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Abstract: A similarity criterion suitable for studying the vibration characteristics of converter trans-
formers is proposed based on comprehensive consideration of geometric dimensions, electric field,
magnetic field, force field, sound field, and coupling field interface interactions. By comparing the
magnetic field, stress, displacement, sound field distribution, and vibration characteristics of the scale
model of the converter transformer with the initial model, the reliability of the similarity criterion
was determined. Based on the vibration similarity criterion of the converter transformer, a prototype
of the proportional model was designed and manufactured, and vibration signals under no-load
and load conditions were tested. These signals correspond to the vibration signals of the iron core
and winding in the finite element model, respectively. Through comparative analysis, the reliability
of the prototype and the vibration similarity model of the converter transformer has been proven,
which can provide an accurate and effective laboratory research platform for in-depth research on the
vibration and noise of the converter transformer and equipment protection.

Keywords: vibration; similarity model; converter transformer; finite element; prototype preparation

1. Introduction

In recent years, with the acceleration of human economic and social development,
energy and environmental issues have become more severe, and the imbalance between
electricity load and energy base has become increasingly serious. The rapid development of
high-voltage direct current transmission technology has made great contributions to solving
this problem [1-7]. Converter transformers, which withstand mixed AC and DC voltages
during operation, are key equipment in DC transmission systems. The harmonic and DC
components they bear during operation are also higher than ordinary power transformers,
and the risks of core saturation and resonance effects are higher, resulting in more serious
vibration and noise problems [8-12]. Researchers have been committed to studying the
generation mechanism and vibration suppression of converter transformer vibration, but
they are still troubled by its variable testing environment, numerous electric/magnetic
field analyses, and complex vibration propagation processes. The mechanism of internal
vibration generation and propagation in converter transformers still needs further research,
and the effectiveness of vibration suppression is limited. The safety and reliability of
converter stations need to be further improved [13-16].

The large volume and expensive price of converter transformers make it impractical
to conduct in-depth and effective vibration research on them in laboratory environments.
Establishing a large-scale experimental vibration platform for power equipment is an
effective method to solve these problems. It can not only increase the feasibility of exper-
imental mechanism research, but also reduce the computational time and burden of the
experiment. However, the consistency between the operation and vibration characteris-
tics of the equipment after proportional deceleration and the actual operating equipment
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is currently a challenging issue [17,18]. The similarity model method based on similarity
theory can effectively solve the problems of economy and timeliness of the test, and can
be used to verify new technologies, design, and manufacturing difficulties that have
not been considered in the process of testing, and predict the performance indicators
of the entire system [19,20]. From the above, it can be seen that, based on the principle
of similarity, reducing the equipment volume proportionally is a feasible solution to
solve the problem of difficulty in conducting internal vibration characteristics research
on large-capacity converter transformers. However, currently, most proportional model
designs for power devices consider only geometric dimensions and a small number of
electrical parameters with similar derivation, and lack consideration of electromagnetic
and mechanical parameters of vibration [21]. For the moment, there is no similarity
theory proposed to study the vibration characteristics of converter transformers, nor
any related research on designing and compiling scale models of converter transform-
ers based on similarity methods. How to derive the similarity criteria for converter
transformers comprehensively and reasonably and how to modify them in practical
applications need to be discussed in detail.

The deep application of finite element technology provides a convenient and ef-
fective research platform for the analysis and research of large-scale power equipment
involving complex internal structures and multi-physical field interface effects. Refer-
ence [22] analyzed the monopole ionization field in DC wires through full multi-grid
measurements. Reference [23] constructed a generator power prediction model based on
the finite element method and compared the results with neural network algorithms,
proving the effectiveness of the model. Reference [24] established a two-dimensional
physical model of the transformer and quantitatively analyzed the direction and magni-
tude of the force on the transformer winding under low load and overload. Reference [25]
established a finite element model of a three-phase five-column converter transformer,
applied different DC components to the model, studied the changes in magnetic flux
and force of the converter transformer under different DC components, and quantified
its loss characteristics.

From the above research, it can be seen that the application of finite element technology
in the coupling field effect of transformers has become very mature. However, the finite
element model of the converter transformer used in current research is too idealized in the
modeling process, without refining and distinguishing between the core lamination struc-
ture and the winding form. This integrated core and winding structure can quickly obtain
uniformly distributed magnetic field morphology and calculation results for vibration char-
acteristics, meeting the operational requirements of composite ideal transformers. However,
electromagnetic and vibration calculation results that require details and consider coupling
boundary effects cannot be convincing [17,26,27]. Considering the significant differences
in structure and nonlinear characteristics between the actual operation of the converter
transformer and the ideal transformer, especially when calculating the internal structure
coupling field interface interaction and nonlinear force loss under different external ex-
citation conditions, using the ideal converter transformer model can cause unacceptable
calculation errors [28,29]. Therefore, when using the finite element method for coupling
calculation of the field interface of the converter transformer, the design cannot be blindly
simplified [30].

Firstly, based on the similarity principle, the similarity criteria of the electromagnetic
field and structural mechanics were derived. Secondly, based on the structure and op-
erating parameters of a single-phase dual-winding current transformer in operation, the
contribution of the oil tank structure, the lamination form of the iron core, the entanglement
and winding form of the winding, and the force characteristics of the pad between the
winding cakes were fully considered. Furthermore, in order to verify the reliability of the
similarity criterion, a similarity model of the converter transformer was established based
on the physical model of the converter transformer mentioned above. A comprehensive
comparison was made between the electromagnetic field, mode of vibration, force, and
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displacement distribution characteristics of the scale model and the initial model of the
converter transformer. Finally, a proportional prototype of a converter transformer with a
similarity coefficient of 1:5 was designed and prepared based on the similarity criterion.
The basic experimental items and vibration characteristics were analyzed, further verifying
the reliability and engineering practicality of the similarity criterion.

2. Similarity Principle
2.1. Geometric Similarity

Based on the principle of similarity, the full size of the converter transformer should
be proportionally reduced, that is, the overall geometric length [ of length, width, height,
and radius should be changed to I’ = ki. So, the corresponding overall geometric area S
becomes S’ = k28, and the overall volume V becomes V' = k3V.

2.2. Similarity of Structural Mechanics

The quality and volume of the model have a significant impact on the overall modal
distribution of the model, which can easily alter the original resonance effect of the model,
thereby affecting the final vibration distribution characteristics of the model. Therefore, it is
necessary to discuss the structural parameters such as the natural frequency of the model.
For mass M, due to the material density of scale models p, the model volume remains
unchanged and decreases to three times the original k3, so M’ becomes:

M =M (1)

For the stiffness coefficient K, it shall meet the following requirements before and
after similarity:
K' =kK )

So. the natural frequency wy’ of scale models becomes:

kK 1 /K
g P e —T _—
“=VieM kY m ®)

2.3. Similarity of Electromagnetic Field

Supposing that the current density |’ of the scale model of the converter transformer is
equal to the current density | of the initial model, to ensure the controllability of excitation
and the controllability of reducing winding losses:

I/

I
:§—§:] 4

]/

The sectional area of similar winding S’ = k%S, then the current strain of similar
winding is:

I' =K1 (5)

The integral form of Ampere’s law is:

74 Bdl = uoNI ©)

where B is the magnetic flux density, N is the number of turns, and p is the vacuum permeability.

The magnetic flux density is one of the main indexes considered in the design of the
converter transformer core, which should be selected in the linear area of the B-H curve,
and the magnitude of the magnetic flux density affects the working characteristics and
vibration characteristics of the core. Based on the operation characteristics of the converter
transformer, the core material generally works between 1.5-1.8 T. As the amplitude of
I decreases after the model is reduced, in order to reach the linear working area of the
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hysteresis loop more easily, the number of coil turns is increased from N to k~!N, and the
magnetic flux density obtained after similarity should be:

B'=B @)

It is worth emphasizing that through the electromagnetic field similarity criterion, the
working current density and magnetic field intensity of the scale model are consistent with
the prototype, which can effectively ensure the similarity of the working characteristics of
the converter transformer before and after scaling.

The same winding material is used before and after the similarity, so the winding
conductivity remains unchanged, but at the same time, the length of the winding decreases
to k times, and the cross-sectional area of the winding decreases to k? times. Therefore:

1 P _1 kR
R = = s~ % ®)
Based on Ohm’s circuit law, the proportional model has the following voltage:
U =IR =ku )

Assuming that the operating frequency of the power supply is unchanged before and
after the similarity, we can judge whether the similar process between the above parameters
is balanced by the relationship between the main magnetic flux and the operating voltage
when the converter transformer works normally:

U = 4.44fNBS (10)

According to Formulas (4)—(9), U’ = kU, N’ =k~ !N, B’ =B, S’ = k?S, and f' = f are
brought into Formula (10). The equation is balanced on both sides of the equals sign, and
the similarity criterion is correct.

2.4. Similarity of Solid Mechanics

According to the principle of the vibration mechanics model, the winding is regarded
as an elastic mass. The gasket and insulation structure together are equivalent to the spring
damping element, that is, the winding is equivalent to the rigid body structure with mass m,
the gasket between windings is equivalent to the spring element K, and the insulation block
and compression structure are equivalent to the spring Kp and K} respectively. Assuming
that the damping coefficient between windings is C, the governing equation of winding
vibration can be obtained as follows [31]:

2
M%JrC’%JrK’z:FJng (11)
where M is the mass matrix, C’ is the damping matrix, K’ is the elastic matrix, z is the
displacement, g is the acceleration of gravity.

The force acting on a moving charge in a magnetic field is called the Lorentz force,
which is the force exerted by the magnetic field on the moving charge in the wire. The
Ampere force is the macroscopic manifestation of the Lorentz force, which is the force acting
on the charged wire in the magnetic field. When alternating current is applied, a leakage
of magnetic field that varies with the power frequency is generated around the winding.
The moving charge in the winding is subjected to the action of the alternating magnetic
field. During the positive and negative half cycles of the power supply, they are subjected
to opposing forces, resulting in two vibrations occurring within one power frequency.
The leakage flux through the winding is divided into axial and radial components. The
axial leakage flux interacts with the winding current to generate radial electromagnetic
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force Fy, and the radial leakage flux interacts with the winding current to generate axial
electromagnetic force F,, which can be expressed as:

F. = iBy - 27tr (12)

F, =iB; - 2mr (13)

After similarity, the winding radius r = kr, magnetic flux density B’ = B, and winding
current i’ = k?i. Therefore, we obtain the electromagnetic force F’ = K*F; on the winding of
the converter transformer after similarity.

The vibration model of silicon steel sheet under alternating magnetic field is as follows:

9%v 9%v 9%v wsin2wt 1
0<8x4 MRFTZE +ay4> AlL /2 Azav (14)
v

where Dy is the bending stiffness of silicon steel sheet, v is the Poisson’s ratio of the
material, x and y are the transverse and longitudinal dimensions of two-dimensional silicon
steel sheet, respectively, w is angular frequency, ¢t is the time, I is the elongation, E is
the elastic modulus of the material, A7 is the axial magnetostriction coefficient, V is the
volume element.

Nowadays, the gaps between silicon steel sheets in the iron cores used in converter
transformers are becoming smaller and smaller, and the stacking method is more advanced.
The Maxwell stress between silicon steel sheets can be ignored, so the main contribution of
iron core vibration is the magnetostrictive effect of ferromagnetic materials under alternat-
ing electric fields. The magnetostrictive force caused by the magnetostrictive effect in both
parallel and vertical directions can be expressed as:

0
F. = Fopaysin2wt = 0.5V(H2Ta£) (15)
where F. is the magnetostrictive force and Fqy is the amplitude of the electromagnetic
force caused by magnetostriction. Therefore, the force magnitude F.’ on the iron core
changes to F./ = kF,.

3. Finite Element Physical Model and Its Similarity Process
3.1. Finite Element Model of Electric-Magnetic-Force Multi-Field Coupling for
Converter Transformer

According to a 500 kV converter transformer in operation (ZZDFPZ-415000/500-800),
a three-dimensional physical model of the converter transformer with multi-field coupling
was established using the finite element simulation platform, as shown in Figure 1. The
model was simplified according to the design drawings and was designed as a single-phase
double winding structure with two main columns and two side columns. Fixture replace-
ment can be neglected with fixed constraints, but the winding entanglement structure,
distribution form of winding pads, and iron core lamination form that have a significant im-
pact on the vibration characteristics of the model cannot be omitted. The material property
parameters of the model are listed in Table 1.

Table 1. The material property parameters of the model.

Name Iron Core Winding Spacer Insulating Oil
Density (kg/ m?) 7870 8940 1117 895
Young’s modulus (GPa) 6 12.6 1 -
Poisson’s ratio 0.45 0.34 0.38 -
Conductivity (S/m) 1.12 x 107 5.99 x 107 1 1

Relative permittivity 1 1 1 -
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Figure 1. Finite element model of multi-field coupling for converter transformer.

Considering the time cost, the computational complexity and convergence speed of
the model are optimized, and some details are simplified without affecting the vibration
characteristics. The core material is the main contribution to the nonlinearity of the con-
verter transformer. It is necessary to define the values of B and H at each location based on
the B-H curve of the silicon steel sheet to ensure the reliability of the model. The B-H curve
used for the definition is shown in Figure 2.

0.5

1 1 1
0 S000 10000 1 5000}
H(A/m)

0.0

Figure 2. Determination of B-H curve of silicon steel sheet corresponding to reference converter transformer.

The design of the winding structure should consider not only the arrangement between
each turn of the winding and the position of the cushion blocks, but also the trajectory of
current flow in the winding cake, which is one of the main difficulties in finite element
modeling. The windings of the high-voltage transformers currently in operation are mostly
wound continuously, as shown in Figure 3. By using the field—circuit coupling method, as
shown in Figure 4, the specified conduction path of excitation is set according to the node
order to achieve a winding mode of entangled—-continuous—entangled.



Processes 2023, 11, 1969 7 of 17

\
i
i
¥

-~

Figure 3. Entangled winding-wire turn arrangement.

Finite element region

Figure 4. Field—circuit coupling method.

The current flow sequence of the winding is shown in Figure 5. The overall appearance
structure of the winding is shown in Figure 6, and the geometric parameters of each part of
the winding are listed in Table 2.

Figure 5. Current sequence of entangled winding.

Spiral winding

Cushion block
Surpuim snonunuoy)

Entangled winding

Figure 6. Single-phase winding model.
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Table 2. Geometry parameters of initial model and scale model.

Parameters Initial Model Similitude Model
Yoke length (m) 6.72 1.344
Core height (m) 3.6 0.72
Winding wire cake height (m) 1.764 0.353
Winding radius at grid side (m) 0.664 0.133
Radius of valve side winding (m) 0.468 0.094

In order to save time and computational resources, the physical model of the converter
transformer was divided into 1/2 models along the longitudinal section. The 1/2 model was
meshed, and the winding, iron core, and pad were subjected to ultra-fine free tetrahedral
structural dissection. Other areas were subjected to plane triangle and sweep operations.

3.2. Vibration Scale Model of Converter Transformer

Based on the similarity criterion, a 1/5 scale model of the converter transformer was
established, and the geometric parameters are shown in Table 2. The magnetic flux density
distribution, stress distribution and vibration characteristics of the converter transformer
model and its scale model were calculated, and the calculation results are compared and
analyzed.

4. Analysis and Discussion on Simulation Results of Finite Element Scale Model of
Converter Transformer

4.1. Similarity of Modal Shapes

Mode of vibration was the first structural characteristic to be verified after the converter
transformer geometry transformation. In order to improve the universality of modal
analysis, in addition to the initial model and 1/5 similarity model, a 1/2 similarity model
was also established and analyzed, and the first six natural frequency distributions of the
model core and winding under three geometric sizes were obtained, which are listed in
Tables 3 and 4, respectively. By comparing the modal shapes of the models with three
geometric sizes, it was found that the modal distributions of the windings and iron cores
under each size were roughly the same, and the natural frequency showed an inverse trend
to the similarity coefficient. The law follows the derivation of Formula (3). In order to
reduce the generation of resonance effects during operation, mode has become one of the
main parameters considered in the transformer design process. The natural frequencies of
the core and winding are both staggered from the power frequency, avoiding resonance,
indicating that the structural design of the model is relatively reasonable.

Table 3. Natural frequency distribution of the core.

Natural Frequency Initial Model 1/2 Model 1/5 Model
(Hz) (Hz) (Hz)
First order 77.46 155.06 373.64
Second order 114.55 229.28 563.93
Third order 138.76 277.58 673.93
Fourth order 240.83 481.99 1203.96
Fifth order 271.62 548.29 1358.53

Sixth order 316.01 632.02 1593.26
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Table 4. Natural frequency distribution of the winding.
Natural Frequenc Initial Model 1/2 Model 1/5 Model
Eiad (Hz) (Hz) (Hz)
First order 77.53 155.22 387.62
Second order 88.78 196.67 428.94
Third order 115.64 229.58 573.14
Fourth order 138.79 277.58 693.93
Fifth order 168.62 337.24 842.95
Sixth order 240.78 481.57 1203.57

4
l i 3
2

The winding and core modes of the initial model, the 1/5 model, and the 1/2 model
are shown in Figure 7a—c and Figure 7d—f, respectively. As the model scale decreases
proportionally, the modal distribution pattern of the model does not change much, and the
natural frequency changes of each size of model follow the load similarity criterion.

m
x10%

7 x
5

4

3

2

1

@) .

(d)

Figure 7. Modal distribution of iron core and winding: (a) original model winding; (b) 1/2 model
winding; (c) 1/5 model winding; (d) Original model iron core; (e) 1/2 model iron core; (f) 1/5 model
iron core.

4.2. Distribution Characteristics of Electromagnetic Fields in Similar Processes

The changes of the magnetic field intensity distribution of the core and winding in the
process of model similarity were calculated and compared, and are depicted in Figures 8
and 9. As depicted in Figure 8, the change of core magnetic flux density distribution in the
process of similarity can be ignored, and the amplitude of magnetic flux density basically
remained unchanged, which is consistent with the conclusion of the similarity criteria. The
leakage flux density distributions of the initial model and 1/5 scale model are shown in
Figure 9. Through comparison, it was found that the model did not change the spatial
distribution trend of the leakage flux in the similar process, and the amplitude variation
law of the leakage flux density of both models meets the proposed electromagnetic field
similarity criterion.
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Figure 9. Leakage flux density of (a) initial model and (b) scale model.

4.3. Stress and Displacement Distribution Characteristics in Similar Processes

Figure 10 compares the stress distribution characteristics of the iron core during similar
processes. Comparing the two figures in Figure 10, it can be found that there is a difference
in stress amplitude between the initial model and the scale model, but the stress distribution
characteristics of the two are basically the same. Before and after similarity, the areas with
greater stress on the iron core are distributed in the middle of the main column. The four
points with the maximum force amplitude are distributed in the corner of the core window
near the winding, similar to the analysis of magnetic field distribution. The stress threshold
of the iron core in the scale model is roughly equal to the initial model, which is mainly
affected by the magnetostrictive force of the magnetic domain under alternating magnetic
fields. According to Formula (11), it is proportional to the square of the voltage. Since
the voltage remains constant during similar processes, the force on the solid iron core
remains unchanged. The distribution and amplitude change of the force on the core meet
the similarity criterion [32].

=

0 I
0.2 e & '
0. -0.

(@)

Figure 10. Stress distribution of (a) iron core of initial model and (b) scale model.

The converter transformer winding stress distribution is depicted in Figure 11. The
stress distribution of the winding in the similar model is basically the same as the initial
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model, and the direction of action of the stress points is also the same. The stress amplitude
of the winding in the scale model is about k> times that of the initial model. The amplitude of
the numerical winding before and after the similarity keeps an appropriate corresponding
relationship in the order of magnitude.

Pa Pa

3 5.5
5
35
45
0.5 3 0.1 | "
25 3.5
3
0 5 o
2.5
15 2
0.5 0.1
7 15
1
0.5
0.5
1 -0.2
05 0 0.5 0.1 0 0.1
m m
" (a) ) (b)

Figure 11. Force distribution of winding of (a) initial model and (b) scale model.

Figures 12 and 13 depict the displacement distribution characteristics of the initial
model and the proportional model iron core and winding, respectively. Comparing the two
figures in Figure 12, it can be found that the displacement distribution characteristics and
deformation trend of the iron core do not change much during similar processes, and the
change trend of displacement amplitude is the same as that of stress. The main contribution
of core displacement comes from the magnetostrictive effect of the magnetic domains
inside the core under alternating magnetic fields, which is proportional to the square of the
voltage. During similar processes, this law remains unchanged.

' (b) M,

Figure 12. Core displacement distribution of (a) initial model and (b) scale model.

m m
x10°® x107®

-0.5

0.5

-0. : . -0. ’ 0
- (a) " (b)
Figure 13. Winding displacement distribution of (a) initial model and (b) scale model.

From Figure 13, it can be seen that the deformation trend of the windings in the initial
model and scale models is the same. The main contribution of winding displacement comes
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from the combined Lorentz force on electrons in an alternating magnetic field, and the
leakage flux density depends on the current, so its variation pattern is the same as that
of current in similar processes. Figure 13 shows a trend of outward stretching in both the
original and scale models, showing maximum values of winding shape variables in the
middle. The radial electromagnetic force of the winding exerts a stretching effect on it,
causing its deformation direction to expand outward.

A hemispherical air domain with a radius of 10 m was added to the converter trans-
former model before and after scaling, and a perfect matching layer with a thickness of 1 m
was set up to conduct frequency domain analysis of the sound field. As shown in Figure 14,
before scaling, the sound pressure distribution of the converter transformer was between
+64 Pa, and after scaling, the sound pressure distribution was between £33 Pa. The sound
pressure frequencies were mainly 100, 200, and 300 Hz, and the 100 Hz component was
the largest. The sound pressure distribution shows that the lateral sound pressure value
is greater than the front and greater than the top. The maximum sound pressure levels
before and after scaling appear at 68 dB and 23.2 dB, respectively. The sound pressure
distribution shows attenuation outward along the center of the hemisphere, with the fastest
attenuation above, indicating that the sound pressure distribution characteristics before
and after scaling were normal.

(C) (d) 21.8

Figure 14. (a) Initial model sound pressure distribution; (b) Sound pressure distribution of Scale
model; (c) Initial model sound pressure level distribution; (d) Scale model sound pressure level
distribution.

5. Preparation of Scale Prototype

According to the similarity criterion, a scale prototype of converter transformer with a
scale of 1:5 was designed and manufactured. The prototype was designed as single-phase
double winding, on load voltage regulation, with a rated voltage ratio of 100/30 kV. The
relevant design parameters are shown in Table 5.

Figure 15 shows the design drawing of the scale prototype converter transformer. The
iron core diameter is 204/208 mm, and the design type is two main columns and two side
columns. The six-step stacking method is adopted. The step amount is 9 mm, and the
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lamination form is 1, 3, 5, 2, 4, and 6. The casting structure is selected as the positioning
method, and the casting ring/locating nail is directly connected with the clamp.

Table 5. Design parameters of scale prototype.

Parameter Name/Value Parameter Name/Value
Model Z7D-800/100-30 Rated voltage ratio 100/30 kV
Impedance >2% Impedance deviation +2.5%
. e . Hot spot of iron core and
Temperature rise Winding hot spot 78 K Temperature rise metal parts 80 K
. Valve side neutral point . .
Insulation level LIG0AC35 DC40 Insulation level Meshwork side LIGOAC35
Load loss Pk <15 kW No load loss Po <2kWlo <2%
Connection group T1i0 (YNYO0) Noise level 55 dB (A)

A L S

b o —

|
N

Side view

Figure 15. Design drawing of scale prototype.

After the reduction of the converter transformer, considering the spatial distribution,
it is impractical to raise the number of winding turns to several. When designing the
converter transformer scale prototype, we tried to use another way to remove the part of the
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equivalent winding that had not increased. Because the magnetic field distribution is mainly
affected by the number of turns, namely Formulas (6) and (10), when other parameters
were fixed, we replaced the silicon steel sheet material (30QG120) to approximately replace
the effect of winding turns on B. The coil structure has been designed as a valve net, two-
column type, with column 1 winding to the right and column 2 winding to the left. The
inner diameter of the valve side coil is 260 mm, the outer diameter is 302 mm, the radial
dimension is 21 mm, and the reactance height is 320 mm. The inner diameter of the coil at
the grid side is 398 mm, the outer diameter is 454 mm, the radial size is 28 mm, and the
reactance height is 320 mm, all of which are divided into 12 grades. The preparation process
and physical images of the proportional prototype are shown in Figure 16a—c, and the
corresponding converter transformer of the prototype is shown in operation in Figure 16d.

Figure 16. Prototype preparation and vibration characteristics testing: (a) Winding preparation;
(b) Assembly of iron core winding; (c¢) Complete prototype appearance; (d) Refer to converter
transformer.

Since the angle correlation between the vibration signal loss and its transmission
time is stronger than that of the sensor, the measuring point was set as far as possible
perpendicular to the sound source (winding and iron core). In view of the position of the
low-voltage bushing above the oil tank and the distribution of iron core fasteners above
the oil tank, only two measuring points above the oil tank, namely point 10 and point
11, were selected. Figure 17 depicts the distribution of measuring points of the converter
transformer scale prototype.

Figure 17. Distribution of measuring points.
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The vibration signals of each measuring point of the prototype were processed by
FFT, and the frequency domain diagrams of no-load and load vibration signals of each
measuring point were obtained, as shown in Figure 18a,b. The frequency domain signals
of the vibration acceleration at the corresponding points of the finite element proportional
model under no-load and load conditions were extracted and are shown in Figure 18c,d, in
order to compare and analyze the simulated and measured signals more intuitively.
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Figure 18. Frequency domain diagram of vibration signal of prototype and simulation model:
(a) prototype no-load; (b) prototype load; (c) simulated no-load; (d) simulated load.

As shown in Figure 18, the vibration acceleration signal distribution of the finite
element scale model based on the similarity principle was basically the same as the ac-
tual prepared scale prototype. Both no-load and load conditions, regardless of the main
frequency or amplitude range, exhibited a certain degree of similarity. Among them, the
similarity between the average acceleration amplitude of each measuring point under
load and the simulation results exceeded 80%, and the similarity between the average
acceleration amplitude of each measuring point under no load and the simulation results
was close to 90%, proving that the standards proposed in this article are reliable for guiding
product design and preparation. At the same time, sound pressure testing was conducted
on the prototype of the scale prototype of the converter transformer, and the average sound
pressure level was 24 dB, which is basically consistent with the scale simulation model,
and proves that the criteria proposed in this paper are reliable for guiding the design and
preparation of products.

6. Conclusions

1. Different from the traditional geometric similarity criteria in previous studies, the
similarity criteria suitable for studying the vibration mechanism of converter transformers
were derived by comprehensively considering the electromagnetic field and structural
mechanics.

2. Considering the coupling effect of electric field, magnetic field, and solid mechanics,
and the contribution of the core lamination mode, entangled—continuous—entangled wind-
ing structure, and gasket on vibration characteristics, a finite element model of a converter
transformer was established.

3. The modal transformation laws of similar pre- and post-converter transformers were
derived and verified, providing theoretical support for the study of resonance avoidance
mechanisms based on scale models.

4. Based on the similarity criterion, a finite element similarity model of the converter
transformer was established, and the electromagnetic and vibration characteristics of the
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model during the similarity process were compared, verifying the reliability of the similarity
criterion.

5. The proportional model prototype of the converter transformer was designed
and prepared, and basic experimental projects and vibration characteristics analyses were
conducted on the prototype. The results were compared with simulation research to further
verify the reliability of the similarity criterion and provide a reference for the design of the
proportional model prototype of high-voltage power equipment.

6. This scale model can serve as an experimental platform for studying the vibration
mechanism of converter transformers, making it possible to analyze the vibration charac-
teristics of internal components of high-power equipment in a laboratory environment. At
the same time, more convenient testing and experimental scheme layout greatly saves time
and computational costs, and has great engineering application value.

The vibration similarity model for converter transformers proposed in this paper can
provide a reliable laboratory research platform for studying the mechanism and suppression
of vibration and noise in converter transformers, it can save a lot of time and computational
costs for conducting relevant vibration mechanism experiments, and has certain reference
value for experimental research on proportional models of other power equipment.
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