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ABSTRACT To improve the transformer vibration analysis accuracy, a numerical vibration model of
transformer, including the damping effect, is proposed in the paper. According to power transformer
structure, the Rayleigh damping model is used to indicate the transformer damping effect. The damping
coefficients can be got by analyzing and testing the transformer structure. The modal measurement system of
the prototype is constructed and tested to improve and verify themodal analysis method, which can be used to
analyze the engineering power transformer that the modal measurement should not be achieved. According
to the Rayleigh damping parameters, the vibration and noise of damped and undamped transformers are
calculated respectively. Then the effect of the damping on the vibration and noise can be obtained. At last,
the vibration and noise of the transformer were tested and compared with the analytic results. Comprehensive
analysis shows that the analysis results considering damping can be improved, and are closer to the measured
results.

12 INDEX TERMS Damping effect, vibration noise, transformer, modal analysis, Rayleigh damping.

I. INTRODUCTION13

It is well known that transformers play a vital role in power14

energy transmission. The vibration and noise of the trans-15

former will affect not only the normal operation and service16

life of the transformer, but also the normal life of human17

beings.In recent years, reducing audible noise from trans-18

former core has become the key to high-quality living envi-19

ronment.Therefore,the vibration and noise of transformers20

has attracted extensive attention, which becomes one of the21

indicators for evaluating performance of transformer. Thus,22

it is of great significance to study the vibration and noise of23

transformer [1], [2], [3].24

The main source of transformer noise is its body vibra-25

tion and cooler. The vibration and noise of the transformer26

is related to the transformer load, silicon steel sheet mate-27

rial, core structure, magnetic flux density and other factors28

[4]. In recent years, in order to better design low-noise29

The associate editor coordinating the review of this manuscript and
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transformers, the academic community has paid more and 30

more attention to improving the accuracy of transformer 31

vibration and noise calculation [5], [6]. By combining the 32

electromagnetic field theory with the elastic theory, a math- 33

ematical model of transformer electromagnetic vibration is 34

established [7], [8]. Reference [9] studied the magneto- 35

mechanical effects of core transformers with different struc- 36

tures, and experiments verified that transformers have high 37

vibration strength. [10], [11] established the electromagnetic 38

mechanical vibration coupling mathematical model consid- 39

ering the magnetostrictive characteristics of the transformer, 40

and simulates the vibration and noise of the transformer. 41

Reference [12] proposed to obtain the quantitative relation- 42

ship between the magnetostriction characteristics of the core 43

reactor and the noise by systematically evaluating the noise 44

and vibration shape of the simple small transformer core. 45

[13] obtained the relationship between magnetostriction of 46

grain oriented electrical steel (GOES) coils and no-load noise 47

of power transformer (PT) by experiments. [14] analyzed 48

the winding electromagnetic vibration of AIHS converter 49
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transformer in HVDC transmission system. It is revealed that50

the AIHS converter transformer and its corresponding filter51

can improve the performance by reducing the winding vibra-52

tion in real HVDC applications. The existing researches on53

transformer vibration and noise mainly focus on the magnetic54

characteristics of transformer and the analysis method of55

vibration signal, but ignore the damping effect of transformer.56

Damping, as one of the characteristics reflecting energy dis-57

sipation in vibration process, is an important factor affecting58

the vibration response of structure. In order to further accurate59

numerical model of transformer electromagnetic vibration,60

it is of great significance to consider damping effect.61

In order to improve the accuracy of transformer vibra-62

tion analysis, a numerical model of transformer vibration63

considering damping effect is proposed in this paper. Based64

on the model of SGB-10KVA three-phase transformer, the65

modal measurement system of the prototype is constructed66

and tested. According to the test results, the modal anal-67

ysis method is improved and verified, which can be used68

to analyze the engineering power transformer whose modal69

measurement cannot be realized. In addition, the damping70

parameters are calculated according to the modal measure-71

ment results, and the vibration and noise of the transformer72

with and without damping effect are calculated and analyzed.73

Finally, the vibration and noise of the transformer are tested74

and verified.75

II. MODAL DAMPING SELECTION76

Damping, as one of the dynamic properties reflecting the77

energy dissipation during structural vibration, is different78

from other dynamic properties such as structural mass and79

stiffness that can be described directly and accurately, and80

usually needs to be abstracted into a mathematical model81

in the calculation. Rayleigh, Caughey and Clough have pro-82

posedmodels for the calculation of damping such as Rayleigh83

damping, Corsi damping and Clough damping respectively.84

Rayleigh damping is usually used to approximate the85

damping effect of a structure with equivalent single damping86

characteristics. The main damping coefficients are calculated87

as:88

[C] = α[M ]+ β[K ] (1)89

where [C] is the damping matrix, [M ] is the mass matrix, [K ]90

is the stiffness matrix, and α and β are the coefficients of the91

mass and stiffness matrices respectively.92

Using the orthogonality of the damping array about the93

vibration pattern, the vibration pattern of the structure [φ] is94

related to the mass matrix and the stiffness matrix as follows:95

[φ]T [M ][φ] = [I ]96

[φ]T [K ][φ] =


ω2
1

ω2
2

. . .

ω2
n−1

ω2
n

 (2)97

The expressions of transformer mass matrix and stiffness 98

matrix coefficients are obtained by numerical calculation: 99

α =
2[
∑

(ξi
/
ωi)

∑
ω2
i − n

∑
ωiξi]∑

(1
/
ω2
i )
∑
ω2
i − n

2
(3) 100

β =
2[
∑

(1
/
ω2
i )
∑
ωiξi − n

∑
(ξi
/
ωi)]∑

(1
/
ω2
i )
∑
ω2
i − n

2
(4) 101

III. THEORETICAL ANALYSIS OF TRANSFORMER 102

VIBRATION NOISE 103

Transformer vibration noise mainly comes from noise caused 104

by core vibration, that is, magnetostrictive effect of core 105

silicon steel sheet and electromagnetic attraction caused 106

by magnetic leakage between the joint of silicon steel 107

sheet and disk. In addition, when transformer is run- 108

ning, winding current will generate magnetic leakage in 109

space. Winding under alternating magnetic field will be 110

affected by Lorentz force and cause winding vibration and 111

noise [14]. 112

Damping, as one of the characteristics of energy dissipa- 113

tion in vibration process, is also an important factor affecting 114

the vibration response of transformer. 115

Proceed from vibration analysis, this paper comprehen- 116

sively interprets the vibration and noise of the transformer 117

through modal analysis, magnetic-mechanical coupling 118

analysis and acoustic field analysis of the prototype 119

transformer. 120

A. MODAL THEORY ANALYSIS 121

Modal analysis is the process of replacing the original finite 122

element node coordinates with vibration coordinates. The fre- 123

quency response function of a given input and output position 124

is expressed by modal parameters: 125

hij(jω) =
m∑
k=1

(
qkuikujk
jω − pk

+
q∗ku
∗
iku
∗
jk

jω − p∗k
) (5) 126

In this paper, the motion equation of the prototype trans- 127

former’s N-degree-of-freedom system is simplified into a 128

finite element elastic system with mass, elasticity and damp- 129

ing in the vibration coordinate system, and its motion equa- 130

tion is shown in (6): 131

[M ]{X (t)} + [C]{X (t)} + [K ]{X (t)} = {F(t)} (6) 132

Take the special solution: 133

x(t) = x sinωt 134

Then: 135

([K ]− ω2[M ])x = f ′ (7) 136

Draw into formula: 137

Z (ω) = ([K ]− ω2[M ]) (8) 138

where Z (ω) is the dynamic stiffness equation of the system 139

and is invertible, with the inverse matrix, H (ω) is called 140
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the displacement frequency response function matrix of the141

system:142

H (ω) = Z−1(ω) = ([K ]− ω2[M ])−1 (9)143

Solving the generalised eigenvalue equations for the sys-144

tem matrices K and M :145

([K ]− ω2[M ])ϕ = 0 (10)146

Solution of (10) ω2
i (i = 1, 2, 3, . . . , n) called the i-th147

eigenvalue. ωi (i = 1, 2, 3, . . . , n) is called the i-th order148

intrinsic circular frequency. From (10), it can be seen that149

the intrinsic circular frequency is only related to the stiff-150

ness matrix [K ] and the mass matrix [M ]. The relationship151

between the intrinsic frequency fi and the intrinsic circular152

frequency is153

fi =
ωi

2π
(11)154

Satisfying (10) corresponds to ωi the i-th feature vector155

{ϕi}. It is called the ith-order intrinsic modal or modal,156

or simply the i-order modal.157

B. THEORETICAL ANALYSIS OF MAGNEO-MECHANICAL158

COUPLING159

The vibration of transformer body is mainly periodic vibra-160

tion caused by magnetostriction of silicon steel sheet of161

iron core, that is, when ferromagnetic material is in a peri-162

odically changing magnetic field environment, the magne-163

tostriction effect of material will also periodically change164

with the magnetic field. Macroscopically, it is manifested165

as periodic elongation and shortening of material size,166

thus forming periodic vibration related to magnetic field167

frequency. Because magnetostriction changes twice in a168

period of magnetic field change, the frequency of the169

main vibration of electromagnetic vibration is usually twice170

that of the excitation frequency. As the excitation fre-171

quency is power frequency, the noise characteristics of core172

vibration caused by magnetostriction effect are also based173

on 100Hz.174

In addition to magnetostrictive effect, there are also vibra-175

tion caused by electromagnetic attraction between joints and176

lamination and winding caused by leakage field. Vibration is177

a coupling problem of circuit, magnetic field and structure178

field.179

In the magnetic field, the governing equation for the mag-180

netic vector is181

∇ ×

(
µ−10 µ−1r ∇ × A

)
= J (12)182

where A is the magnetic vector potential, J is the cur-183

rent density, µ0 indicates vacuum permeability, µr Indi-184

cates the relative magnetic permeability of the material185

medium.186

The relationship between the magnetic induction strength187

B and the strength of the magnetic field can be shown to be188

related to the current density J by 189

B = µ0µrH = ∇ × A (13) 190

In the structural force field, the relationship between stress 191

and strain is 192

σ = εD (14) 193

During the operation of a power transformer, the trans- 194

former produces electromagnetic vibration due to the inter- 195

action of electromagnetic fields, among which the main force 196

is the Maxwell force Fvmax of the core and the magnetostric- 197

tive force Fvms, and the Lorentz force Fl generated by the 198

windings. The electromagnetic force is calculated according 199

to (15), and the obtained results are analyzed in combina- 200

tion with solid mechanics, so as to realize the magnetic- 201

mechanical coupling: 202

F = Fvmax + Fvms + Fl 203

=

∫
S

TdS +
∫
S

σvmsdS +
∫
V

J × BdV (15) 204

Among them: 205

σvms = Dεvms 206

whereT representsMaxwell stress tensor; σvmsmagnetostric- 207

tive stress; D represents elastic tensor, which can be obtained 208

from Young’s modulus and Poisson’s ratio of silicon steel; 209

εvms is the magnetostrictive strain tensor, which is obtained 210

by interpolating the measure B− λpp curve; F is the volume 211

force in the structural field. 212

The node vibration equation is: 213

M
d2u
dt2
+ C

du
dt
+ Ku = F (16) 214

whereM is the mass matrix, C is the damping matrix, K is the 215

stiffness matrix. 216

Combined with the virtual work displacement method, 217

the finite element method is used to discretize the solu- 218

tion element, and all the subdivision elements are collected. 219

The magnetic mechanical coupling model can be written as 220

follows: 221

SA = J (17) 222

Mü+ Cu̇+ Ku = F (18) 223

where S is the electromagnetic matrix; u is the displacement 224

to be determined; A is the magnetic vector potential to be 225

found. When the damping effect is not taken into account, 226

the damping term in the vibration equation of the structure 227

is 0. 228

C. SOUND FIELD ANAYSIS 229

Transformer vibration to produce sound waves, is essentially 230

a silicon steel sheet in the micro-element movement to pro- 231

duce a certain displacement, which is reflected in the trans- 232

mission of waves, vibration displacement as an intermediate 233
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amount, combined with solid mechanics with the acoustic234

propagation control equation can be expressed in the acoustic235

transmission process (19):236

η∇2u+ (η + λ)∇∇ · u = ρ
∂2u
∂t2

(19)237

where ρ is the density of the medium, η is shear modulus,238

λ is the elasticity constant.In order to obtain the distribution239

of the sound field around the transformer, the sound pressure240

level energy of the resulting waveform needs to be calculated241

to determine the noise level distribution.242

Transformer-generated acoustic waves propagate through243

air, and the conventional finite difference method combined244

with the immersed boundary method is used to derive the245

acoustic propagation control equations for acoustic waves246

containing complex boundaries and moving boundaries:247

∂ρ

∂t
+∇ · (ρV ) = 0 (20)248

In the formula, V = (a,b,c) is the vector form of the proton249

velocity. The sound wave propagation process should satisfy250

the continuity equation, momentum conservation equation251

and energy conservation equation of the sound wave, and the252

above equations can be solved with (19) and (20) to find the253

sound field propagation equation.254

Based on the results of the pre-sequential magnetic field255

and solid mechanics calculations, the energyWm at any point256

m of the sound energy around the power transformer is257

obtained according to (21):258

Wm = ρcκn

∮
S
ν2i dSc = ρ0c0κn

∑
n

v2i,kSc,kcosθm259

= ρ0c0κn
∑
n

(∂un,k
/
∂t)2Sc,kcosθm (21)260

where ρ0c0 is the characteristic impedance of the air medium;261

κn denotes the sound radiation coefficient on the nth side;262

vi denotes the root mean square velocity of the vibration263

perpendicular to the contact surface of the air medium; Sc,k is264

the area of the intersection of the power transformer surface265

unit k and the surrounding medium, un,k is the displacement266

of the surface cell k on the nth side, cos θm indicates surface267

unit dSc,k the angle between the two and the analysis pointm.268

Using the formula (20) the sound pressure level in the269

sound field around the transformer can be calculated as270

follows:271

Lpm = 10lg
(
Wm

/
W0
)
− lgRm − Q (22)272

where W0 = 10−12W , W is the reference reference energy,273

Rm is the actual distance between measuring point m and274

transformer core; Q is the degree of freedom coefficient of275

the surrounding sound field, where the value of the free sound276

field is 11, and the value of the semi-free sound field is 8.277

TABLE 1. Material parameters for transformer components.

FIGURE 1. 1/2 Schematic diagram of transformer model grid generation.

IV. U EXPERIMENTAL ANALYSIS OF TRANSFORMER 278

VIBRATION 279

In order to verify the correctness of the above numerical 280

calculation, the prototype transformer needs to be modeled 281

in the software first. The model established in this paper 282

is based on the actual size of the SGB-10kVA prototype 283

transformer. The finite element model mainly considers the 284

core, clamp, winding and other components of the trans- 285

former. The parameters of the prototype are shown in the 286

Table 1: 287

Due to the symmetry of the structure of the prototype 288

transformer, the whole transformer model is simplified to a 289

1/2model, which can simplify the model and improve the cal- 290

culation efficiency. Then mesh them, including 7454 domain 291

elements, 3839 boundary elements and 944 edge elements. 292

The results are shown in Figure 1. 293

Since the magnetic properties and magnetostrictive prop- 294

erties are inherent properties of the material, the data of 295

the magnetic properties and magnetostrictive properties of 296

the silicon steel sheet when the transformer is running are 297

brought into the model for calculation. First, the input exci- 298

tation of the transformer is set by the current calculated 299

from the no-load rated voltage provided by the prototype 300

transformer manufacturer. In this paper, the 26A AC power 301

supply is used as the input excitation of the transformer, and 302

the windings are set to be uniform andmulti-turn. Because the 303

prototype works at power frequency, the frequency domain 304

is set to 50Hz.After the designed circuit meets the operating 305

conditions of the transformer, carry out numerical simulation 306

of electromagnetic vibration and noise. 307

Through the modal experiment platform and electromag- 308

netic vibration measurement platform, the modal parame- 309

ters, electromagnetic vibration and noise of the three-phase 310
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FIGURE 2. Parameters of the modal test system.

TABLE 2. Equipment composition and main parameters of the modal test
system.

transformer prototype are measured and analyzed when it is311

running without load.312

A. MODAL EXPERIMENTAL ANALYSIS313

The AMETEK-VTI-CMX09 signal analysis and acquisition314

system used in this paper was developed by AMETEK,315

a US company, which is capable of both modal vibration316

data acquisition and instant analysis of the collected data.317

X-MODAL software on the PC side can be imported to318

analyse and calculate the collected data. The system com-319

ponents are shown in Table 2 and the modal test system for320

transformer specimens is shown in Figure 2.321

In order to simulate the ‘‘free-free’’ experimental condi-322

tions of the modal, the transformer specimens were flexibly323

suspended from a steel test frame by means of a less damped324

and less sensitive suspension rope. In order to match the325

experimental modal with the actual model characteristics,326

60 measuring points, 12 measuring points and 84 measuring327

points were set up on the core, winding and complete surface328

of the transformer respectively. The test site is shown in329

Figure 3.330

In this study, the modal state of the transformer under study331

was first calculated using analysis software. Since the first332

FIGURE 3. Sketch of transformer components.

FIGURE 4. Calculated modal vibrations of the first six orders of the
transformer core.

few orders of modal state have a more significant effect on 333

the system vibration, the first six orders of modal frequency 334

were taken as the main object of study in this paper. The first 335

six orders of the transformer are shown in Figure 4. 336

Combined with the simulated experimental calculation 337

data, after the modal test completed the data acquisition at 338

each measurement point, the collected excitation force signal 339

and the response signal collected by the three-way acceler- 340

ation s-ensor were imported into the X-MODAL/DSP signal 341

proces-sing system respectively, and the first six orders of the 342

transf-ormer calculated and measured eigenfrequencies were 343

collat-ed asshown in Table 3. 344
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TABLE 3. First six order characteristic frequency table.

From the test obtained the transformer’s intrinsic fre-345

quency, damping ratio and vibration type, the results are346

brought into (3) and (4) to obtain the actual damping matrix347

stiffness coefficient and mass coefficient. The obtained348

transformer stiffness coefficient is 1.036×10−4 and the mass349

coefficient is 3.689 × 103. The obtained transformer mass350

matrix coefficient and stiffness matrix coefficient provide351

data support for the subsequent vibration and noise experi-352

mental analysis.353

B. TRANSFORMER VIBRATION NOISE EXPERIMENTS AND354

SIMULATION ANALYSIS355

In order to determine the actual vibration noise of the trans-356

former, we needed to carry out an experimental analysis of357

the prototype transformer under air. The 10kVA three-phase358

transformer experimental platform used in this paper consists359

mainly of the test prototype, an adjustable voltage three-phase360

AC power supply and a vibration test system. The prototype361

transformer is powered by the adjustable voltage three-phase362

AC power supply, and the excitation is applied in the trans-363

former working winding. 50 Hz AC power is used to ensure364

the normal operation of the transformer, while vibration data365

is collected using the SQuadriga_II. The vibration and noise366

data acquisition analyser SQuadriga_II used in this exper-367

iment is a multi-functional portable system which can be368

collected by sensors to The SQuadriga_II is a multifunctional369

portable system that can collect vibration and noise data370

from the prototype through sensors and store them, and then371

import them to the PC for analysis and processing through the372

frontend mode. The prototype vibration and noise test site is373

shown in Figure 5.374

The complex vibration is decomposed into a number of375

resonances of different amplitudes and frequencies by the376

FFT transform, and the resonance amplitudes are arranged by377

frequency to obtain a vibration spectrum. A three-way accel-378

eration sensor was used to measure the transformer vibration,379

with the X, Y and Z directions of the three-way sensor probe380

corresponding to the three channels of the vibration analyser381

in turn. The experimentally obtained vibration spectrum of382

the prototype is shown in Figure 6.383

The electromagnetic vibration of transformer is mainly due384

to the periodic vibration of core caused by magnetostriction385

FIGURE 5. Field view of the prototype vibration and noise measurement
experiment.

FIGURE 6. Vibration spectrum.

with the change of excitation frequency. By analyzing the 386

electromagnetic vibration of a 10kVA/380V three-phase 387

transformer, the electromagnetic vibration of transformer 388

under different damping conditions is studied in this paper. 389

To reflect the influence of modal damping on vibration it 390

is first necessary to carry out a vibration analysis of the trans- 391

former. On the basis of a correct calculation of the magnetic 392

field, the analysis of electromagnetic vibration is started. 393

The specific parameters of the experimental prototype first 394

need to be entered into the simulation software to calcu- 395

late the core flux density and coil current density in the 396

magnetic field in the transformer prototype as shown in 397

Figure 7. 398

Based on the calculations obtained in the magnetic field, 399

the magnetostrictive strain is converted into magnetostrictive 400

stress using the stressstrain relationship of elastodynamics, 401

which is brought into the vibration calculations as a load, 402

resulting in the vibration of the transformer as shown in 403

Figure 8. 404

This paper is based on the magneto-mechanical cou- 405

pling model, which is further extended to establish an analyt- 406

ical model of the sound field of the prototype. The purpose 407

of the model is to accurately calculate the magnitude of 408

the vibration noise generated by the prototype transformer. 409
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FIGURE 7. Results of the magnetic field distribution of the transformer
calculation model.

FIGURE 8. Analysis of the solid mechanics of the transformer.

FIGURE 9. Sound field distribution of power transformers.

Figure 9 shows a schematic diagram of the transformer noise410

sound pressure level.411

V. COMPARISON AND ANAYSIS OF RESULTS412

According to the calculation results of the damping coefficie-413

nts in the previous section, the calculated mass matrix414

coeffi-cient α and stiffness matrix coefficient β are brought415

into the finite element numerical analysis software. By mod-416

ifying bo-undary conditions and setting solvers, the over-417

all damping e-ffect is considered for calculation.After the418

analysis and com-parison, points A and B with clear vibra-419

tion waveforms are selected as the main comparison points.420

Figure 10 shows the comparison between simulation and421

experiment on vibration under each condition.422

From the above figure, it can be seen that the simulation423

value of the transformer vibration without considering damp-424

ing effect is greater than the actual experimental values, and425

the simulation value without considering damping effect is426

closer to the experimental values, and the partially damped427

FIGURE 10. Comparison of experimental and simulated vibrations.

FIGURE 11. Schematic diagram of the distribution of measurement
points.

line is closer to the experimental values.Therefore, it is easy to 428

draw a conclusion that the electromagnetic vibration analysis 429

of transformers is affected by damping effect to some extent, 430

and considering damping effect can make the calculation of 431

electromagnetic vibration more accurate. 432

In order to verify the influence of damping on transf-ormer 433

noise, this paper selects three points around the transformer 434

C, D and E as reference points (as shown in Figure 11). 435

According to the calculation of transformer noise in the pre- 436

vious section, the change of transformernoise after adding 437

damping effect is analyzed.First of all, use the transformer 438

noise model to calculate the soun-d pressure level distribu- 439

tion of undamped transformer noise and the sound pressure 440

distribution after dampin-g, as shown in Figure 12. 441
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FIGURE 12. Distribution of transformer noise sound pressure levels.

TABLE 4. Noise values at measurement points.

From the data in the chart, it can be seen that the noise442

range of the transformer is 1.048 dB ∼ 61.926 dB before the443

damping parameter is added, but it is 3.426 dB ∼ 73.428 dB444

after the damping parameter is added.It is not difficult to draw445

a conclusion that the noise of the transformer will be affected446

by the damping in simulation calculation.447

Then, through the simulation calculation of the noise448

model, the noise decibels in three cases are obtained, and449

compared with the data obtained from the noise experiment.450

The comparison data are shown in Table 4.451

The data in the table show that the noise values of the mea-452

surement points without damping is higher than the actual453

measurement values, while the noise values of the measure-454

ment points with damping is lower than that without damping,455

and closer to the actual measurement values. This proves once456

again that the damping effect not only affects transformer457

vibration analysis, but also affects the vibration and noise458

analysis to some degree.459

VI. CONCLUSION 460

In this paper, the first six main vibration modal of the test 461

transformer and their corresponding damping ratios and nat- 462

ural frequencies are quantitatively calculated by using the 463

finite element simulation software, and the accuracy of sim- 464

ulations is verified by modal experiments. The mass matrix 465

parameters and stiffness matrix parameters corresponding to 466

the selected Rayleigh damping are calculated by using the 467

simulation results.In addition, the results are brought into the 468

damping module of the simulation software to participate 469

in calculations, and the results of electromagnetic vibration 470

and the noise distribution of the transformer are obtained. 471

By comparing the vibration acceleration with noise sound 472

pressure level, the following conclusions are drawn. 473

1) Under condition of transformer normal working, the 474

vibration noise of transformer will be affected by 475

damping effect. 476

2) The accuracy of calculation will be improved with the 477

addition of damping effect. 478

In this paper, the distribution of electromagnetic vibra- 479

tion and noise of transformer considering damping effects 480

is studied. These opinions play an important role in improv- 481

ing the calculation accuracy of transformer electromagnetic 482

vibration and noise, accurately predicting the noise level of 483

transformer products, and researching more effective method 484

of vibration reduction and noise reduction. 485
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