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Abstract. The power transformer is a key device in the power grid systems. The mechanical
degradation of windings represented by the clamping force looseness will cause the decline of the
short circuit withstand ability, and cause further damages. This paper proposes a clamping force
diagnosis method for operating windings based on the study of the vibration response. In the
theory part, the influence of the load current on the natural frequency of windings is discussed,
and the influence of the natural frequency change on the steady-state vibration response is studied
to obtain the vibration feature related with the clamping force. The subspace method is used to
fuse two vibration sequences with the same characteristics to eliminate the measurement error. In
the experiment, the free vibration test was performed on a short circuit on-load winding structure.
It was proved that the natural frequency change can be extracted from the relationship between
the amplitude change of the 100 Hz component and the current change. In the field tests, the
vibration sequences of two typical transformers were compared, and the results show that the
vibration feature extracted from the relationship between the amplitude variation and the current
change contains the structural information of windings.

Keywords: clamping force, fault diagnosis, transformer winding, vibration fusion, subspace
method.

1. Introduction

As the key equipment in power grids, the reliability and safety of power transformers have
always been the focus of field maintenance. At present, the frequency response analysis (FRA)
and short-circuit impedance measurement are widely used to diagnose winding faults [1-3].
However, the disadvantage is that the measurement can only be carried out when the transformer
is switched off. Dissolved gas analysis (DGA) can perform real-time monitoring of the gas
composition in the insulating oil [4], and identify whether discharge or high temperature
phenomena occur inside the tank, but it is not sensitive to the winding deformation, pressboard
misalignment and other faults that do not produce gas. The current studies show that the clamping
force reduction will degrade the short-circuit strength of the winding mechanical structure, which
is one of the main causes of transformer damages [5, 6]. Therefore, a fault diagnosis approach for
transformer windings that moves from offline to online is urgently needed.

The vibration-based fault diagnosis method for power transformers has attracted more and
more attentions [7, 8]. It was proved that the transformer vibration is mainly caused by the
magnetostrictive force in the core and the electromagnetic force in the windings [9]. The core
vibration is related with the magnetostrictive phenomenon. Under the assumption that the
transformer operates at a fixed voltage, the vibration of the iron core is constant, and contains
100 Hz component and its harmonics. The electromagnetic force is mainly produced by the
interaction of current and leakage magnetic flux, whose frequency is mainly at 100 Hz. Besides,
the steady-state response under harmonic excitation is affected by the structural parameters of
windings.
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Early in 1980, Hori et al. simplified the winding structure into a multi-degree-of-freedom
model, and two methods were used to calculate the axial vibration of transformer windings under
short circuit conditions [10]. Wang et al. established a 110 kV transformer model by the
finite-element method, and the dynamic features of the winding vibrations were obtained through
magnetic-structural coupling analysis [11]. Although the nonlinear mechanical characteristics of
the insulations was taken into account, neither the influence of electromagnetic force on natural
frequency nor the load-dependent harmonic response was mentioned. Wang and Zhang applied
operational modal analysis to the identification of structural parameters [12, 13]. However, the
assumption that the windings are randomly excited by Gaussian white noise is impossible for field
transformers. We have analyzed the influence of the electromagnetic force on the winding modal
parameters through experiments and finite element simulation [14, 15]. Therefore, it is important
to understand the relationship between steady-state vibration and load current for operating
transformers.

The steady-state vibration acquired from the transformer tank has periodic characteristics. Ji
and Garcia et al. established the relationship between the fundamental frequency vibration and the
input parameters such as current, voltage and oil temperature [16, 17]. It was proved that the
fundamental frequency component is related with the winding condition. Hong et al. proposed a
winding fault diagnosis model based on the vibration correlation of the measuring points on the
tank [18]. Besides, the harmonic component of the steady-state vibration plays an important role
in winding fault diagnosis. Bartoletti et al. proposed several health metrics for transformers based
on the weighted harmonic amplitudes of the acquired vibrations, and it was proved that the high
frequency harmonics are significant for the anomalous transformers [19]. We have proposed a lot
of signal-based feature extraction methods through statistical analysis of a large number of field
transformers, such as harmonic complexity and vibration similarity analysis [20]. In recent years,
with the development of modern signal processing methods, variational mode decomposition
(VMD) and empirical wavelet analysis were used to decompose the original vibration into
different functions [21, 22]. However, these methods mainly focus on the non-stationary
components of the transformer vibration, which are especially suitable for dealing with the
vibrations of anomalous transformers.

In our previous studies [14, 15], the relationship between load current and natural frequency
change under different clamping forces is obtained by finite element simulation and laboratory
experiments. In this study, we focus on the amplitude change of the vibration response under
harmonic excitations, and the related feature extraction procedure is proposed. In the laboratory
experiment, the relationship between the vibration feature of the fundamental frequency and the
load variation was presented for the first time. In the field tests, the variation of the vibration
harmonic amplitude with load was investigated, and the feature extracted from typical samples
were compared. Because the accuracy of the extracted vibration feature is limited by the sensor
accuracy, the data fusion of two signals sourced from the same windings is carried out. The
subspace-based method is used to eliminate measurement error and improve the accuracy of
winding condition assessment [23].

2. Vibration model of operating windings
2.1. Influence of load current on natural frequency change

The disk-type winding structure of power transformers is illustrated in Fig. 1, which is
composed of uniformly distributed coils and pressboards. Normally, the coil consists of copper
conductors wrapped by insulating paper. It is proved that this symmetrical structure can be
simplified into a multi-degree-of-freedom (MDOF) mathematical model. In the model, m
represents the mass of a coil, and the insulation material is represented by the combination of
stiffness (k) and damping (c). The above three parameters are known as the mechanical parameters
of the windings. In addition, f; and x; represent the electromagnetic force and displacement of the
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i-th coil, respectively. The winding unit is fixed between the upper and bottom yoke. The bottom
yoke is fixed to the transformer tank, whose displacement can be considered as zero. The upper
clamp provides a constant axial clamping force.

Clamping Force

Upper Plate

k/ s C:

7y ’,’_," x’# k/2§
S L
Wimm

f”v s e, Simplified Model
’ (One coil)

Bottom Plate

Fig. 1. Mathematical model of transformer windings

Assuming that the stiffness of the iron core and the yoke is large enough, the vibration model of
the windings in the axial direction can be described as follows:

M{x} + C{x} + K{x} = {f}, (1

where M, C and K are mass, damping and stiffness matrices respectively, {x} and {f} are
displacement vector and electromagnetic force vector, respectively. Unlike the static winding
model, the operating winding is influenced by the load-varying electromagnetic force when the
transformer is switched on. It is proved that the electromagnetic force is proportional to the square
of the current [17]:

fi(®) = F[1 — cosQwt)], F; xI? )

where F; means the force amplitude of the i-th coil. In this study, we focus on the DC component
which changes the axial force distribution:

fP6) = F, « I2. 3)

As is proved in the previous study [25], the stress-strain property of the insulations can be
defined as:

d
kocd—(:, o =as+be?, (¢>0), “4)

where € and o are the strain and stress of the insulations, respectively, and a and b are constant
coefficients. The natural frequency is related to the equivalent stiffness and mass, and y is a
constant coefficient:

k
Wy =Y p’ k < (a + 2be). (%)

Next, the derivative of w,, with respect to o is obtained as:
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Aw,

o «y - ek~ 15mOs, (6)

Finally, the ratio without y is obtained by combining Egs. (5) and (6):

Aw,

x ek™?>m - Ao, Ao «< A(I?). (7)
Wn

Previous work has shown that the natural frequency of the winding structure is related to the
electromagnetic force in the axial direction [15]. The normal winding structure usually has a
relatively large clamping force. Therefore, the related stiffness is large, and the electromagnetic
force can hardly change the natural frequency. In contrast, the natural frequency of the loose
windings is more susceptible to the current change. In this study, we focus on the steady-state
vibration response of an on-load windings under harmonic excitation, and the variation of the
harmonic amplitude caused by load change is studied.

2.2. Influence of natural frequency change on steady-vibration

For an operating transformer, the vibration signal collected from the tank contains 100 Hz
component and its harmonics. In this section, a simplified single degree-of-freedom (SDOF)
system is used to demonstrate the mechanism of the amplitude change caused by the natural
frequency change. Assume that the SDOF system shown in Fig. 1 is subjected to a sinusoidal force
with amplitude F and angular frequency w:

mX + kx = Fsin(wt). ®)
The related steady-state response is:

F/k

X(t) = Xsin(a)t), X = m

)

The amplitude reaches the maximum value when w is close to w,. In order to study the
influence of natural frequency change on amplitude, the derivative of X with respect to w,, is
obtained as:

AX  dX 2F  o’w,
Sl (10)
Aw, dw, k (0w — w?)?

The ratio of natural frequency change to natural frequency can be obtained by combining
Eq. (9) and Eq. (10), and the displacement amplitude X is replaced by the acceleration
amplitude A:

Aw,  F AX w? F AA
o P M F A4 (11)
Wy 2k X% w? 2m A?

If the force amplitude F remains constant between two measurements. Substitute Eq. (7) into
Egs. (11) to simplify the amplitude change as:

AA
ACR =5 F o 2ek™*m*A(12). (12)

Here, a new vibration feature ACR (amplitude change rate) is introduced, which is proportional
to the change of current square, and the relationship contains the information of the winding
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clamping force (k and €). Note that the current value should be normalized first, whose range is
from 0 to 1.

In the laboratory on-load experiment, the electromagnetic force is the only source of the
winding vibrations, which has two roles. On one hand, it changes the axial clamping force, and
further changes the natural frequency. On the other hand, it produces a sinusoidal response as an
excitation force at 100 Hz. If the current change is slight between two adjacent measurements in
the process of load current regulation, the force amplitude F is treated as a constant value. So, the
approximate ACR value for the 100 Hz vibration is given as:

AA
ACR =~ ﬁlz o« 2ek™2m?A(1?). (13)

The aforementioned model is based on a SDOF system. However, the actual winding structure
is a MDOF system. Because the harmonic components higher than 100 Hz are almost generated
by the magnetostrictive force in the core, the excitation force above 200 Hz remains unchanged
when the voltage of the transformer keeps fixed. According to Eq. (12), the ACR is associated
with the amplitude and force regardless of frequency, and Eq. (14) is satisfied for any excitation
force and harmonic amplitude:

AAjoon AA3zpon
ACR = AZ—ZFZOOHZ = AZ—ZFSOOHz- (14)
200Hz 300Hz

In fact, it is difficult to get the exact distribution of the magnetostrictive force. In this study,
only the maximum amplitude 4,,,, in the frequency range is taken into account. It is assumed that
the transformers with the same voltage level have similar magnetostrictive force distribution, and
the F, 4, 1s normalized to 1. Next, the ACR value for an operating transformer is defined as:

2
max

AA
ACR ~— T2 o A(I2). (15)

In the application of this method, two requirements should be satisfied to obtain an accuracy
result. First, only the transformers with similar structure are selected to make sure F,,,, is close.
Second, in order to acquire the vibration response of windings, the accelerometers should be fixed
on the tank close to the windings. Then, the clamping force can be approximately evaluated by
the relationship between ACR and current change.

2.3. Field applications

In the field tests, six accelerometers are arranged on one side of the transformer tank, whose
locations are illustrated in Fig. 2. The sensors in one column are related to one winding unit, whose
positions are symmetrical with respect to the winding center. In addition, the sensor location
should be close to the winding end which is subjected to a large electromagnetic force. The
vibration and current signals are acquired synchronously at 10 kHz sampling rate. The data
acquisition device records one-second data every minute, and the measurement continues for more
than 24 hours to cover the entire load range.

The vibration acquired from the transformer tank is a mixed signal, and we focus on the
harmonic components with frequencies larger than 100 Hz. Based on the aforementioned theory,
the vibration features of each location can be extracted by using the procedures shown in Fig. 3.
A;y, 1s the amplitude of the h-th harmonic at time index i, which has a negative value when the
absolute value of the amplitude and the current RMS change synchronously, otherwise it has a
positive value. The time point number N, depends on the sampling interval. For example, if the
interval is set to one hour, N, is 24 for a one-day period. Since the vibration component is mainly
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concentrated in the range of 0 to 1000 Hz, the harmonic number N, is set to 10. The ACR and DF
sequences are obtained by comparing the harmonic amplitudes and currents in a loop. In addition,
each element in the DF sequence represents the electromagnetic force change between two
selected samples.

Fig. 2. Sensor arrangement in the field tests

Transformer vibration monitoring data

L] v
Vibration signals Current signals
L] v

Root mean square &
Normalization

v Y

Ain: The amplitude of the
h-th harmonic at time i

v Y

Input: Time point number /Ny, Harmonic number Ny,
Output: ACR and DF sequences

for i=1,2,---,Ny¢

Fourier transform

Ii: The current rms at time 7

for j=i+l,--, Ny
DFlpoint) = I} - I}
for h=2,3,+, Nj,
if Ajjp is the maximum value in the loop
ACR(point) = (Ajn - Ain)/Ain®
end
end
point = point + 1;
end
end

Fig. 3. Flowchart of the vibration feature extraction procedure

2.4. Vibration feature fusion

The accuracy of the ACR sequence is highly restricted by the accelerometer sensitivity.
According to the relationship between the ACR sequence and DF sequence, the subspace method
is used as the feature fusion approach to decrease the influence of measurement noise. Suppose v;
and h; are the observation vector and the hidden sate vector at time i, respectively. Here, v;
consists of the i-th element in the ACR sequence from several related sensors. The length of the
vector h; is an undetermined parameter, which is denoted as [, Then, the deterministic linear
dynamical system is expressed as:
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hi = Dhi—l; v = Bhl', (16)

where D and B are the transition matrix and emission matrix, respectively. Next, the general form
of v; is shown as:

v; = Bh; = BDh;_; = BDI"1h,. 17)

The related Hankel matrix is formed from the stacking consecutive observation vectors. If the
observation length is 6, and the stacking order is 3, then the Hankel matrix is:

Vi VU V3 Uy
M=|V; V3 Vg Vs (18)
Vs Uy Vs Vg

According to Egs. (17), the matrix M can be expressed as:

B
M= (BD [[hy h, h; hy]. (19)
BD?
Next, SVD decomposition is performed on M:
M=UW, W=SV" (20)

W is named as the extended observability matrix. Ideally, the matrix S contains the singular
values up to the dimension of the hidden variables, and the remaining singular values equal zero.
The hidden variables can be estimated by the product of two submatrices as:

[h1h2h3h4] = S(l:lk,l:lk)VT(:,l:lk). (21)
Finally, the output reconstruction matrix is defined as:
Y=U(L:N,1: 1) « S(1: L, 1: L)VT(:,1: 1), (22)

where N is the number of vibration channels. If [, = 1, the reconstructed signals of all channels
have the same pattern. However, the difference among the output signals gradually increases as
the l;, value increases.

2.5. Total scheme

The proposed online fault diagnosis method for power transformers is summarized in Fig. 4.
First, the multi-channel vibrations and current signals should be acquired synchronously. Next,
the feature extraction procedure is carried out as is shown in Fig. 3. In this study, the extracted
sequences are obtained from the data set of 24 hours. Next, the feature fusion scheme is performed
on the related channels, such as point 1 and point 2 in Fig. 2. In the final step, the relationship
between the reconstructed vibration sequence and force change sequence is evaluated, which is
used to assess the winding conditions.

3. Experimental verification
3.1. Experimental setup

The power transformer is a kind of high voltage equipment, whose service life is more than 10
years. Therefore, it is impossible to perform a run-to-failure test on an in-service transformer. In
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the laboratory experiment, a 10 kVA single-phase transformer model was adopted to verify the
influence of load current on the steady-state vibration of windings under different conditions,
which is shown in Fig. 5. The rated voltage of the high-voltage terminal and the low-voltage
terminal is 415V and 240 V, respectively. The on-load experiment was carried out on the
transformer by short-circuiting the low voltage side, and applying voltage to the high-voltage
terminal. During the experiment, the current was adjusted from 0 % to 100 % by AC voltage
regulator. In order to ensure the safety of the experiment, the input voltage should not exceed
48 V. During the experiment, the fifth coil was selected as point 1, and the symmetric 20-th coil
was selected as point 2. According to the FEM simulation results in [14], the location of the
measuring point has no effect on the natural frequency change of the obtained vibration. The
impact hammer was used to excite the winding in the vertical direction. The accelerometers PCB
356A03 were fixed on the coil by adhesive, and the data acquisition instrument B&K 3560C
recorded the vibration signal before and after the impact. In the process of clamping force
adjustment, the torque wrench applied a specific torque through the tightening bolt, and 2.4 MPa
stress on the pressboard is regarded as a 100 % clamping force.

Signal acquisition

.
‘[_Vibration 1 H» > > H>|

‘ | Feature

Fourier Vibration Fusion Winding

Feature Fault
Vibration N >
'—'_r. Transform —p- Extraction 1 Diagnosis
‘ m — >

— — — _—

Transformer
Fig. 4. Flowchart of the winding fault diagnosis procedure

Impact t\
hammer A

Data acquisition
( B&K 3560C)

O BRI

}

&

Analysis
Single-Phase Transformer ( PULSE)
Fig. 5. Experimental platform of operating windings

3.2. Data analysis and discussions

Taking the vibration signal under 30 % clamping force and 100 % current as an example, the
vibration of point 1 in the time-frequency domain is shown in Fig. 6. The signal not only contains
the steady-state characteristics of the windings under 100 Hz electromagnetic force, but also
contains the free vibration characteristics after an impact. The vibration contains two kinds of
information. First, according to Eq. (13), the 100 Hz amplitude of the steady state vibration is used
to explore the relationship between load change and amplitude change. Second, as is shown in
Eq. (7), the relationship between load change and natural frequency change can be obtained by
analyzing the free vibration.
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Fig. 6. The vibration in the time-frequency domain

The frequency response function (FRF) is defined as the ratio of the output response to the
exciting force of the hammer. Fig. 7 shows the effect of load current on FRFs under loose stress
conditions, and only one peak is illustrated. The clamping force of the normal windings is 100 %
(about 2.4 MPa), while the clamping force of the loose windings is 30 %. The peak in the FRF
curve is regarded as a natural frequency of the winding structure, and the natural frequency change
Aw, means the peak movement between static state and full load. Because point 1 and point 2 are
centrosymmetric, they contain similar vibration information.

9

Frequency (Hz)
Fig. 7. Influence of current on FRFs of loose windings

The natural frequency change under different clamping force is summarized in Fig. 8, which
is obtained by calculating the peak movements of the FRFs. Obviously, the natural frequency
change is zero under 100 % clamping force, However, as the frequency increases, the natural
frequency change becomes more significant under 30 % clamping force. According to Eq. (7), the
ratio of natural frequency change to natural frequency is related to the equivalent stiffness, which
can be treated as a health parameter for clamping force assessment.

The 100 Hz steady-state vibrations are widely studied in the previous research. The 100 Hz
vibration amplitudes under different loads are shown in Fig. 9. It was proved that the amplitude is
proportional to the square of the current [16, 17].

As is defined in Eq. (13), we extract the parameter ACR from two adjacent measurements.
Fig. 10 shows the relationship between the ACR value of 100 Hz component and the change of
current squared for point 1. According to Eq. (13), the slope of the fitted line is related to the
equivalent stiffness of the structure. The greater the clamping force, the smaller the slope value.
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Fig. 10. Influence of current change on vibration feature
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Based on the above results, two parameters for operating windings are extracted: the ratio of
natural frequency change to natural frequency at rated current (Aw,,/w,,), and the ACR slope under
harmonic excitation. The relationship between natural frequency change and clamping force is
shown in Fig. 11. When the clamping force is greater than 70 %, the natural frequency hardly
changes with load. Referring to Fig. 10, the ACR slopes of point 1 and point 2 under different
clamping forces are extracted, and the results are also shown in Fig. 11. According to Eq. (7) and
Eq. (12), two parameters are both related to the equivalent stiffness k, so the red fitted curves have
the same trend.

10 20 30 40 50 60 70 80 9 100
Clamping Force(%)

ACR Slope

20 30 40 50 60 70 8 90 100
Clamping Force (%)
Fig. 11. Relationship between vibration features and clamping force

4. Field applications
4.1. Transformer samples

In the field applications, two typical 110 kV power transformers are selected, one is a normal
sample, and the other is a degraded sample. The model of the normal transformer is
SZ10-50000/110, which has been in use for only three years, and no anomaly was found during
routine condition monitoring. The model of the degraded transformer is SZ9-40000/110, which
has suffered many short-circuit impacts in the past 12 years. According to the short-circuit
impedance (SCI) test results, the SCI change rates of three individual windings of the degraded
transformer are 0.81 %, 1.08 % and 1.24 %, respectively. In contrast, the SCI value of the normal
transformer is close to 0. In the field test, the vibrations of six points were acquired synchronously,
and the vibrations in the time and frequency domain of one point (Point 1) are shown in Fig. 12
and Fig. 13 respectively. The current RMS trend for each transformer is also included in the
figures, and the frequency components under maximum load and minimum load are compared.
The vibration of the normal transformer mainly concentrates at 400 Hz, and that of the degraded
transformer mainly concentrates at 300 Hz. However, there is no evidence that the amplitude and
frequency of the harmonics can be used as a diagnostic parameter.

In order to show the change of the vibration frequency with load, the centroid frequency within
the frequency range from 0 to 1000 Hz is defined as:

Fe=) @n/y. 4 (23)

where Ay represents the vibration amplitude at frequency f. According to Fig. 12 and Fig. 13, the
load trends of two transformers over 24 hours are similar. Fig. 14 compares the centroid frequency
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trends of the selected points over 24 hours. The centroid frequency of the normal transformer
changes slightly with load, and the fluctuation is within 20 Hz. In contrast, the centroid frequency
of the degraded transformer changes dramatically with load, and the fluctuation is larger than

100 Hz.

'
N
T

10 20 30 40 50 60 70 80 90 100
Time (ms)

©
~

) Vibration (m/sz)
o -
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I Maximum Load

o

100Hz 200Hz 300Hz 400Hz 500Hz 600Hz
Frequency (Hz)

0.6 T .
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o
N

03¢ : s s s

0 5 10 15 20 25
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Fig. 12. Steady-state vibrations of the normal transformer
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I 0
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Frequency (Hz)
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Sm 04 JW\\
0.2
0 5 25

Tlme (hour)
Fig. 13. Steady-state vibrations of the degraded transformer

4.2. Data analysis and discussions

Based on the vibration monitoring data, the ACR sequence and DF sequence of each point are

extracted according to the flow chart shown in Fig. 3. Both point 1 and point 2 are related to the
same winding structure (Phase A), which are selected as the input of the feature fusion. The feature

sequence length is 1128 when N, = 24. Fig. 15 shows the ACR sequence and DF sequence of the

normal transformer. In the figure, the sequence after fusion and the original sequence are
compared. According to the flowchart in Fig. 3, the ACR sequence is obtained by using cycle
compare method, which has obvious periodicity. It is proved that the subspace-based method can

effectively remove the noise and keep the useful information.
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Fig. 15. ACR sequences before and after feature fusion

Fig. 16 shows the effect of the hidden sate vector length [;, on the fusion results. [, = 1 means
only the first principal component is retained. In other words, the sequences from two points are
combined into one. However, the difference of two points after fusion becomes significant as the
l;, value increases. In this paper, the stacking order is three times the [; value.

As is shown in Fig. 17, the relationship between ACR sequence and DF sequence for the
normal transformer is represented by a scatter graph, and the results under different fusion
parameters are also compared. The red fitted line is obtained by the least square method, which
passes through the origin of coordinates. According to Eq. (12) and Eq. (15), the slope of the fitted
line is related to the equivalent stiffness, which can be used to assess the winding clamping force.
The parameter RMSE (root mean square error) between the measurement points and the fitting
results is used to evaluate the fusion effect. Table 1 lists the corresponding results of Fig. 17.
Compared with the raw data, the feature fusion can effectively reduce the RMSE value and
improve the fitting accuracy.
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Fig. 17. Vibration feature distribution for the normal transformer

Table 1. Vibration features for the normal transformer
Original data | Fusion (I, =1) | Fusion (I, = 16)
Location | Slope | RMSE | Slope | RMSE | Slope | RMSE
Point 1 2.63 0.41 2.90 0.28 2.79 0.34
Point 2 1.97 0.29 2.08 0.20 2.02 0.24
Point 3 1.84 0.21 1.67 0.17 1.65 0.19
Point 4 1.51 0.12 1.34 0.09 1.34 0.10
Point 5 1.46 0.17 1.65 0.08 1.59 0.11
Point6 | 2.01 0.16 1.98 0.13 2.01 0.14

Referring to our previous study in [20], 20 healthy transformer samples are selected, and the
related ACR slopes are shown in Fig. 18. Note that each transformer has six sensors, which
correspond to six samples in the figure. Finally, 100 samples are obtained after the invalid data is
discarded. The Gaussian function model is used to fit the sample distribution, and the related
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probability density function is also shown in the figure. The statistical results show that the average
value is 2, which is close to the feature value of the typical sample.
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Fig. 18. Vibration feature distribution for normal transformers

Fig. 19 illustrates the relationship between ACR sequence and DF sequence for the degraded
transformer. The related slope and RMSE values are concluded in Table 2. Refer to the trend of
the ACR slope with clamping force shown in Fig. 11, the larger the ACR slope value, the smaller
the clamping force for the windings with similar structure. The slope values of the degraded
transformer are larger than that of the normal transformer, which indicates that the degraded
transformer may have loose winding structure. This conclusion is consistent with the results of the
SCI approach.
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Fig. 19. Vibration feature distribution for the degraded transformer

In this section, the vibration features from two typical field transformers are analyzed, and
both transformers have the maximum vibration amplitude at 300 Hz or 400 Hz. The vibration of
the degraded sample changes more significantly under similar load fluctuation, which corresponds
to a greater ACR slope. The vibrations from 20 normal transformers are investigated to show the
dispersion of different samples. The statistical results show that the selected normal transformer
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is representative of all normal transformers of the same voltage level. The feature fusion approach
can reduce noise effectively. When [, = 1, the input sequences are combined into one, which
results in a minimum fitting error.

Table 2. Vibration features for the degraded transformer
Original data | Fusion (I, = 1) | Fusion ([, = 16)
Location | Slope | RMSE | Slope | RMSE | Slope | RMSE
Point 1 16.0 2.33 13.0 1.64 124 1.68
Point 2 12.6 2.68 12.4 1.57 12.8 1.97
Point 3 17.1 2.67 14.8 2.10 16.2 2.01
Point 4 18.4 3.57 16.9 2.39 15.5 2.58
Point 5 10.8 1.68 9.53 1.48 10.1 1.39
Point 6 133 2.94 12.9 2.02 11.6 2.45

5. Conclusions

In this study, the amplitude change of the steady-state vibration response under harmonic
excitation is used to diagnose transformer windings, which is based on the relationship between
load current and nature frequency change for operating transformer windings. In the experiment,
the impact test was performed on an on-load winding structure, and the results show that the
natural frequency is increased with the increase of load current, which leads to the change of the
steady-state response. Both natural frequency change rate and amplitude change rate (ACR) can
be used to assess the winding clamping force of the experimental transformer. In the field tests,
two typical transformers were compared, including one normal sample and one degraded sample.
The results show that the amplitude change of the degraded transformer is more significant than
that of the normal transformer under similar load fluctuations. In order to identify the slight change
of vibration amplitude caused by current fluctuation, subspace-based method is used to fuse the
vibration feature sequence of multiple points related with the same windings. The results show
that the ACR slope of the degraded transformer is larger than that of the normal transformer.
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