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Abstract: The vibration problem of single-phase transformers can threaten the stable
operation of equipment, and long-term severe vibration may also cause mechanical fatigue
or even damage to the equipment. Among these serious factors, the internal fixing method
is one of the most important but easily overlooked factors, but the specific mechanism of the
fixing method under different harmonics is still unclear. This article designs vibration and
noise testing experiments for single-phase transformers, considering different harmonic
excitations, as well as quantitatively compares and studies three different types of fixing
methods: eccentric circle fixing, casting fixing, and pressure fixing. The effect of harmonic
components on the vibration characteristics of single-phase transformers was studied, and
the distribution characteristics of vibration and noise under different fixed methods were
extracted and analyzed. The quantitative influence mechanism of fixed methods on audible
noise was obtained.

Keywords: single-phase transformer; fixed method; vibration; noise; noise control

1. Introduction

Nowadays, with the accelerated development of human society, the contradiction
between energy and the environment is intensifying, and the power load is rapidly increas-
ing. Meanwhile, energy and load are often far apart, forcing high-voltage transmission
technology to make faster progress [1-3]. Meanwhile, with the increasing awareness of
environmental protection among people, the green development of transmission tech-
nology has become a core concern [4-7]. Among them, the vibration problems of trans-
formers have become the main issue that urgently needs to be solved [8-11]. This may
even threaten the safe and stable operation of the equipment, and increase energy loss
and carbon emissions [12,13]. The noise problem of transformers is a long-standing and
difficult-to-eliminate multidisciplinary issue, mainly caused by the magnetostriction effect
and electrical vibration of internal components of transformer cores and windings under
alternating electromagnetic fields. It is transmitted to the surface of the transformer tank
in the form of vibration through a liquid medium transformer oil and a solid medium
connection support structure, and finally diffuses into the surrounding air in the form
of plane waves, forming a sound field domain centered on the transformer [14,15]. At
present, there are two main methods to suppress transformer vibration noise, namely noise
reduction in main components and structures, and noise reduction in partition absorption
devices on the propagation path of vibration noise. The most fundamental and funda-
mental method is to directly suppress vibration from the structure [16,17]. Peng studied
the influence of different harmonic operating conditions on the vibration characteristics

Symmetry 2025, 17, 148

https:/ /doi.org/10.3390/sym17020148


https://doi.org/10.3390/sym17020148
https://doi.org/10.3390/sym17020148
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-9523-3020
https://orcid.org/0000-0002-0876-0667
https://doi.org/10.3390/sym17020148
https://www.mdpi.com/article/10.3390/sym17020148?type=check_update&version=1

Symmetry 2025, 17, 148

2 of 14

of transformers through simulation and experiments and proposed feasible solutions to
suppress harmonic vibration. However, there was no further in-depth analysis of the
component structure of transformers [18]. Janis proposed a modeling method to discuss
the performance and distribution of the vibration characteristics of the three-phase three
column transformer core, and theoretically proposed a new perspective for suppressing
vibration in the core structure, but lacked sufficient experimental verification [19]. Based
on the structural parameters and material properties of the fiber core, Li designed a model
for the eddy current loss of the winding, which can quickly calculate the eddy current loss
and can be used for the structural design [20]. Ji conducted a multi physics simulation
study on the vibration and noise characteristics under different core structures, and derived
the relationship between vibration noise and electromagnetic characteristics, but did not
consider the differences between different excitation conditions [21]. Wang studied the
impact of winding structure on the transformers, emphasizing the contribution of structure
to resonance characteristics [22]. Wu proposed a frequency response method that can mon-
itor the mechanical state of windings online, effectively extracting effective information
on harmonic currents for transformer winding loosening faults in converters [23]. Chen
conducted in-depth research on shielding technology in winding structures and found
that shielding structures have significant effects in suppressing common mode noise [24].
He studied the transient potential distribution of transformer windings considering the
influence of core laminations, and proposed the mechanism of the influence of laminations
on the operating characteristics of the core and winding [25]. Zhu proposed a numerical vi-
bration model for transformers that included damping effects, using the Rayleigh damping
model to represent the damping effects of transformers. This model can be used to analyze
methods for modal measurement that should not be implemented in engineering power
transformers [26].

However, in terms of the current factory configuration of transformer manufacturers,
most of the above studies have not yet been industrialized in the preparation of trans-
formers [27,28]. This can be explained by the following two aspects: some studies have
made progress in noise reduction, but have not considered the feasibility of transformer
preparation [29]. Some studies have considered the feasibility of production, but it is
difficult to strike a balance between noise reduction effectiveness and the economic via-
bility of the results [30,31]. Particularly for the latter, transformer manufacturers are very
concerned about the economic feasibility of equipment manufacturing materials. Improv-
ing the fixing method of transformers is an economical and feasible measure among the
many noise reduction methods mentioned above [32]. However, currently, scholars have
limited consideration and research on this denoising direction, making it difficult to form a
comprehensive and unified set of fixed method selection criteria. We know that there is a
significant difference between symmetric and asymmetric fixing methods in transformer
modes, and the way fixing methods affect vibration characteristics mainly depends on the
resonance effects caused by changing the mode. Therefore, it is particularly important
to consider the operating conditions and harmonic components during the operation of
transformers [33].

This article first introduces three different fixing methods from the aspects of design
and structure and then presents an experimental platform for harmonic source and vibration
noise testing system based on the single-phase experimental transformer provided by
Shandong Electric Power Equipment Co., Ltd. Furthermore, a study was conducted on the
impact of harmonic excitation on the vibration based on an experimental platform. Finally,
a comprehensive study was conducted on the influence of symmetrical and asymmetrical
fixed methods considering harmonics and working conditions on the characteristics of
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single-phase transformers, and a quantitative comparative analysis was conducted on the
audible noise under different fixed methods.

2. Mathematical Model of Vibration and Noise of Single-Phase
Transformer

2.1. Core Vibration

The core composed of stacked silicon steel sheets undergoes magneto strictive strain
under the action of an alternating magnetic field, resulting in magneto strictive force inside
the core. Considering the anisotropy of the magneto strictive force of the iron core, x
is defined as the rolling direction of the stacked silicon steel sheets in the core, y is the
magnetic field direction of the core, and z is a direction perpendicular to the magnetic field.
Therefore, magnetic field intensity forces in different directions can be expressed separately.
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By dividing the volume density of magnetic field forces in various directions, the
magnetic field force F of the core can be calculated.
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Based on the above analysis, the magnetostriction force can be simplified:
71 2 O

From the above equation, by solving the variation law between the magnetic perme-
ability y and the bulk density T of the core material, and combining it with the distribution
of magnetic field strength H, the magneto strictive force of the core can be obtained. How-
ever, it is currently difficult to directly solve the vibration caused by the magnetostriction
effect through measurement or existing numerical models. Therefore, in engineering ap-
plications or simulation calculations, the vibration caused by the magnetostriction effect
is generally simplified as material elastic deformation calculation. According to the ba-
sic principles of elasticity, for plane strain problems, the magneto strictive stress can be
expressed as follows:

o= De
1—-v v v

(6)
D:m v 1—-v v

v v 1—v
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Among them, ¢ is magneto strictive stress, D is elastic matrix, E is Young’s modulus,
and v is Poisson’s ratio. Neglecting the influence of damping in the core system, the
differential equation of displacement can be obtained:

82;4

Pog = VO @)

In the above equation, u is the displacement vector, p is the material density, and o is
stress, which includes stress components in the x, y, and z directions. In summary, from the
above analysis, the components of the magneto strictive force of the transformer core in the
x, Y, and z directions can be solved. After converting the solution of the magneto strictive
force into an elastic mechanics problem and considering the anisotropy of the ferromagnetic
material, the vibration displacement parameters can be obtained by solving the vibration
differential equation. In addition, the derivation formula shows that the magneto strictive
force of the core is closely related to the distribution of magnetic field strength H.

2.2. Wingding Vibration

For point P, based on the principle of symmetry, the sum of the leakage magnetic field
vectors of circular coil /1 in the y-direction is 0. Therefore, by orthogonally decomposing the
leakage magnetic flux By, the radial leakage magnetic flux By and axial leakage magnetic
flux By, can be calculated as follows:

B = 1000 h

r—x
+y +hzm ®)
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T (r - x) 42 +h2m

According to the Ampere force calculation equation F = B,IL, the axial and radial

By =

electromagnetic forces of the winding under sinusoidal fundamental wave can be calculated
as follows:

1 20t
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Therefore, under the sinusoidal fundamental current, the main frequency of forces
in winding is twice the power frequency, 100 Hz, and there is also a portion of the DC
component. Meanwhile, due to the vibration of the winding, the pads between turns un-
dergo nonlinear deformation, which can result in the appearance of some 100 Hz harmonic
signals in the electromagnetic force, namely,

k
Y Fe =) kicos(2kwt) (10)
i=1

3. Fixed Structure and Experimental Design

Based on the operation of single-phase transformers in practical engineering, three
fixed structures between the core and the transformer tank have been designed. The coil is
a continuous coil, and the core is made of a 9 mm stepping, 30QG120 grade silicon steel
sheet (Produced by Shougang Group Co., Ltd., Beijing, China). The selection is based on
different component combination schemes. The position of the fixed component and the
structure of various fixed structures are shown in Figures 1 and 2.
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Figure 1. Distribution position of single-phase transformer body and fixed structure on it.
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Figure 2. Lower fixed structure of the device: (a) upper fixed structure 1; (b) upper fixed structure
2; (c) upper fixed structure 3; (d) lower fixed structure 1; (e) lower fixed structure 2; (f) lower fixed
structure 3.

(1) The nail fixing structure is defined as fixed method 1, which is formed by arranging
nuts and bolts on the box cover to form the nail fixing structure. The pressure nail is
fixed firmly and reliably on the upper beam of the core strip through a rubber plate;

(2) The pouring fixed nail structure is defined as fixed method 2, which is formed by
pouring fast-drying epoxy resin through the fixed nails on the box cover and the fixed
bowl on the core to form a matching fixed structure;

(3) The eccentric circular fixed nail structure is defined as fixed method 3, which uses bolts
to fix the fixed nails and the fixed parts made of hot-pressed polyester laminates to
achieve the purpose of upper fixation. The eccentric circular structure can effectively
solve the problem of fixed errors.

The experimental transformer is placed in the soundproof laboratory, the measurement
points are located on the contour line of the single-phase transformer, with no more than
1 m between each point, as shown in Figure 3. The vibration measurement of the single-
phase transformer box adopts the ADLINK USB-2405, which is a 24-bit high-performance
dynamic signal acquisition USB module. The vibration sensing module mainly uses
piezoelectric acceleration sensors to convert the vibration of single-phase transformers
into measurable voltage signals. The noise measurement device is an acoustic imaging
instrument, which arranges dozens to thousands of microphones according to a certain
pattern and generates the spatial distribution of sound pressure levels through an array of
signal processing algorithms.
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Figure 3. Vibration testing environment and measurement methods for single-phase transformers.

The simulation experiment circuit of harmonic excitation under no-load is shown in
Figure 4. The power frequency for the no-load power frequency test is 50 Hz, the secondary
winding is open circuit, and the primary winding voltage is 0.9, 0.95, 1, 1.05 times the
rated voltage. Harmonic voltage is applied to the transformer through a series combination
of a voltage regulator and a test transformer. The harmonic component combinations are
50 Hz + 150 Hz/50 Hz + 150 Hz + 150 Hz + 250 Hz and 50 Hz + 150 Hz + 250 Hz + 350 Hz,
respectively. The power frequency for the load frequency test is 50 Hz. The primary
winding is short-circuited, the secondary winding is pressurized, and the impedance volt-
age is 2%. When the secondary side reaches the rated current, the primary side voltage is
161.5 V. The test platform for multi-frequency load testing is the same as that for no-load
testing, with frequencies of 50 Hz + 250 Hz/50 Hz + 350 Hz and 50 Hz + 250 Hz + 350 Hz,
respectively. The equipment and excitation loading configurations are shown in Tables 1-3.

Capacitive
voltage divider itive
5 Harmonic Capaclfn.e F Harmonic
IF transformer Source voltage] divide
Vibration ! = Vibration fransformer - _source
noise sensor v-lvTc,v noise sensor N
onverter Converter
transformer transformer
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Figure 4. Connection method for no-load test circuit (a); connection method of load test circuit (b).

Table 1. Parameters of test transformers.

Single Phase Three-Phase Intermediate

Test Harmonic
Transformer Transformer Voltage Frequency Source
Prototype Regulator Transformer
Equipment model ~ ZZD-120/14-5-40 S11-M-100/10 TESGZ-150 S511-M-250 H601D10013
Rated voltage 8.083 kV 10,000/400 V 0~400 V 340V 0~340V

Rated capacity 120 kVA 58 kVA 150 kVA 250 kVA 180 kVA




Symmetry 2025, 17, 148 7 of 14

Table 2. No load multi-frequency test scheme.

Superposition Frequency/ Effective Value of Valve Phase Angle Phase Angle Radian
Frequency Component Hz Side Voltage/V System System
50 2887 0 0
50 +150 150 962 —177.98 —3.10476
50 2887 0 0
50 +250 250 577 56.47 0.985088
50 2887 0 0
50 +350 350 412 127.58 2225562
50 2887 0 0
150 962 —177.98 —3.10476
50 +150 + 250 + 350 250 577 56.47 0.985088
350 412 127.58 2225562

Table 3. Load multi-frequency test scheme.

Superposition Frequency/ Effective Value of Valve Phase Angle Phase Angle Radian
Frequency Component Hz Side Voltage/V System System
50 14.84 20.924 —154
50 +250 250 2.97 4188 121
50 14.84 20.924 —154
o0 +350 350 2.12 2.989 170
50 14.84 20.924 —154
50 + 150 + 250 + 350 250 2.12 2.989 170
350 14.84 20.924 —154

4. Results and Discussion
4.1. Impact of Harmonic Composition on the Vibration Characteristics of Single-Phase Transformer

Figure 5 shows the vibration characteristic distribution of a single-phase transformer
under different harmonic components. The experimental results show that the vibration
acceleration amplitude of a single-phase transformer is positively correlated with the in-
jected harmonic voltage and harmonic current. In terms of time-domain performance,
after adding various harmonics in the fundamental operating environment, the vibration
amplitude of a single-phase transformer increases in proportion to the harmonic content,
resulting in a denser spectrum, but clearer patterns cannot be read. In terms of frequency
spectrum distribution, the addition of a third harmonic, fifth harmonic, and seventh har-
monic affects the distribution ratio of vibration characteristics at 300 Hz, 500 Hz, and 700 Hz,
respectively, while also excessively high the amplitude of the fundamental frequency spec-
trum. This is because each harmonic not only affects the natural vibration frequency of
the core and winding but also causes resonance between component structures, resulting
in an overall increase in the amplitude of vibration characteristics. This is particularly
evident when the fundamental wave and the third, fifth, and seventh harmonics operate
together. Due to the decrease in the content and amplitude of the third, fifth, and seventh
no-load harmonic voltages, as well as the fifth and seventh load harmonic currents in
single-phase transformers, the vibration acceleration amplitudes of the third, fifth, and
seventh harmonic voltages and currents superimposed on the fundamental wave measured
in the experiment also decreased sequentially. The main vibration frequency of single-phase
transformers does not change much, all within the range of 0-500 Hz. In the no-load test,
when the fundamental wave is superimposed with the third, fifth, and seventh harmonic
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voltages, the acceleration amplitude is maximum, and the main frequency of single-phase
transformer vibration significantly increases between 0 and 1500 Hz. In the load test, the
maximum acceleration amplitude was obtained by superimposing the fifth and seventh
harmonic currents of the fundamental wave, and the main frequency of the single-phase
transformer vibration did not significantly increase.
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Figure 5. Distribution of vibration characteristics under different harmonic components: (a) no-load
time domain; (b) Empty frequency domain; (c) Load time domain; (d) Load time domain.

Comparing the data in Figure 6, when loaded with power frequency, the maximum
vibration acceleration value of the transformer tank is 0.04 m/s?>. When the fifth and
seventh harmonics are added, the maximum vibration acceleration value is 0.25 m/s?2,
and the vibration acceleration is 5.7 times that of the power frequency. When the power
frequency is unloaded, the maximum vibration acceleration value of the transformer tank is
1.38 m/s%. When the third, fifth, and seventh harmonics are added, the maximum vibration
acceleration value of the transformer tank surface is 5.29 m/s?, and the amplitude of the
vibration acceleration is 3.8 times that of the power frequency.
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Figure 6. Comparison of vibration characteristics of no load under different harmonics.
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Through the discrete Fourier transform of the vibration signal, under no-load power
frequency, the vibration acceleration spectrum is mainly concentrated below 500 Hz, with
low-frequency vibration being the main component. After adding harmonics, the vibration
characteristics change. The spectral distribution range of the vibration expands, causing
the appearance of high-frequency components. The energy proportion of each frequency
band of the vibration changes. With the injection of harmonics, the amplitude of the high-
frequency component of the transformer vibration increases, and the vibration intensity
significantly increases when the transformer vibrates at high-order natural frequencies.

4.2. Impact of Fixed Method on the Vibration Characteristics of Single-Phase Transformer

Figure 7 shows the distribution of surface vibration characteristics under different
fixed structures under no-load conditions. From the time-domain graph 7a, the vibration
acceleration amplitude of fixed method 2 is the lowest under no-load conditions, which is
because the vibration of single-phase transformers under no-load conditions mainly comes
from the iron core. At present, the core lamination process is relatively advanced, which
makes the Maxwell force between silicon steel sheets relatively negligible. Therefore, the
vibration of the core mainly comes from the axial magnetostriction effect. The advantage
of pouring positioning lies in its ability to effectively stabilize the vertical forces acting on
the body. At the same time, compared to the rigid material of the positioning nail, epoxy
material has a stronger buffering effect.

o

P2

Amplitude(m/s*)
SN B

Lo
3 ENISY

Amplitude(m s:)

- I/ T T T T
0.00 002 004 006 008 (a)

T T T T T
500 1000 1500 2000 2500
Time(s) (b)

Frequency(Hz)

Figure 7. Time-frequency domain waveforms of no-load harmonic vibration acceleration for three
fixed structures: (a) time domain; (b) frequency domain.

Figure 7a shows the frequency domain distribution of vibration under different fixed
modes, the vibration frequency domain distribution of single-phase transformers under
different fixed modes under no-load conditions was obtained. The main frequency of
vibration acceleration under no-load conditions remains basically unchanged for different
fixed methods, while the distribution of secondary frequencies varies. However, the
main distribution of secondary frequencies for all three methods is within 1000 Hz. The
amplitude of the secondary frequency within 1000 Hz under fixed method 1 is greater
than the other two fixed methods, and there are still higher secondary frequencies outside
1000 Hz, indicating that fixed method 1 has the worst suppression effect on core resonance.
The best performance of the vibration frequency domain distribution characteristics of
the three under no-load conditions is fixed method 3, which has the most significant
suppression effect on resonance at high frequencies, but its overall amplitude is larger
than fixed method 2. The most reasonable explanation here is that fixed method 2 has the
least and smallest low-frequency harmonics. Even though there are more high-frequency
harmonics under fixed method 2, the overall component of transformer vibration at high
frequencies is relatively small, and the maximum contribution of the vibration effect still
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needs to focus on low-frequency harmonics. Therefore, comparing the performance of the
three fixed methods under no-load conditions, the pouring fixed nail structure is the best,
with a vibration acceleration amplitude reduced by about 10% compared to fixed method 1.

Figure 8 shows the distribution of surface vibration characteristics of transformer
tanks under different fixed structures under load conditions. From graph 8a under load
conditions, the vibration acceleration amplitudes of fixed mode 2 and fixed mode 3 are
similar, with the optimal one shown as fixed mode 3. Under load conditions, the vibration
mainly comes from the windings, and the displacement of the windings is mainly reflected
in the radial changes. This result reflects the unique role of the eccentric circle positioning
method, which has an additional effect on the radial fixation of the transformer body. From
Figure 2c¢,f of the eccentric circle design, it can be seen that the asymmetric eccentric circle
design of the eccentric circle can ensure good stability of the device body under the trend of
left, right, or rotating motion. From Figure 8b of the frequency domain distribution of single-
phase transformer vibration under load conditions, the frequency domain distribution of
single-phase transformers under fixed mode 2 and fixed mode 3 is cleaner, which means
that the resonance effect is reduced.

o
v

Amplitude(m/s®)

044/

000 002 004 006 008 0 500 | 1000 1500 | 2000 2300
Time(s) Frequency(Hz)

Figure 8. Time—frequency domain waveform of load harmonic vibration acceleration for three fixed
structures: (a) time domain; (b) frequency domain.

To visually summarize and compare the merits of the fixed methods, the vibration
amplitudes under different operating conditions are plotted on the double y-axis dotted line
graph shown in Figure 9. Overall, fixed method 2 has the most advantage under no-load
harmonic conditions, while it is slightly inferior to fixed method 3 under load conditions,
and the performance of fixed method 3 under comprehensive conditions is relatively stable.
Fixed method 1 has the maximum vibration amplitude under any operating condition.

bl
=3

—=— no-load
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Figure 9. Comparison of vibration characteristics of three fixed structures considering harmonics.

By placing a microphone sensor 0.6 m away from the horizontal axis of the single-phase
transformer body, the noise of different fixed single-phase transformers under no-load har-
monic conditions was measured, compared, and measured. The time—frequency domain of
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sound pressure of each fixed method is plotted in Figures 10 and 11. The noise performance
under no-load multi-frequency conditions is consistent with the vibration law, and the
sound pressure amplitude is shown as fixed method 1 > fixed method 3 > fixed method 2.
The sound pressure spectrum range is mainly between 200 Hz and 800 Hz. Under multi-
frequency load conditions, the amplitude of sound pressure shows fixed mode 1 > fixed

mode 2 > fixed mode 3, and the frequency spectrum range of sound pressure is mainly
between 200 Hz and 1000 Hz.

P2

. . 0 100 200 300 400 500 600 700 800 (b)

0.00 002 004 006 008 Frequency (Hz)
Time (s)

Figure 10. Time-frequency domain waveforms of sound pressure for three fixed structures under no
load conditions: (a) time domain distribution; (b) frequency domain distribution.
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Figure 11. Time—frequency domain waveforms of sound pressure for three fixed structures under
load conditions: (a) time domain; (b) frequency domain.

To quantitatively compare the contributions of three fixed methods in noise suppres-
sion more intuitively, the sound pressure data of single-phase transformers under different
fixed methods were converted into sound pressure levels and plotted in Figure 12. Under
no-load multi-frequency conditions, compared with the pressure nail fixed structure, the
use of pouring fixed nail fixed structure can reduce about 2.3 dB. Under multi-frequency
load conditions, using an eccentric circular fixed nail structure can reduce the noise by
about 3.3 dB. Therefore, it can be clearly stated that in terms of noise control, the poured
fixed structure performs the best and most stable under different working conditions.

Compared with previous research on transformer noise reduction measures, the fixed
method does not have the greatest effect on suppressing vibration. Under the optimal
combination form, only 2-3 dB noise reduction can be achieved (generally, optimizing the
structure of the core and winding can achieve 5 dB noise reduction). However, it is worth
noting that the design and manufacturing cost of fixed components is much lower than that
of iron cores and windings, so this value is still fully worthy of industry attention. On the
other hand, the fixed component body is not powered, which means that there are fewer
factors to consider in the design, such as safety margin and operating conditions, and only
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appropriate modal parameters and stray loss parameters need to be designed. Overall,
from the perspectives of economy, design and preparation difficulty, and wide industrial
application effects, fixed method optimization is undoubtedly the preferred choice for
suppressing vibration and noise in single-phase transformers.
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Figure 12. Comparison of sound pressure characteristics of three different fixing methods under
different working conditions.

5. Conclusions

(1) Impact of harmonic frequency on the vibration of single-phase transformers: during
load operation, the amplitude is 1 + 5> 1 + 3 > 1 + 7; when running without load, the
amplitudeis1+3>1+5>1+7;

(2) Under no-load multi-frequency conditions, amplitude fixing method 1 > fixing
method 3 > fixing method 2;

(3) Under multi-frequency load conditions, the vibration amplitude follows the fixed
method 1 > fixed method 2 > fixed method 3;

(4) The pouring fixed nail structure can reduce vibration amplitude by about 10% and
noise by about 2.5 dB.

Therefore, in the noise reduction design of industrialized single-phase transformers,
different fixing methods can be considered according to their importance: if winding noise
reduction is the focus, eccentric circular fixing nails should be used to fix the structure; if
noise reduction in the core is the focus, a cast type fixing nail structure should be used for
fixation; When there is no specific noise reduction area, it is recommended to use pouring
type fixing nails to fix the structure. The above conclusion applies to the optimization of
single-phase transformer fixing methods for vibration and noise characteristics.
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