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Abstract: With the wide application of power electronic devices and nonlinear loads, the resulting
inter-harmonic pollution is becoming more and more serious in the power system. As important
equipment in power systems, transformers have always been the focus of research. However, there
are few studies on the abnormal increase in vibration and noise caused by inter-harmonic excitation.
In this work, a transformer core vibration and noise measurement platform that can generate arbitrary
inter-harmonic excitations was built. The real-time vibration displacement waveforms of the core
model under normal and inter-harmonic conditions were experimentally measured as well as the
surrounding noise level amplitude and spectrum analysis result. The influence law of excitation of
intermediate harmonic content and frequency on core vibration displacement and surrounding sound
pressure level was summarized. The work of this paper lays a theoretical foundation for studying the
vibration and noise of power transformers and other equipment under inter-harmonics.

Keywords: inter-harmonics; transformer core; vibration; transformer noise

1. Introduction

Power inter-harmonic refers to any harmonic whose frequency is not an integer
multiple of the fundamental frequency, and the inter-harmonic whose frequency is less
than the fundamental frequency is usually called sub-harmonic [1]. Common main sources
are nonlinear loads, inverter speed governors, and sub-synchronous oscillation of wind
turbines [2,3], etc. Among them, the inter-harmonic frequency generated by common
nonlinear loads is 0~50 Hz; the inter-harmonic frequency generated by the frequency
conversion device is a discrete value related to the sum or difference of the input and
output side frequencies, the inter-harmonic generated by the sub-synchronous oscillation
of the wind turbine. The frequency is generally less than the synchronization frequency of
50 Hz. As the main equipment of the power system, the transformer is bound to be affected
by inter-harmonics. The existence of inter-harmonics will cause many problems, such as
premature saturation of the transformer core, severe distortion of the excitation current,
increased vibration, and an abnormal increase in noise.

At present, many scholars have carried out a lot of research on transformer vibration
and noise. Through experimental research, literature [4,5] concludes that the main reason
for transformer vibration and noise is iron core magnetostriction; literature [6,7] studied the
vibration and noise of transformer core under power frequency sinusoidal excitation; litera-
ture [8-11] studied the magnetostriction of the material and the magnetization state and
vibration of the iron core under DC bias; literature [12-14] studied the vibration noise of the
transformer core under harmonic and DC bias excitation. Many scholars have simulated
the vibration and noise values of transformers and reactors through multiphysics coupling
software [15-17]; literature [18,19] analyzed the influence on the electromagnetic vibration
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characteristics of equipment by simulating the condition of each harmonic by superim-
posing harmonics of fundamental wave excitation; literature [20] systematically studied
the magnetization characteristics and loss characteristics of electrical steel materials under
excitation with inter-harmonics. However, research on the influence of inter-harmonics on
power transformers is still rare, so it is very important to measure the vibration and noise
characteristics of transformer cores under the action of inter-harmonics.

In this paper, the inter-harmonic influences on transformer core vibration and noise
are studied through experiments. A core model laminated by oriented silicon steel sheets
was made, and core vibration and noise experiments were carried out. The effects of inter-
harmonic frequency and content on transformer core vibration and noise were analyzed. At
present, there is little research on transformer core vibration and noise under inter-harmonic
excitation. The experimental platform and experimental methods in this paper can provide
a reference on transformer core vibration and noise under inter-harmonic excitation.

2. Experimental Methods
2.1. Experimental Scheme

This paper has built a vibration measurement platform that can generate arbitrary
inter-harmonic excitation. Inter-harmonics with different contents and frequencies are set,
and vibration and noise measurement experiments are carried out under this excitation.
The experimental flow chart is shown in Figure 1.
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power amplifier

Y

Avibration and noise measurement platform
capable of generating arbitrary interharmonic excitations

Excitation voltage setting
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and analysis system
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Y
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Data processing
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Figure 1. Experimental flow chart.

The experimental circuit is shown in Figure 2, and the equipment parameters are
shown in Table 1. The transformer core model is made of B27R085 silicon steel sheet, which
is commonly used in distribution transformers. The winding turns on both core legs are
30 turns. The model size is shown in Figure 3.
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Figure 2. Experimental circuit.

Table 1. Parameters of instruments.

Experimental Equipment Performance Index

Frequency accuracy: (3 ppm + 2 pHz of set value)
frequency resolution: 0.01 pHz
Amplitude accuracy: £(1% of amplitude setting
value + 2 mVp-p)/open circuit

Rated frequency band: DC—20 kHz
NF 4510 A Precision power amplifier Rated output power: 1 kVA
Voltage output accuracy: £0.1%

NF WF1974 signal generator

Range accuracy: +0.04% of range
WT3000 power analyzer Basic power accuracy: £0.02%
Frequency range: 0.1 Hz~1 MHz

A

\ 4

Figure 3. Dimensions of transformer core model.

In Figure 3, pure iron stack thickness is 66 mm; window height (A) is 130 mm; window
width (B) is 70 mm; silicon steel sheet width (C) is 65 mm; core model stack thickness (D) is
68 mm; core overall width (E) is 200 mm; core overall height (F) is 260 mm.

The excitation voltage is given by

o(t) = Vi[sin(27tfot) + msin(27 fit)] 1)

In Equation (1), V; is the voltage amplitude, fy is the fundamental voltage frequency
of 50 Hz, f;, is the inter-harmonic voltage frequency, and m is the inter-harmonic content.
The experiment studied the influence of the frequency and content of inter-harmonics on
the vibration characteristics of the transformer core by changing the parameters f;, and m.

The main sources of common inter-harmonics are nonlinear loads, frequency converter
speed control devices, and sub-synchronous oscillations of wind turbines. According to the
above main sources of inter-harmonics, this part of the experiment sets the inter-harmonic
content to 3%, that is, m = 0.03 unchanged. Take fj, as: 2, 5, 7, 10, 15, 17, 20, 25, 30, 40, 45,
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and 53 Hz. Under the condition of introducing different inter-harmonic frequencies, the
voltage amplitude is gradually increased from 0 to 50 V. During debugging, the vibration
displacement of different measuring points is recorded, and the vibration displacement is
analyzed by frequency spectrum.

In order to further analyze the influence of the inter-harmonic content on the vibration
characteristics of the iron core, experiments were carried out under the conditions of inter-
harmonic frequencies of 5, 20, and 40 Hz. Keep the inter-harmonic frequency constant, set
the inter-harmonic content to 1%, 3%, and 5%, respectively, and compare and study the
peak-to-peak variation of the core vibration under the same voltage amplitude.

2.2. Transformer Core Vibration Experiment

The experiment uses SOPTOP LV-501 laser Doppler vibrometer and DH5902 data
acquisition and analysis system for vibration data acquisition and FFT spectrum analysis.
Before the experiment, the laser reflection acceptance rate was adjusted and stabilized
above 70%, the secondary side of the transformer core was set to a no-load state, and
the voltage amplitude was gradually increased. When the real-time vibration signal is
observed to be stable through the external supporting software, the vibration waveform of
the measuring point is collected, and the measured velocity signal is integrated to obtain
the displacement waveform.

Due to the rotating magnetic flux at the corner of the iron core, the direction of part of
the magnetic flux is perpendicular to the rolling direction, and the vibration displacement
is more obvious than other parts. In order to study the overall vibration characteristics of
the iron core, three different measuring points located in the middle and both sides of the
iron yoke were selected in the iron yoke. The distribution of the measuring points is shown
in Figure 4.

Figure 4. Distribution of vibration displacement measuring points.

2.3. Transformer Core Noise Experiment

According to the national standard “GB/T1094.10-2003” [21], the B&K2250 handheld
noise analyzer was used to measure 9 measuring points around the transformer in the
noise measurement scheme. The distribution of the measuring points is shown in Figure 5.
The probe of the sound level meter is measured at a distance of 0.3 m from the measuring
surface of the transformer, and the axis direction is perpendicular to the measuring surface.



Appl. Sci. 2022,12,1758

50f13

®

@ |

@

@

®

B

Figure 5. Distribution of noise measuring points. In the picture, a = 142 mm, b = 200 mm, ¢ = 260 mm,
L =300 mm, A =142 + 300 + 300 = 742 mm, B = 200 + 300 + 300 = 800 mm, D = 260 x 2 =520 mm.

The test time for each measuring point is continuous 60 s. After all the measurements
are completed, the average value of the noise of the 9 measuring points is the A-weighted
noise sound pressure value of the transformer core. In order to avoid interference from
the operation noise of other equipment, the iron core is placed in another laboratory
with a better sound insulation effect. The background noise of the measurement result is
about 17 dB. The environment in which the noise experiment was carried out had some
background noise interference, so the background noise of 9 points was measured and the
measurement results were corrected. Correct the influence of the background noise on the
measured transformer noise according to Table 2, and record the noise spectrum of each
measuring point.

Table 2. Correction of background noise.

Difference between Equipment and Measurement Correction Value/dB

Background Noise/dB
3 -3
4-5 )
6-9 -1

3. Results and Discussion
3.1. Inter-Harmonic Frequency Influence on Core Vibration

As the voltage gradually increases, the inter-harmonic content reaches 3%. The rela-
tionship between the peak-to-peak value of the vibration displacement of measuring point
1 and the inter-harmonic frequency contained in the excitation is shown in Figure 6.
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Figure 6. The peak-to-peak value of core vibration displacement.

From the overall trend analysis in the figure, it is found that the lower the inter-
harmonic frequency, the greater the peak-to-peak value of the core vibration displacement,
but in different frequency ranges, the increase in amplitude varies greatly. When the
frequency of inter-harmonics is less than 20 Hz, the amplitude of vibration increase is
much greater than when the frequency is greater than 20 Hz. For example, when the
fundamental voltage amplitude is 50 V, the peak-to-peak displacement under excitation
with 2 Hz inter-harmonic component is 450.3 nm, which is 1.8 times that of excitation
without an inter-harmonic component. The excitation with 20 Hz inter-harmonics is only
1.05 times the peak-to-peak value of vibration without inter-harmonic excitation.

Figure 7 shows the time-domain waveform of the vibration displacement of measur-
ing point 1 without inter-harmonic excitation. It can be seen from Figure 7b that when
the transformer core is in normal working conditions, the frequency spectrum is mainly
concentrated on even-numbered components such as 100 Hz and 200 Hz. It also contains a
small number of odd harmonics, and they are basically concentrated below 500 Hz. Due
to the experimental environment and core resonance, there are some interference signals
in the range of less than 20 Hz. The existence of interference signals may be caused by
problems such as experimental equipment and the iron core manufacturing process. When
the excitation does not contain inter-harmonics, there will be some interference signals
in the spectrogram, and the difference between the interference signal and the main sig-
nal is about ten times, so it is considered that the interference signal will not affect the
experimental results.



Appl. Sci. 2022,12,1758

7 of 13

Displacements (nm)

200

100

Displacements (nm)

-100

-200

Dl el ll‘

80

Ll 1”14“‘ Mit Il M il tmlwl‘ l‘ln”\

60

40

AR

Displacement component (nm)

i 4 L ”! i

0.00 0.25

200

0. 50 0.75 1. 00 0 50 100 150 200 250 300 350
Time (s) Frequency (Hz)

(a) (b)

Figure 7. Vibration displacement of iron core without inter-harmonics; (a) time-domain waveform;
(b) spectrum analysis.

Since the inter-harmonics below 20 Hz have a greater impact on vibration, the experimen-
tal results containing low-frequency inter-harmonics are mainly analyzed. Figures 8 and 9
show the time-domain waveform diagram and spectrum analysis diagram of the core vibra-
tion displacement within 1 s when the excitation contains 2 Hz and 5 Hz inter-harmonics.
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Figure 8. Vibration displacement of iron core with 2 Hz inter-harmonics in excitation; (a) time-domain
waveform; (b) spectrum analysis.

It can be seen from the time-domain diagram that when the excitation voltage contains
single-frequency inter-harmonics, the vibration displacement forms a periodic image with
2f¢ as the single vibration frequency and 2f as the overall vibration frequency in the
time-domain. It is found from spectrum analysis that a single frequency inter-harmonic
voltage will cause a large number of inter-harmonic components in the transformer core
vibration. Considering that the resonant frequency of the transformer core itself is around
20 Hz and that some interference signals are brought by the experimental environment,
the lower frequency components are mainly concentrated around 20 Hz. In the frequency
range greater than 30 Hz, the relationship between the excitation intermediate harmonic
and the vibration intermediate harmonic frequency is shown in Table 3.
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Figure 9. Vibration displacement of iron core with 5 Hz inter-harmonics in excitation; (a) time-domain
waveform; (b) spectrum analysis.

Table 3. Inter-harmonic frequency in vibration.

Inter-Harmonic Frequency in Excitation (Hz)  Inter-Harmonic Frequency in Vibration (Hz)

2 48,52, 96,104, 148, 152,196,204 . ..
7 43,57,86,114, 143, 157,186,214 ...
10 40, 60, 80, 120, 140, 160, 180, 220 . ..
15 35, 65,70, 130, 135, 165, 170, 230 . ..
20 30, 70, 60, 140, 130, 170, 160, 240 . ..

According to the results obtained by the FFT decomposition of the vibration displace-
ment data, it can be seen that the inter-harmonic frequency components in the vibration
exist in pairs on both sides of an integer multiple of the fundamental frequency. Sum-
marize the relationship between the excitation intermediate harmonic frequency and the
inter-harmonic frequency components existing in the vibration displacement as:

fo = kifo* fin ki =1357... )
v kafo£2fn ko =2,4,6,8...

Among them, f, represents the inter-harmonic frequency components existing in the
core vibration spectrum, fo represents the fundamental voltage frequency with a frequency
of 50 Hz, and f}, represents the inter-harmonic voltage frequency.

Therefore, the vibration displacement waveform and frequency spectrum of the trans-
former core can be used to determine whether the transformer excitation contains inter-
harmonic components.

3.2. Inter-Harmonic Content Influence on Core Vibration

In the excitation, the inter-harmonics with the same frequency and different content
are added respectively. The comparison results of the peak-to-peak displacement of the
transformer core under the same voltage amplitude are shown in Tables 4 and 5.
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Table 4. Peak-to-peak vibration displacement with voltage amplitude of 41.18 V.

Peak-to-Peak Vibration Displacement (nm)

Inter-Harmonic Content Frequency (Hz) . . - - - -
Measuring Point 1 Measuring Point 2 Measuring Point 3
5 177.8 157.3 179.6
1% 20 175.2 162.0 174.5
40 168.8 165.5 172.2
5 283.6 242.1 276.3
3% 20 198.4 177 .4 205.0
40 165.3 170.2 167.9
5 320.6 281.5 3234
5% 20 236.7 200.1 235.7
40 198.1 180.3 193.8

Table 5. Peak-to-peak vibration displacement with voltage amplitude of 44.12 V.

Peak-to-Peak Vibration Displacement (nm)

Inter-Harmonic Content Frequency (Hz) . . - . - -
Measuring Point 1 Measuring Point 2 Measuring Point 3
5 179.2 158.6 178.2
1% 20 177.7 159.9 173.3
40 170.3 164.3 176.6
5 324.5 290.6 328.7
3% 20 227.1 190.2 2211
40 200.3 173.1 206.3
5 390.6 315.5 383.3
5% 20 264.4 246.1 260.1
40 231.0 202.7 225.5

It can be seen that the vibration of measuring point 1 and measuring point 3 is
more severe than measuring point 2, but from the general trend of the three measuring
points, the same conclusion is obtained: when the inter-harmonic content increases, the
vibration displacement gradually increases, especially when the frequency is less than
20 Hz inter-harmonic excitation, and the increasing speed will be more obvious when the
voltage amplitude is large. For example, when the voltage amplitude is 41.18 V, when
the excitation contains 5 Hz inter-harmonics, the peak-to-peak vibration displacement of
5% of the harmonic content is 1.8 times that of the content of 1%. In contrast, the 20 Hz
inter-harmonics reaches 1.34 times. The 40 Hz inter-harmonic is only 1.17 times. When the
voltage amplitude is 44.12 V, the above-mentioned ratio reaches 2.17 times, 1.49 times, and
1.35 times.

3.3. Inter-Harmonic Frequency Influence on Core Noise

In the noise characteristic research, similar to the vibration characteristic experimental
scheme, the inter-harmonic content in the excitation is 5% of the fundamental wave, that
is, m = 0.05. The inter-harmonic frequencies contained in the excitation are respectively
taken as: 2, 5, 10, 15, 20, and 40 Hz. Under different inter-harmonic frequency conditions,
gradually increase the voltage amplitude from 0 to 50 V, use a sound level meter to record at
different measurement points, and use supporting software to perform spectrum analysis
on the measured values. The change of the transformer noise level with the increase of the
excitation fundamental wave amplitude is shown in Figure 10 when the inter-harmonic
content is 5%.
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Figure 10. Noise level of iron core.

The overall change trend of the noise sound pressure level of the transformer core
model is similar to the conclusion obtained from the vibration experiment. When the
voltage amplitude is less than 25 V, the noise is basically environmental noise, and the
influence of inter-harmonics is small. However, as the voltage amplitude increases, the
influence of inter-harmonics on the noise of the transformer becomes more serious. The
lower the inter-harmonic frequency, the greater the amplitude of the core noise level and
the faster its growth rate. Especially for inter-harmonics with a frequency less than 20 Hz,
the noise increases by 2 dB to 3 dB for every 3 V increase in voltage, and the growth rate is
significantly greater than the inter-harmonics with a frequency greater than 20 Hz. When
the voltage amplitude is 50 V, the noise level with 2 Hz inter-harmonic excitation is 9 dB
higher than that without inter-harmonic excitation.

3.4. Inter-Harmonic Content Influence on Core Noise

When inter-harmonics with the same frequency and different content are added to the
excitation, the noise level of the transformer core changes as shown in Figure 11.

It can be seen from the figure that when the fundamental wave amplitude is 50 V, the
inter-harmonic frequency is 5 Hz, and the content of 5% is 5 dB greater than the content of
1%. In the case of frequency 20 Hz and above, the change of inter-harmonic content has no
obvious effect on noise. Similar to the results of the vibration displacement experiment,
the addition of inter-harmonics with a frequency lower than 20 Hz has a serious impact on
noise. As the voltage amplitude increases, the effect of inter-harmonics gradually increases,
which proves the rationality of the experiment.
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Figure 11. Noise level under excitation with different inter-harmonic content; (a) With 5 Hz inter-
harmonics; (b) With 20 Hz inter-harmonics; (c¢) With 40 Hz inter-harmonics.

4. Conclusions

As important equipment in the power system, the transformer contains the problem
of abnormal increase in vibration and noise caused by inter-harmonic excitation, which
needs to be studied urgently. In this work, an experimental circuit that can generate
arbitrary inter-harmonic excitations is first built according to the experimental requirements.
Then, vibration measurement equipment and a noise sound level meter were used to test
the vibration and noise of transformer core under conditions of different inter-harmonic
frequencies and amplitudes. The following conclusions are drawn through the experimental
results:

(1) When the excitation voltage contains inter-harmonics of a single frequency (the inter-
harmonic frequency is f;;), the transformer core contains components with frequencies
that are integer multiples of the fundamental frequency as well as inter-harmonic
components of other frequencies. Inter-harmonic frequencies exist at £2f;;, of even har-
monics of the fundamental frequency and +f;; of odd harmonics of the fundamental
frequency.

(2) Inter-harmonics have a serious impact on the vibration and noise of the transformer
core (especially the inter-harmonics with a frequency lower than 20 Hz). Vibration
and noise increase with the decrease of the inter-harmonic frequency and the increase
of the amplitude, and the effect of inter-harmonics is more obvious with the voltage
amplitude increase.

The test platform and experimental conclusions of transformer core vibration and noise
characteristics under inter-harmonic excitation in this paper provide effective reference and
data support for such experiments.
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