set to velocity transfer to the fluid;

(4) Oil-flow surge forced the converter transformer core and box vibration.

The oil flow in the converter transformer underwent an oil-flow surge due to the
vibration of the winding, and the oil flow impacted the core and the box body to cause
vibration. Therefore, the iron core and the box body and the other components were set to
solid mechanics 2. The fluid—solid coupling was set again, and the interfaces were set to
laminar flow and solid mechanics 2, respectively. The fixed geometric coupling type was
set to the fluid load on the structure.

4.3. The Establishment of Electromagnetic-Force-Flow Coupling Relationship

According to the actual closing conditions of the converter transformer, the current
amplitude of the inrush current was calculated, and the current was applied to the winding
coil of the converter transformer as the excitation source. The current density J. in the
winding can be obtained by using Formula (18).

i
Jo=1% (8)

In the formula, ] is the current vector density of the winding; #; is the instantaneous

value of the magnetizing inrush current flowing through the winding; and S is the sectional

area of the winding wire. The equation of the unit micro-element on the winding subjected
to the electric force F, under the excitation current is shown in Formula (19).

F, =B xJ, (19)

In the formula, Fy is the electric force of the winding micro-element under the inrush
current and B is the magnetic induction intensity. When the winding is in a balanced
state, the sum of the gradient of the internal stress and the external applied force is zero.
Only considering the influence of the electric force on the winding, the internal force of the
winding should meet the balance equation as shown in Equation (20).

0=V-S+F, (20)

The relationship between the local velocity u, and the average velocity u;, transmitted
by the vibration signal generated by the winding in the oil reflects the distribution of the
velocity in the fluid, which is considered to satisfy Equation (21).

Uy = Uir (21)

The motion of insulating oil satisfies the momentum conservation equation. The left
term represents the acceleration of insulating oil, the right term represents the contribution
of oil flow pressure gradient and viscous force and the external force F, also affects the
acceleration of insulating oil. The specific equations are shown in Equations (22) and (23).

p(u-Vu=V-(—pIl+K)+F, (22)

K=uVu+ (Vu)T} (23)

In the formula, p is the density of insulating oil; u is the speed of insulating oil in the
box and tubing; p is the pressure of insulating oil; I is the unit matrix, K is the stiffness
matrix and y is the dynamic viscosity coefficient of insulating oil.
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At the same time, the internal insulating oil of the converter transformer also satisfies
the mass conservation equation, that is, the density of the insulating oil multiplied by the
divergence of its flow velocity is zero, which means that when the insulating oil flows, the
mass will not be created or disappeared, and will only be redistributed inside the box and
tubing. The specific equation is shown in Equation (24).

PV u=0 (24)

Considering the influence of pressure and fluid flow on the stiffness of the equipment,
the expression of the force Fp applied by the fluid to the converter-transformer component
is shown in Equation (25).

Fpo = (—pI+K)-n (25)

In the formula, Fp represents the force of fluid on solid; n is a normal vector.

5. Vibration Experimental Verification of Converter Transformer

The converter-transformer vibration-measurement-test platform was built as shown in
Figure 10. The acceleration sensor was arranged on the surface of the converter-transformer
box, and the vibration signal of the converter-transformer box was converted into the
voltage signal. The voltage signal was collected by the data-acquisition device, and the
data was transmitted to the user through the USB cable.

Figure 10. Construction of converter-transformer vibration-test platform.

In this experiment, a 1A314E piezoelectric acceleration sensor with a sampling fre-
quency of 50 kHz was used. The axial sensitivity was installed on the wall of the converter-
transformer box. The data acquisition instrument adopted the AY5922D signal test and
analysis system. Its analysis device includes signal conversion, signal amplification, elec-
tromagnetic interference and power supply functions. It can store the vibration signal
collected by the experiment on the user side, and post-process the signal through the
analysis software. The specific process is shown in Figure 11.

The 1-6 measuring points of the vibration sensor were symmetrically distributed
along the center line of the converter-transformer box, as shown in Figure 12. The vibration
intensity of the converter-transformer box under the load current of 1470 A was measured,
that is, the peak value of vibration acceleration at different measuring points.

In the Figure 12, 1-6 refers to the position of different measuring points. The vibration
acceleration at the same measuring point was obtained by introducing a 1470 A current
into the grid-side winding of the simulation test. The experimental and simulation results
are shown in Table 5.
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Figure 11. Converter-transformer vibration-test process.
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Figure 12. Vibration-measurement-point distribution of converter transformer.

Table 5. Vibration-experiment and simulation results.

Measuring Point Measured Vibration Model Vibration Deviation
1 1.31 m-s—2 1.41 m-s—2 7.6%
2 1.12 m-s—2 1.18 m-s—2 5.4%
3 4.80 m-s—2 492 m-s—2 2.5%
4 2.67 m-s—2 248 m-s—2 7.1%
5 2.00 m-s—2 1.95 m-s—2 2.5%
6 241 m-s—2 223 m-s2 7.4%

The vibration-acceleration deviation between the simulation test and the actual con-
verter transformer-box vibration value is less than 7.6%. Since the vibration under the
inrush current cannot be accurately measured in the actual working conditions, this fi-
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nite element simulation model can be used as the main basis for studying the vibration
characteristics of the converter transformer under the inrush current.

6. Analysis of Vibration Characteristics of Some Components of
Converter Transformer

Considering the worst case in the actual working conditions, when the closing angle
is 0° and the inrush current under the condition of 0.8 p.u. remanence is introduced into
the winding, the corresponding vibration characteristics are obtained.

6.1. Analysis of Winding Vibration Characteristics

The acceleration distribution cloud diagram of the converter-transformer winding
under the action of the inrush current is shown in Figure 13. From the experimental results,
it can be seen that as the current increases, the vibration acceleration of the winding also
increases, and the acceleration of the winding reaches the maximum when the current
reaches the peak. The maximum vibration amplitude of the upper and lower ends of the
winding can reach 5.99 x 10® m/s? when the inrush current reaches the peak, that is, 10 ms,
while the vibration acceleration in the middle of the winding is small, only 583 m/s?. For
the same horizontal plane, the vibration acceleration of the middle part of the upper and
lower ends of the winding is about 42% larger than that of the two sides of the winding,
while the vibration acceleration of the two sides of the winding in the middle region is
about 44% larger than that of the middle part of the winding.

m/s?
x1077

(a) Vibration distribution under 0 ms.

2 2

m/s m/s
x103
— 16
——— 1.4
1.2
1
0.8
0.6
0.4
0.2
(c) Vibration distribution under 4 ms. (d) Vibration distribution under 6 ms.
m/s? m/s?
x10° x10°
6 9
8
5
7
4 6
5
3
4
2 3
1 2
1
(e) Vibration distribution under 8 ms. (f) Vibration distribution under 10 ms.

Figure 13. Vibration distribution of converter-transformer windings.
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In the Figure 14, 1-9 are the positions of different measuring points in the winding.
According to the point position in the figure, the acceleration characteristics at different
point positions were obtained and the time—frequency conversion was performed to obtain
the content of different frequencies of acceleration at each point of the winding, as shown
in Figure 15. It can be seen from the simulation results that the acceleration ratio of each
frequency at the points (1, 2, 3, 7, 8, 9 points) where the winding acceleration is greatly
affected by the inrush current is consistent with the distribution of the input inrush current,
but the DC component in the middle area of the winding (4, 5, 6 points) has a larger ratio
and a smaller second harmonic content.

hm Ll

Figure 14. Converter-transformer winding measurement-point distribution.
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Vibration acceleration(m's2)
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Frequency(Hz)

Figure 15. Vibration—frequency distribution of converter-transformer windings.

6.2. Vibration Characteristics Analysis of Iron Core

The vibration of the core during the excitation of the inrush current is due to the
influence of the winding vibration and the ferromagnetic material itself. It can be seen from
Figure 16, the maximum acceleration of the core is about 4 m/s2. Compared with the effect
of the inrush current on the winding, the vibration acceleration of the core is much smaller
than that of the winding.

6.3. Vibration Characteristics of Converter-Transformer Box Surface

When the converter-transformer winding has an excitation inrush current, the acceler-
ation distribution on the surface of the converter transformer box is shown in Figure 17. In
the process of vibration-signal transmission, the vibration signal of the winding acts on the
surface of the box through the insulating oil, and the acceleration of the box increases with
time in the first cycle. At the same time, the maximum acceleration area of the box surface
is mainly concentrated in the middle of the box surface and the middle of the bottom.
The maximum acceleration of the box surface can reach 211.83 m/s2, and the maximum
acceleration of the bottom can reach 304.95 m/s?.
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Figure 16. Vibration distribution of converter-transformer core.
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Figure 17. Vibration distribution of converter-transformer housing.

The distribution of measuring points on the surface of the converter transformer box
is shown in Figure 18. We set 1-9 points for observation respectively. The content of each
frequency component of the acceleration at different points of the box is shown in Figure 19.
The experimental results show that the vibration signal on the surface of the box contains a
large number of DC and 50 Hz and their frequency-doubling components. The difference
between the DC component and the fundamental wave is about 20%, and the high-order
harmonic content at different points is quite different. The content of 100 Hz and 150 Hz is
greater than 50%, and the high-order harmonic content is relatively small.

Figure 18. Converter-transformer housing measuring-point distribution.
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Figure 19. Converter-transformer housing vibration—frequency distribution.
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6.4. Vibration Characteristics of Tubing and Gas Relay

The vibration cloud diagram of the tubing at different times is shown in Figure 20. The
vibration spectrum at the gas relay is shown in Figure 21 The time-frequency conversion of
the tubing vibration at the gas relay was carried out to obtain the distribution of the tubing
at different frequencies of the gas relay, as shown in the table. The fundamental component
(50 Hz) reaches 7.01 m/s?. At the same time, it contains a large number of DC components
and 50 Hz frequency-doubling components, of which the DC component content reaches
66.0%, and the second harmonic reaches 49.2%. When the vibration signal is transmitted to
the gas relay along the tubing, if the natural frequency of the internal baffle of the gas relay
is the same as the vibration frequency, the baffle of the gas relay will deflect, and there is a
risk of misoperation.

m/s? m/s?

-2
10 1072
107
107 107
107 107
-6
10 1075
107’ "
i 10
r— 10 r—
10 107
10710 107
-11
10 1079
(a) Vibration distribution under 0 ms. (b) Vibration distribution under 2 ms.
m/s? m/s?
107! 10°
-1
102 10
1072
1073
107
o o
107
107
107
(c) Vibration distribution under 4 ms. (d) Vibration distribution under 6 ms.
mys? m/s?
10° 10
10°
107
107
107
107
-3
rf 1o rf 107
107 1074
(e) Vibration distribution under 8 ms. (f) Vibration distribution under 10 ms.

Figure 20. Converter-transformer tubing vibration distribution.

6.5. Vibration Characteristics Analysis of Pressure-Relief Valve

The vibration cloud diagram and vibration spectrum at the pressure relief valve are
shown in Figures 22 and 23. The experimental results show that the vibration trend of the
pressure-relief valve is consistent with the vibration trend of the box, and the vibration
amplitude gradually increases in the first cycle. For the pressure relief valve itself, the
vibration amplitude at the top of the pressure-relief valve is slightly larger than that at
the side. The maximum vibration acceleration of the pressure-relief valve can reach about
27.8 m/s? at 20 ms.
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Figure 21. Vibration—frequency distribution at gas relay of converter transformer.
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Figure 22. Converter-transformer pressure-relief-valve vibration distribution.
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Figure 23. Converter-transformer pressure-relief-valve vibration-frequency distribution.

The vibration of the pressure-relief valve contains a large number of DC components
and 50 Hz frequency-doubling components, of which the DC component contains a rate of
83.6%, the third harmonic contains a rate of about 26.0% and the higher harmonic contains
a lower rate, less than 20% of the fundamental wave. Similar to the gas relay, when the
natural frequency of the pressure-release valve is the same as that of the pressure-release
valve and exceeds a certain content, the pressure-release valve has the risk of misoperation.

6.6. Analysis of Casing Vibration Characteristics

The acceleration-distribution cloud diagram of the converter-transformer bushing
under the inrush current is shown in Figure 24. From the experimental results, it can be
seen that under the action of the inrush current, the vibration acceleration of the grid-side
bushing at the top of the converter transformer is greater than that of the valve-side bushing
on the side. This is because the vibration amplitude at the top of the converter-transformer
box is greater than the vibration amplitude on the side. For 20 ms, the maximum vibration
point of the network side casing is located in the middle area of the casing, and the
maximum acceleration can reach about 147.7 m/s?. The maximum vibration point of the
valve side casing is located in the rising part of the casing, and the acceleration is about
62.5m/s?,

The vibration—frequency distribution of the selected points on the grid side and the
valve casing is shown in Figure 25. The main frequency of the casing vibration is 50 Hz,
and the amplitudes at different points are 50.99 m/ s2,45.66 m/s?,25.20 m/s?, 26.27 m/s?,
28.92 m/s? and 26.33 m/s?, respectively. In addition to the main frequency, it contains
a large number of DC components. The DC component of the vibration acceleration at
different points contains about 80% of the main frequency content, and the acceleration
contains a small amount of 50 Hz frequency-doubling component.
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Figure 24. Vibration distribution of converter-transformer bushing.
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Figure 25. Vibration—frequency distribution of converter transformer bushing.
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7. Conclusions

In this paper, the vibration source and vibration path of a converter transformer under
a magnetizing inrush current are analyzed, and the mathematical relationship between
the vibration mechanism of converter-transformer winding under a magnetizing inrush
current is deduced. The finite element simulation model of electromagnetic-force-flow
multi-physical field coupling is established by COMSOL, which can efficiently simulate the
complex vibration characteristics of a converter transformer under an inrush current. By
building a finite-element simulation platform for a electromagnetic-force-flow coupling
simulation model, the vibration characteristics of the converter transformer core, winding,
converter-transformer box surface, tubing, pressure-relief valve and bushing under the
action of a magnetizing inrush current were analyzed, respectively. The time-frequency
analysis of the converter-transformer winding, box, tubing, pressure-relief valve, bushing
and other components was carried out, and the following conclusions were obtained:

(1) With the increase of current, the vibration acceleration of the winding also increases,
and the acceleration of the winding reaches the maximum when the current reaches the
peak. When the inrush current reaches the peak, the vibration acceleration in the middle
area of the winding is small. For the same horizontal plane, the vibration acceleration of
the middle part of the upper and lower ends of the winding is greater than the acceleration
on both sides of the winding, and the vibration acceleration of the winding on both sides
of the winding in the middle area is greater than the acceleration of the middle part of
the winding. At the point where the winding acceleration is greatly affected by the inrush
current, the acceleration content at each frequency is consistent with the distribution of the
input inrush current, but the DC-component content in the middle region of the winding is
larger and the second harmonic content is smaller. Compared with the effect of the inrush
current on the winding, the vibration acceleration of the core is much smaller than that of
the winding;

(2) In the process of vibration signal transmission, the vibration signal of the winding
acts on the surface of the box through the insulating oil, and the acceleration of the box
increases with time in the first cycle. The surface vibration signal of the box contains a large
number of DC and 50 Hz and their frequency-doubling components. Among them, the
difference between the DC component and the fundamental wave is about 20%, and the
difference of the high-order harmonic content rate at different points is large. The content
rate of 100 Hz and 150 Hz is more than 50%, and the high-order harmonic content rate is
relatively small;

(3) In the first cycle, the vibration amplitude of the tubing increases gradually, and its
fundamental component (50 Hz) reaches 7.01 m/s?. At the same time, it contains a large
number of DC components and frequency doubling components of 50 Hz, among which
the DC component content reaches 66.0%, and the second harmonic reaches 49.2%. When
the vibration signal is transmitted to the gas relay along the tubing, if the natural frequency
of the internal baffle of the gas relay is the same as the frequency of the vibration, the gas
relay baffle will deflect and there is a risk of misoperation;

(4) The vibration trend of the pressure-relief valve is consistent with the vibration
trend of the box, and the vibration amplitude gradually increases in the first cycle. The
fundamental component (50 Hz) reaches 35.4 m/ s%. At the same time, the vibration of the
pressure-relief valve contains a large number of DC components and a frequency doubling
component of 50 Hz. Among them, the DC component content reaches 83.6%, and the third
harmonic content is about 26.0%. Similar to the gas relay, when the natural frequency of
the pressure-release valve is the same as that of the pressure-release valve and exceeds a
certain content, the pressure-release valve has the risk of misoperation;
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(5) Under the action of the inrush current, the vibration acceleration of the grid-side
bushing at the top of the converter transformer is greater than that of the valve-side bushing
at the side. This is because the vibration amplitude of the top of the converter-transformer
box is greater than that of the side. The main frequency of the casing vibration is 50 Hz,
and the amplitudes at different points are 50.99 m/ s2,45.66 m/s?,25.20 m/s%, 26.27 m/s?,
28.92 m/s? and 26.33 m/s?, respectively. In addition to the main frequency, it contains
a large number of DC components. The DC component of the vibration acceleration at
different points contains about 80% of the main frequency content, and the acceleration
contains a small amount of the 50 Hz frequency-doubling component.
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