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Abstract: With the increase of urban population and electricity demand, in order to provide sufficient
power to residents, distribution transformers are getting closer to residential buildings, and are even
directly placed on the first floor or the basement of buildings due to space limitations. The vibration
and noise with low frequency of mainly 50–250 Hz generated by the distribution transformers spread
to rooms through beams, bricks, walls and other building structures, which inevitably damages
the living environment. In this paper, through focusing on the frame of buildings, simulation
models of the indoor distribution transformer vibrating in the structure field are built, including a
two-layer model and a six-layer model. This paper simulates and analyzes the vibration response
of the structural system, studies the propagation laws of the structure-borne sound caused by the
transformer and quantitatively analyzes the attenuation characteristics of the vibration. Finally the
prevention method of the structure-borne noise, called vibration isolation, is introduced and analyzed
by the field test to evaluate the noise reduction effect.
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1. Introduction

With economic development around the world, the numbers of transformers are increasing as
well. At the same time, the noise generated by the transformer has a great impact on residential areas,
business centers, factories, subway stations, airports, schools, hospitals and other places. As the urban
population and electricity consumption increases, distribution transformers are getting closer and
closer to residential areas, and a large number of them even have to be set up in buildings or basements
in order to save space.

The main source of the transformer’s body noise is from the core and winding vibration [1–6].
The total vibration level on the transformer could be adequately described by the first few harmonics of
100 Hz [7]. Whereas the airborne sound output of transformers is not tremendously high, the vibration
and subsequent structure-borne noise can be extreme. The reflection of solid-borne sound in walls and
floors of buildings increases the energy density greatly [8]. For the most part, the transmission loss of
the concrete floors is more than sufficient in attenuating airborne sound but structure-borne sound can
be carried throughout the floors below for large distances from the transformer location [8], and then
through beams, bricks, and walls to the rooms, thus resulting in more and more complaints from
residents. The structure-borne sound and airborne sound transmission paths are shown in Figure 1.
In view of this problem, it is difficult to adopt traditional sound insulation, muffler or sound control
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measures to achieve the desired results. Building engineers and consultants address airborne noise
problems more effectively and confidently than structure-borne noise problems [9].
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In order to predict and measure the structure-borne sound in buildings, a series of methods and
techniques have been established. Statistical energy analysis (SEA) is a technique ideally suited
for the study of sound and vibration transmission through complex structures [10]. Craik and
Yamazaki et al. [11,12] examined the structural coupling and used SEA models to learn the vibration
and sound propagating paths. However, statistical energy analysis is unreliable at low frequencies due
to the statistical uncertainties that occur when there are few resonant modes in each of the elements or
subsystems [10]. Finite element models do not suffer from these limitations at low frequencies and can
be used to model such systems “exactly”. Steel and Craik [10] used a finite element model to carry
out “numerical experiments” to show the relationship between the properties of subsystems and the
coupling between them. Toyoda and Takahashi [13] used the finite-difference time-domain method
which is investigated as a new prediction method for architectural structure-borne sound.

In addition, Mandal et al. [14] used techniques of Fourier transform and finite difference
approximation to formulate vibration power flow model. Magalhaes [15] predicted the sound
power radiated by a floating floor system using a model that used fluid–structure interaction and the
Jinc function approach. Magalhaes and Ferguson [16] analytically developed the three-dimensional
Component Mode Synthesis method and used it on studying sound transmission between coupled
volumes. Sanayei et al. [17] developed an impedance model to study ground-borne vibrations caused
by passing traffic in the test building. Moorhouse et al. [18] developed a method for characterizing
building-mounted wind turbines (BMWTs) as sources of structure-borne sound and derived a
methodology for prediction of structure-borne sound and vibration inside attached dwellings.

Although there has been a development of methods of prediction and measurement of structure-borne
sound, there still remains a shortfall in methods of predicting noise from vibrating machines in contact
with building elements, which transmit vibrations and radiate sound [3], especially the specific study
on the distribution transformer’s vibration and noise in the building.

This paper focuses on frame structure, and builds simulation models of the indoor distribution
transformer’s vibration in the structure field. This paper firstly builds two-layer and six-layer
equivalent models, then simulates and analyzes the vibration response of the structural system to
study the propagation laws and attenuation characteristics of the vibration caused by the transformer,
and finally proposes the prevention method and carries out the field test.
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2. Analysis on the Propagation Mechanism of Vibration of Distribution Transformer in Building
Structure

The structure of the building can be seen as a combination of basic elements such as plates
(walls, floors) and rods (beams, columns). When an element is excited by the force, the vibration will
propagate in the form of an elastic wave along the element. Coming to the next element, a part of
the elastic wave enters the adjacent element through the interface, while the other part reflects back
against the interface, in which way the wave propagates to the far areas making each component
vibrate correspondingly and radiates the reproduction air noise to the surrounding space. That is the
structure-borne sound. When the sound waves propagate in the solid medium, the mass point of the
medium is displaced, the medium is deformed, and there is a force between different parts of the
medium which affects each other, called strain and stress. This is the basic principle of the propagation
of vibration in solids. In the following, the strain and stress are analyzed, then the acoustic equation is
performed so as to analyze the transmission mechanism of the transformer’s vibration in the building
structure as the theoretical basis of simulation.

2.1. Strain Analysis in Solid

The study point of the solid is named point A, and its coordinate is (x, y, z). This point will produce
a certain displacement in space when subjected to the external force. Assume that the displacement
components corresponding to the three directions in space are respectively ξ, η, and ζ. Assume that
the coordinate of its adjacent point C is (x + dx, y + dy, z + dz), and the corresponding displacements
are ξ + dξ, η + dη, and ζ + dζ. The Taylor equation is used to decompose it, then the displacement
difference between A and C point can be obtained as follows:

dξ = ∂ξ
∂x dx + ∂ξ

∂y dy + ∂ξ
∂z dz

dη = ∂η
∂x dx + ∂η

∂y dy + ∂η
∂z dz

dζ = ∂ζ
∂x dx + ∂ζ

∂y dy + ∂ζ
∂z dz

 (1)

It can be seen that the deformation of the object can be expressed by the following formula:∣∣∣∣∣∣∣∣
∂ξ
∂x

∂ξ
∂y

∂ξ
∂z

∂η
∂x

∂η
∂y

∂η
∂z

∂ζ
∂x

∂ζ
∂y

∂ζ
∂z

∣∣∣∣∣∣∣∣ (2)

The Figure 2 is a simplified diagram of the object deformation. The ABCD in the figure represents
the solid model before being subjected to the force, and A’B’C’D’ is the solid model that produces the
deformation after subjected to the force.
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2.2. Stress Analysis in Solid

A complete object can be seen as a combination of many small parts, and each part interacts
with the others. Take one part, dV, for analysis. When it is subjected to external stress, the body part
will bear the effect of other bodies around it. The force includes a normal stress perpendicular to the
surface of the action and a shear stress parallel to it. Figure 3 shows the stress analysis of the small
body element.
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The stress of the small body element can be expressed by the following formula:∣∣∣∣∣∣∣
Txx Txy Txz

Tyx Tyy Tyz

Tzx Tzy Tzz

∣∣∣∣∣∣∣ (3)

where Txx represents the stress acting on the x-plane and pointing to the x-axis, Txy represents the
stress acting on the x-plane and pointing to the y-axis, and the other quantities are similarly labeled.
Tij(i, j = x, y, z) represents the stress in all directions. If i and j are equal, this represents the normal
stress, if not, this represents the shear stress. In practice, there is a symmetry between these quantities,
that is to say, Tij and Tji have the same size in fact. Therefore, only six quantities among the nine need
to be known for the stress in the solid to be uniquely determined.

2.3. Acoustic Equation in Solid

Analyze the movement of the small body element in the x direction separately in Figure 3.
A similar analysis can be performed for the y and z direction. The external force that the small body
element suffers in x direction can be divided into a normal stress perpendicular to the x-axis and a
tangential stress perpendicular to the y-axis and z-axis.

The force in the x direction acting on the surface perpendicular to the x-axis is:

F′x = (Txx +
∂Txx

∂x
dx− Txx)dydz (4)

The force in the x direction acting on the surface perpendicular to the y-axis is:

F′′x = (Tyx +
∂Tyx

∂x
dx− Tyx)dxdz (5)
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The force in the x direction acting on the surface perpendicular to the z-axis is:

F
′′′
x = (Tzx +

∂Tzx

∂x
dx− Tzx)dxdy (6)

The sum of the three stresses is the stress in the x direction:

Fx = (
∂Txx

∂x
+

∂Tyx

∂y
+

∂Tzx

∂z
)dxdydz (7)

According to Newton’s second law, Equation (8) represents the equation of motion in x, y, and z
direction, where ρ is the density of the substance.

ρ ∂2ξ
∂t2 = ∂Txx

∂x +
∂Tyx
∂y + ∂Tzx

∂z

ρ
∂2η

∂t2 =
∂Txy
∂x +

∂Tyy
∂y +

∂Tzy
∂z

ρ ∂2ζ
∂t2 = ∂Txz

∂x +
∂Tyz
∂y + ∂Tzz

∂z

 (8)

Since the performance values of the object measured in different directions are exactly the same,
according to the generalized Hooke’s law of isotropic media and combined with Equation (1), the
following can be obtained:

ρ ∂2ξ
∂t2 = (λ + µ) ∂∆

∂x + µ∇2ξ

ρ
∂2η

∂t2 = (λ + µ) ∂∆
∂y + µ∇2η

ρ ∂2ζ
∂t2 = (λ + µ) ∂∆

∂z + µ∇2ζ

 (9)

where ∆ = ∂ξ
∂x + ∂η

∂y + ∂ζ
∂z , ∇2 = ∂2

∂x2 +
∂2

∂y2 +
∂2

∂z2 , and λ, µ are the Lame coefficient.

Take
→
s = ξ

→
i + η

→
j + ζ

→
k to represent the particle displacement, Equation (9) can be written in

vector form:

ρ
∂2→s
∂t2 = (λ + µ)grad∆ + µ∇2→s (10)

3. Simulation Analysis

In this part, the finite element simulation models are built to study the indoor distribution
transformer’s vibration in the building structure field. We use the finite element method to carry out
the simulation.

3.1. Model Building

In order to analyze the influence of indoor distribution transformers’ vibration on the internal
structure of the building, and study the propagation law of the vibration in the solid structure,
the following two-layer and six-layer models of the structure-borne sound field were built. In these
models, the transformer is equivalent to a rectangular box for processing, and the value of the excitation
source is the result of test on site.

The model is a typical residence and the size of the frame column of Figure 4 is 0.8 m × 0.8 m.
The horizontal separation between columns is 6 m, while the longitudinal distance is 4 m. The total
area of the basement is 560 m2.
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3.2. Placement of the Transformer and Probes

The placement of the transformer is critical to the transmission of vibration. In practice,
the transformer is usually placed at the basement. Taking the symmetry of the basement structure into
account, only six typical areas in Figure 8 need to be analyzed.
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For the two-layer model, there are 20 probes set in Figure 9. The vibration response spectrum
and displacement nephogram of each point can be extracted after simulation. Monitored points are
generally located near the windows or the walls in that furniture such as tables, chairs and beds
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However, the probes are mainly set outside as in Figure 10, because for the six-layer model, it is
inconvenient and insignificantly meaningful to study the propagation law indoors. All the monitoring
points are arranged besides the window to study the vibration’s propagation law from three directions.
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3.3. Simulation Results

3.3.1. Two-Layer Model

The two-layer model is built to study the structure-borne sound’s propagation law indoors and
the vibration strength distributions when vibration propagates along the beam, brick, and wall units.

Apply the excitation quantity as measured on the field site to the model as shown in Figure 11
which shows the vibration spectrum of the transformer. Although the vibration of the transformer will
be different under different working conditions, for the simulation analysis, considering the vibration
propagation law of the transformer, the intensity of the vibration does not affect its propagation law.
In the actual measured vibration values given in Figure 11, we use the vibration curve under no-load
condition. The specific parameters of Power Spectral Density (PSD) acceleration which applies to the
equivalent rectangular box’s upper surface are shown in the Figure 12.
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The unit in Figure 13 is meter. In the nephogram, the displacement is used as an indicator, and the 
blue region indicates the vibration intensity is relatively low, while the red region indicates more 
severely-affected areas. The displacement is the sum of the components of different frequencies.  
As is shown in Figure 13, the vibration propagates upward along columns and beams. In the process 
of transmission, the floor structure of the house is relatively stable and less affected by the vibration, 
but the amplitude of the surrounding walls is relatively large. The amplitude of the vibration reaches 
the peak at the wall edge on sides of the X-direction of the house, and the vibration amplitude of the 
four walls along the longitudinal direction of the house (Z-direction in the Figure 13) is also large. 
Structure-borne sound wave will be attenuated when propagating in the building structure, and the 
amount of attenuation when propagating to the floor is greater than that to the wall. Location #3 is at 
the center, where the impact of the transformer as a vibration source on the entire house structure  
is significant. 

Figure 11. Acceleration spectrum of the transformer’s vibration: (a) No-load; (b) Short-circuit; (c) Load.

Take the transformer that is placed at position #3 as an example to study the propagation law.
The unit in Figure 13 is meter. In the nephogram, the displacement is used as an indicator, and the
blue region indicates the vibration intensity is relatively low, while the red region indicates more
severely-affected areas. The displacement is the sum of the components of different frequencies. As is
shown in Figure 13, the vibration propagates upward along columns and beams. In the process of
transmission, the floor structure of the house is relatively stable and less affected by the vibration, but
the amplitude of the surrounding walls is relatively large. The amplitude of the vibration reaches
the peak at the wall edge on sides of the X-direction of the house, and the vibration amplitude of the
four walls along the longitudinal direction of the house (Z-direction in the Figure 13) is also large.
Structure-borne sound wave will be attenuated when propagating in the building structure, and the
amount of attenuation when propagating to the floor is greater than that to the wall. Location #3 is
at the center, where the impact of the transformer as a vibration source on the entire house structure
is significant.
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In detail, we can further obtain the response spectrum of the typical monitoring point. We use the
frequency-acceleration curve to learn more about the vibration. In the range of 800 Hz, the response
spectrum of vibration at point 1 is shown in Figure 14. The monitoring value can be shown in X, Y,
Z directions.
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The response spectrum is mainly around 100 Hz, and the response spectrum at high frequencies
can be negligible. In order to dramatically display the result, the data should be filtered, only considering
the value within 150 Hz, and adjusting the X-coordinate. The corresponding response spectrum curve
is shown in Figure 15.

Considering that the vibrations in the three directions are almost of the same magnitude, and in
practice, the vibration of the transformer is mainly up and down [19], when the excitation is applied,
only the vibration in the Y direction will be analyzed. The transformer’s position remains unchanged,
and the response curve of 1–6 test points at the front side is shown in Figure 16.

It can be seen that the vibrations of point 2 and point 5 are relatively stronger than other points,
which coincides with the result in the displacement nephogram. From Figure 16, we can find that
in X-coordinate, with the distance to the transformer increasing, the amplitude of vibration has a
decreasing trend, but this rule is not quite obvious.

The points 3, 11, 12 and 13 of the Z direction are examined, and their vibration intensities are
compared as shown in Figure 17, demonstrating that the vibration of the edge is stronger than that of
the center. This is because the stability of the intermediate structure is higher, and the vibration will be
transmitted to the edge.

Appl. Sci. 2017, 7, 405 10 of 23 

The response spectrum is mainly around 100 Hz, and the response spectrum at high frequencies 
can be negligible. In order to dramatically display the result, the data should be filtered, only 
considering the value within 150 Hz, and adjusting the X-coordinate. The corresponding response 
spectrum curve is shown in Figure 15. 

Considering that the vibrations in the three directions are almost of the same magnitude, and in 
practice, the vibration of the transformer is mainly up and down [19], when the excitation is applied, 
only the vibration in the Y direction will be analyzed. The transformer’s position remains unchanged, 
and the response curve of 1–6 test points at the front side is shown in Figure 16. 

It can be seen that the vibrations of point 2 and point 5 are relatively stronger than other points, 
which coincides with the result in the displacement nephogram. From Figure 16, we can find that in 
X-coordinate, with the distance to the transformer increasing, the amplitude of vibration has a 
decreasing trend, but this rule is not quite obvious. 

The points 3, 11, 12 and 13 of the Z direction are examined, and their vibration intensities are 
compared as shown in Figure 17, demonstrating that the vibration of the edge is stronger than that 
of the center. This is because the stability of the intermediate structure is higher, and the vibration 
will be transmitted to the edge. 

 

Figure 15. Adjusted response spectrum. 

 
Figure 16. Monitoring data of six monitoring points of the X direction in the front of the house. 

Figure 15. Adjusted response spectrum.

Appl. Sci. 2017, 7, 405 10 of 23 

The response spectrum is mainly around 100 Hz, and the response spectrum at high frequencies 
can be negligible. In order to dramatically display the result, the data should be filtered, only 
considering the value within 150 Hz, and adjusting the X-coordinate. The corresponding response 
spectrum curve is shown in Figure 15. 

Considering that the vibrations in the three directions are almost of the same magnitude, and in 
practice, the vibration of the transformer is mainly up and down [19], when the excitation is applied, 
only the vibration in the Y direction will be analyzed. The transformer’s position remains unchanged, 
and the response curve of 1–6 test points at the front side is shown in Figure 16. 

It can be seen that the vibrations of point 2 and point 5 are relatively stronger than other points, 
which coincides with the result in the displacement nephogram. From Figure 16, we can find that in 
X-coordinate, with the distance to the transformer increasing, the amplitude of vibration has a 
decreasing trend, but this rule is not quite obvious. 

The points 3, 11, 12 and 13 of the Z direction are examined, and their vibration intensities are 
compared as shown in Figure 17, demonstrating that the vibration of the edge is stronger than that 
of the center. This is because the stability of the intermediate structure is higher, and the vibration 
will be transmitted to the edge. 

 

Figure 15. Adjusted response spectrum. 

 
Figure 16. Monitoring data of six monitoring points of the X direction in the front of the house. Figure 16. Monitoring data of six monitoring points of the X direction in the front of the house.



Appl. Sci. 2017, 7, 405 11 of 23
Appl. Sci. 2017, 7, 405 11 of 23 

 
Figure 17. Monitoring data of four monitoring points of the Z direction in the house. 

Then, we compare the vibration propagation of the transformer in different positions. When the 
position of the transformer changes, the transmission of the vibration will show different 
characteristics. The displacement nephograms of the transformer at the 1, 2, 4, 5, and 6 positions are 
successively listed below from Figures 18–22. The unit in figures is meter. 

As is shown in the above nephograms, the effect of transformer’s vibration on the structure of 
the two-layer model will be different due to different placement of the transformer under the same 
excitation. From Figure 13 and Figures 18–22, it is not difficult to find that the position of the 
maximum amplitude has changed. When the transformer is successively placed at position #1, #2, 
and #3, the influence of the vibration on the wall of the Z-direction at the center position is gradually 
increasing. When the transformer is placed at position #1, the displacement of the wall of the  
Z-direction at the center position is about 0–7.8758 × 10−7 m, while it is 5.9859 × 10−7–1.7958 × 10−6 m 
when the transformer is placed at position #2, and 0–1.9856 × 10−6 m when the transformer is placed 
at position #3. Through the simulation nephogram, when transformer is at position #3, which is just 
in the middle of the model, the impact of vibration on the house is the most extensive. The area 
achieves the maximum displacement 5.9568 × 10−6 m is relatively larger. 

 

Figure 18. Displacement nephogram in two-layer model when the transformer is at position #1. 

Figure 17. Monitoring data of four monitoring points of the Z direction in the house.

Then, we compare the vibration propagation of the transformer in different positions. When the
position of the transformer changes, the transmission of the vibration will show different characteristics.
The displacement nephograms of the transformer at the 1, 2, 4, 5, and 6 positions are successively listed
below from Figures 18–22. The unit in figures is meter.

As is shown in the above nephograms, the effect of transformer’s vibration on the structure
of the two-layer model will be different due to different placement of the transformer under the
same excitation. From Figures 13 and 18, Figures 19–22, it is not difficult to find that the position
of the maximum amplitude has changed. When the transformer is successively placed at position
#1, #2, and #3, the influence of the vibration on the wall of the Z-direction at the center position is
gradually increasing. When the transformer is placed at position #1, the displacement of the wall of the
Z-direction at the center position is about 0–7.8758× 10−7 m, while it is 5.9859× 10−7–1.7958× 10−6 m
when the transformer is placed at position #2, and 0–1.9856 × 10−6 m when the transformer is placed
at position #3. Through the simulation nephogram, when transformer is at position #3, which is just in
the middle of the model, the impact of vibration on the house is the most extensive. The area achieves
the maximum displacement 5.9568 × 10−6 m is relatively larger.
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Figure 22. Displacement nephogram in two-layer model when the transformer is at position #6.

When the position of the transformer changes, the parameters measured at the monitoring points
will change accordingly. Choose three typical monitoring points for analysis. Point 1 is located at
the front left side of the house; point 12 is located at the middle of the house; point 20 is located
on the diagonal line with point 1 and in simulation, is always the farthest point away from the
vibration source.

From Figure 23, the vibration intensity of point 1 reaches the maximum when the transformer
is set at position #1, even larger than that when transformer is at position #4. Besides, when the
transformer is at positions #2 and #5, the vibration intensity of the high-frequency component cannot
be neglected compared with the other cases. Further examined vibration data within 150 Hz are shown
in Figure 24.
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As for the monitoring point 12 and 20 vibration, the results are respectively shown in Figures 25
and 26.
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As is shown in Figures 23–26, the placement of the transformer has great impact on the vibration
propagation. When the transformer is located at the central location, it impacts most on the structure
that is right above it and less on the surrounding structure, but still cannot be ignored. For example,
when the transformer is at positions #2 and #3, the vibration intensity of the monitoring point 12 is
the strongest. When the transformer is located at one side edge of the house, it impacts more on all
surrounding structures, but much less on the central position. For example, when the transformer is at
position #1, the vibration intensity of the monitoring points 1 and 20 all reach the maximum, while
that of the point 12 is smaller. It is also the reason that the central location is structurally stable and can
transfer most of the energy produced by the vibration directly to the edge location.

3.3.2. Six-Layer Model

The six-layer model mainly examines the effect of the propagation of the vibration on the overall
structure of the house.

The vibration’s propagation law through the whole building will be different from that indoors.
Taking the transformer that is at position #3 as an example, the vibration displacement nephogram is
shown in Figure 27 under the condition that the same excitation is applied to the transformer.
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Figure 27. Displacement nephogram of the whole building when transformer is at position #3.

As can be seen from the Figure 27, the areas that have higher amplitude are near the transformer.
The vibration in the basement structure can propagate to the distant areas, and maintain a certain
amplitude. It has a large attenuation during the upward transmission, and only affects the boundary
region, while having less influence on the central region which is more stable.

In the six-layer model, the monitoring points are set as in Figure 10. ABC represent the three
different directions that vibration propagates. A1–A6 represent the six monitoring points of vertical
direction, reflecting the propagation law of the vibration along the vertical direction. B1–B8 are
eight monitoring points of horizontal direction, reflecting the propagation law of the vibration along
the horizontal direction of the building. The C1–C3 three monitoring points are used to reflect the
propagation characteristics of the vibration along the longitudinal direction of the building.

The simulation results of the six monitoring points along the vertical direction are shown below in
Figure 28, which are basically in accordance with the actual situation. As the story rises, the vibration
from the bottom will be gradually weakened. Numerically, when vibration propagates up by a layer,
the maximum of the vibration will be reduced by 20% to 50% relative to the lower layer. The vibration
in the sixth layer is less than 20% of that in the first layer, so the attenuation in this direction is
relatively rapid.
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Figure 28. Results of monitoring points A1–A6 when transformer is at position #3. 
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which will cause greater attenuation to the vibration. Furthermore, from (3, 4) to (1, 2), the attenuation 
of vibration is about 50%, the same as from (5, 6) to (7, 8).  

The simulation results of the monitoring points C1-C3 of the longitudinal direction are shown 
in Figure 30. In the longitudinal direction, the vibration of the central position is lower than that of 
both sides. However, the maximum amplitude in this direction is only 30% of that in the vertical 
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The simulation results of the monitoring points B1–B8 of the horizontal direction are shown in
Figure 29. It can be seen that in the horizontal direction, the closer to the transformer, the stronger the
vibration. The values of the monitoring points 1, and 2 on the left side are greater than those of the
monitoring points 7, and 8 on the right side. This is because in the model, position #3 is closer to the
left position. There are four unit structures in the horizontal direction and eight monitoring points can
be divided into four groups (1, 2), (3, 4), (5, 6), (7, 8). There is a wall between each unit structure, which
will cause greater attenuation to the vibration. Furthermore, from (3, 4) to (1, 2), the attenuation of
vibration is about 50%, the same as from (5, 6) to (7, 8).

The simulation results of the monitoring points C1-C3 of the longitudinal direction are shown in
Figure 30. In the longitudinal direction, the vibration of the central position is lower than that of both
sides. However, the maximum amplitude in this direction is only 30% of that in the vertical direction,
and 75% of the horizontal direction, relatively the smallest of the three.
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When the transformer’s position changes, the corresponding vibration intensity will be different.
In the six-layer model, situations when the transformer is at positions #1, #3, and #6, are mainly
considered. The displacement nephograms are respectively shown in Figures 31 and 32.

Some basic conclusions can be obtained by combining the three displacement nephogram results.
When the transformer’s position changes, the impact of the vibration on the overall structure of the
building will change. Transformer vibration will inevitably have a strong impact on the surroundings,
and the place where the vibration is the strongest, is in the transformer-centered small area, changing
with the transformer’s position. The intensity of the vibration that propagates to the edge will be
greater than to the central position. When the transformer is at the edge position, such as position #6,
the impact range of the vibration on the whole wall of the building is larger.
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Considering the influence caused by different positions of the transformer, specific points in
the vertical direction are selected for comparison. The selected 17 points have been simulated and
analyzed, here the result of the typical monitoring point 3 is given in Figure 33.
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Figure 33. Vibration data of the point 3 when the transformer is at different positions,

From the Figure 33, the closer the transformer is to the monitoring point in the horizontal direction,
the stronger the vibration is. By data contrasts between group (1, 4), (2, 5), (3, 6), it can be seen that
when the transformer is at the edge, the vibration intensity of the monitoring point is only 50–60%
of that when transformer is at the middle position due to vibration will be transmitted to the edge.
Because of it, when the transformer is at central position, its impact range on the whole building is less
than that at edge position. From the whole point of view, the best position for the transformer is the
central area of the basement.

4. Structure-Borne Sound Control Method

From the above simulation results, it is found to be useful to solve the problem of the structure-borne
sound caused by the indoor distribution from the vibration source.



Appl. Sci. 2017, 7, 405 19 of 23

4.1. Transformer Vibration Isolation

The vibration generated by the distribution transformer propagates to rooms through structures
such as the columns, walls and so on. Although the vibration decays relatively quickly as the story
rises, the impact of the vibration on the adjacent room and the lower floors is not negligible. In fact,
the transformer’s vibration will have little impact on the structure itself but the resulting structural
vibration will cause structural noise, which affects the normal life of residents.

If the transformer’s noise is only reduced from the perspective of sound insulation, it will only
reduce the air noise. This is however powerless for structure-borne sound. Furthermore, some
traditional sound absorption and sound insulation materials have limitations on the noise with low
frequency range and are prone to resonate, which in return intensify the structure-borne noise [20,21].

Therefore, a comprehensive treatment method perspective should be used for transformer noise
pollution. Not only does the sound insulation be adopted, but a reasonable way should also be used to
isolate the vibration of the transformer at the same time.

4.2. Field Test of the Program

In the field test, installing the vibration absorber base to the transformer is an effective method for
reducing the structure-borne sound. Details are shown in the Figure 34.
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The model of the distribution transformer in the field test is SCB11-800/10 as shown in Figures 35
and 36. The distribution transformer is placed in the anechoic chamber, and the probes are placed
on the transformer such as the blue oval area in Figure 35 to measure its vibration. Besides, in the
anechoic chamber a total of 12 sound sensors are suspended around the room to measure the sound.

The vibration curves of the transformer in three circumstances (no-load, short-circuit, and loaded)
are obtained before and after the transformer is installed the vibration absorber base. The results are
shown in Figures 37 and 38.

Comparing the results in Figures 37 and 38, in the case with the vibration absorber base, each harmonic
component in the spectrum changes greatly, and the fundamental wave is inhibited clearly, basically
decreasing by 30–50%. Although the amplitude of certain higher harmonic components increases a
little, from the overall point of view, the inhibition of harmonic components is obvious. This shows
the installation of the base will significantly retard the transformer’s vibration propagation, thus
significantly suppressing the structure-borne noise from the source.
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5. Conclusions

The propagation rule of the structure-borne sound caused by the indoor distribution transformer
in a building has been analyzed and the prevention and control method is put forward. The following
conclusions can be drawn.

1. Indoors, the vibration propagates mainly upward along columns and beams. The floor structure
is relatively stable, while the amplitude of the surrounding walls is relatively large. The vibration
of the edge is stronger than that of the center, for the stability of the central structure is higher,
and the vibration will be transmitted to the edge. When the transformer is located at the central
location, it impacts most on the structure that is right above it and less on the surrounding
structure but still cannot be ignored. When the transformer is located at one side edge of the
house, it impacts more on all surrounding structures, but much less on the central position.

2. For the whole building, the vibration in the basement structure can propagate to the distant
areas, and maintain a certain amplitude. The place where the vibration is strongest is in the
transformer-centered small area, changing with the transformer’s position. It has large attenuation
during upward transmission, and only affects the boundary region, while having less influence
on the central region which is more stable.

3. As the story rises, propagating up a layer, the maximum of the vibration of the upper floor will
be reduced by 20% to 50% relative to the lower layer. Therefore, the attenuation in this direction
is relatively rapid. In the horizontal direction, the closer to the transformer, the stronger the
vibration is. The attenuation of vibration is about 50% less through a wall.

4. In the field test, after installing the vibration absorber base to the transformer, each harmonic
component in the spectrum changes greatly, and the fundamental wave is inhibited clearly,
basically decreasing 30% to 50%. The installation of the base will significantly suppress the
structure-borne noise from the source.

From our perspectives, the best position for the transformer is the central area of the basement for
the whole building. However, in the two-layer model, when the transformer is at middle position of
the model, the impact of vibration on the upper house is more extensive. From an overall point of view,
when the transformer is at the edge position, the impact range of the vibration on the whole wall of
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the building is larger. Therefore, from the scope of the impact on the whole building, we consider that
the central area is the best position. Besides, it is useful to control the vibration and structure-borne
sound transmission caused by the indoor distribution from the vibration source. It is effective to take
vibration isolation measures.

There are still some problems to be further studied in this paper. The vibration propagation
models are simplified, only involving two-layer and six-layer house structures, as well as the indoor
structure. In addition, in the simulation experiment, only the single transformer is studied, which
may be different from the actual situation. When multiple transformers work at the same time, the
optimization of the layout and the structure-borne sound propagation laws are worthy of further study.
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