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Current vibration-based techniques for transformer condition monitoring mostly rely on the vibration response
caused by operating excitations, which consist of electrical excitations from the core and winding. Therefore, it is
worthwhile to study the electrically-excited frequency response function (FRF), as it carries information of trans-
former mechanical and electromagnetic properties. This paper includes a sensitivity analysis of the mechanically
and electrically excited FRFs of a model transformer to the reasons behind its failures. A model power transformer
is used as an example to demonstrate the variation of its vibration response to a couple of causes of transformer
faults, such as looseness of clamping forces in winding and core. Experimental evidence is presented to show the
quantitative description of the causes of artificial faults and to extract features of variations of FRFs that might be

useful to the vibration-based detection of the causes of transformer faults in general.

1. INTRODUCTION

In the power industry, monitoring health conditions and de-
tecting the causes of power transformer failures are often done
using one of three methods: dissolved gas analysis (DGA),
frequency response analysis (FRA), and vibration-based meth-
ods.'> These methods focus on measuring the indicators of
transformer faults and correlating the trends of changes in
these said indicators with respect to the causes of transformer
failures.

As an online and nonintrusive method, the vibration-based
condition monitoring method has attracted considerable atten-
tion for transformer health monitoring in the past few decades.
Previous work has demonstrated that this method provides
an option for assessing the mechanical integrity of a trans-
former.>'2 Unlike the DGA and FRA methods, it relies on
changes in the vibration response of the transformer under
both steady-state and transient processes. For an example,
Berler found that looseness in the winding clamping force
might cause variations at twice the operating frequency and
its harmonics.® The transient vibration evoked by transformer
energize/de-energize operations was also employed to detect
abnormalities in transformer winding.” To further develop
the vibration-based condition monitoring method, efforts were
also made in the area of signal processing to extract the vibra-
tion features of a damaged transformer by advanced signal pro-
cessing methods, including the wavelet transform, the Hilbert
Huang transform, and their combinations. '’

Although the feasibility of using the vibration method for
transformer condition monitoring was verified in these case
studies, there is still a gap in understanding the physical cor-
relation between the changes in the vibration response and

changes in the transformer’s mechanical properties associated
with the causes of failures. A better understanding of vibration
changes caused by transformer mechanical faults is beneficial
to fault allocation, even to the development of novel monitor-
ing strategies, which is the research motivation of this work.

The vibration response of a power transformer is a measure
of the transformer vibration (as outputs) with respect to the
transformer’s electrical inputs. Since the transformer online
monitoring techniques mostly rely on the vibration response
caused by operating excitations that consist of electrical excita-
tions from core and winding, it is more straightforward to study
the electrically excited FRF and its variations as opposed to the
mechanical excitation. The previous work by Wang and Pan
examined the vibration FRFs of a model power transformer to
the electrical excitation.!> However, their changes to different
failure causes and corresponding change sensitivities have not
been inferred.

Because the vibration of the winding and core are nonlin-
ear functions of the electrical inputs, the traditional concept of
the frequency response function (FRF) for linear systems does
not apply. In a previous work, it was found that the steady-
state response was characterized by the frequency components
at twice the excitation frequency and its harmonics.’> There-
fore, the nonlinear vibration response of the transformer with
respect to a sinusoidal input can still be specifically defined in
the frequency domain. For example, if the secondary wind-
ing is in an open circuit condition, then the vibration response
function is defined as:

H(a:i|w) = ZHgk(xi\Qk‘wo); (1)
k=1

where x; was the measurement location of the vibration re-
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sponse, w, was the excitation frequency, and the frequency re-
sponse component Hoy(x;|2kw,) = % was defined
by the ratio of the vibration component v(x;|2kw,) at 2kw,
and the primary voltage amplitude at w,. This definition of
the input and output relationship of a transformer was prac-
tically significant as almost all in-service power transformers
were excited by a sinusoidal voltage. For many practical ap-
plications, a large percentage of the vibration energy was con-
tained at w = 2w,. Therefore, the first term of the response
function H(z;|w) ~ Hj(z;|2w,) was used as the first-order
approximation of the vibration FRF of the transformer.

Based on this approximation, previous work on mechani-
cally and electrically excited FRFs of a model power trans-
former was extended to the study of FRF variations due to
transformer mechanical faults.!*> Research focusing on this
work featured a sensitivity analysis of the mechanically and
electrically excited FRFs of a model transformer to the causes
of faults. Experimental evidence was presented to show the
quantitative description of the causes of artificial faults and
to extract features of variations of FRFs that might be useful
to the vibration-based detection of the causes of transformer
faults in general.

2. THEORETICAL BACKGROUND

The vibration response at location z; with respect to a dis-
tributed force excitation in the transformer mechanical system
can be expressed as:

vo(24|w) = /HM i, wp|w, Enr) F (glw)dar;  (2)

where H s (z;, i |w, Epr) was the mechanical FRF between x;
and x1,, and F'(2;,|w) was the force per unit volume at location
T, and V' was the entire volume of the transformer structure.
Unlike the traditional definition of an FRF, a mechanical pa-
rameter vector &y = [Ear1, e, - - -, Ep] Was used to de-
scribe the causes of a transformer’s faults. Following the same
logic, the distributed force could also be described by an elec-
trical FRF that relates F'(x;|w) as an output and the sinusoidal
voltage U (w,) as an input. As a result of this analysis, the first-
order approximation of the vibration FRF of the transformer
(as described in Eq. (1)) was expressed as:

H($i|W7§Ma§E):/ Hy (i, xp|w, v ) He (2 |w, EE)day;
%
(3)

where £g = [€m1,&E2, - .,EpQ] Was an electrical parame-
ter vector. How to relate the parameters in the mechanical
and electrical parameter vectors to the causes of transformer
failures and what was the sensitivity of H with respect to
the changes in £y, and {g were the challenging questions for
vibration-based fault diagnosis of power transformers. The
variation of H, with respect to the system parameters, could
be expressed as:

g]\/[p + Z

For the electrically excited FRF, which was mostly relevant
to the input/output relationship of an in-service transformer,

P
0H (zi|w, &, Ep) = Z 5€Eq “)
p:l

the variation of the mechanically excited FRF of the model
power transformer with only the mechanical parameters could
be evaluated. It should be noted here that the vibration-based
method for detecting the causes of faults was mainly focused
on those causes related to the mechanical parameters. Al-
though changes in the electrical parameters would also cause
variations in the electrical FRF of the transformer, such vari-
ations often occurred at a much higher frequency range and
other techniques, such as FRA, were developed for such detec-
tion. If the transformer was excited by a point force at z,,, then
this mechanically excited FRF could be expressed by using a
volume integration of H s (z;, xk|w, &ar), as shown in Eq. (2).
Its variation with the mechanical parameter vector was:

H
Z Oty 36y, 5)

SH (x4, Tolw, Epr) =

The relationship between the variation of the mechanically
excited FRF in Eq. (5) and that of the electrically excited FRF
in Eq. (4) were found by expanding the first term on the right-
hand side of Eq. (4):

OH
Z 9 p(SfMp —/ [Z ers péfMp] Hg(zg|w, Eg)dzy.
(6)

It was indicated that the variation of dH (x;|lw,&n,EE)
with respect to &); was the spatially averaged sensitivity
of Hy (i, xr|w,&n) over all of the forcing locations and
weighted by Hg (z|w, {g).

3. DESCRIPTION OF EXPERIMENTS

The measurement of vibration responses was performed on
a 10-kVA single-phase transformer with rating voltages of
415/240 V. The experimental set-ups were kept the same as in
a previous article (Wang and Pan), where the mechanical and
electrical excitations were implemented by an impact force and
swept-sine voltage, respectively.!® A sinusoidal voltage signal
from a signal generator (Agilent, 33120A) was amplified by
using a power amplifier (Yamaha, P2500S), and then a variac.
As aresult, a 200-V voltage at each test frequency was applied
to the primary input of the model transformer. The transformer
vibrations at 48 measurement locations were measured by ac-
celerometers (IMI, 320A). The outputs of the accelerometers
were pre-amplified by a signal conditioning device before be-
ing sent to a laptop computer for post-processing by using a
DAQ (NI, USB-6259). In order to stay consistent with the
previous study, the same impact location and test points were
used.

To describe the causes of mechanical failures of a model
power transformer using the mechanical parameter vector &/,
the percentage looseness of winding clamping pressure, and
the percentage looseness of core clamping pressure are used
as two independent components in £,;. For example, to de-
scribe the changes in the winding clamping force, the first
element in £, is defined as &)1 = 55\2)1(1 — 1), which
changes the nominal value of 553)1 (set by the manufacturer)
to zero, where 0 < 1; < 1 was the percentage looseness of the
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Figure 1. The design of longitudinal insulation and the arrangement of miss-
ing insulation spacers as a cause of mechanical faults.

core. Similarly, the winding clamping force was described by
Entz = E5pp(1 —n2) with 0 < 7 < 1.

For this model transformer, its winding and core segments
were fastened by four and eight bolts respectively.!* The nom-
inal clamping forces set by Universal Transformer were ap-
proximately 2250 N in the winding and 1500 N in the core.
These two values were converted from the tightening torque
by considering the bolt diameters, thread lead angle, etc.'*
Realizing the aforementioned mechanical failures in terms of
clamping looseness depends upon the gradual adjustment of
the preloading of the corresponding clamping bolts using a
torque wrench. Considering the importance of diagnosis a fault
in its early stages, a maximum 35% clamping looseness in the
winding and 25% looseness in the core were investigated with
0m = 5% increments in both winding and core looseness.

In addition to the clamping looseness, the absence of the
longitudinal insulation spacers was examined as another cause
of mechanical faults, as these would reduce the axial stabil-
ity and cause excessive vibration. The design of longitudinal
insulation and arrangement of its mechanical faults, /3, are
presented in Fig. 1, where eight columns of insulation spacers
are circumferentially equispaced along the winding circle.

The detailed dimensions of insulation spacers and winding
conductors can be found in the partial view (A-A), where the
height of the winding conductor and insulation spacer were
8 mm and 3.2 mm, respectively. In addition to the thin dove-
tail spacers between the winding disks, an array of 19.1 mm-
thick insulation blocks were layered at both ends of the wind-
ing assembly. The fault of missing insulation spacers was in-
troduced in the front column, including the insulation blocks
at both ends, as indicated in Fig. 1. This column of insula-
tion spacers was separated into thirteen segments with approx-
imately equal height, corresponding to the thirteen missing in-
sulation statuses of 51(\% shown in Fig. 1. The insulation spac-
ers were removed cumulatively from n = 1 to n = 13. All the
missing-insulation tests were conducted under the same wind-
ing clamping status.

4. RESULTS AND DISCUSSION

Generally speaking, the development of mechanical faults in
a transformer structure is accompanied by changes in the struc-
tural stiffness, mass, and damping. The resulting variations in

a transformer’s vibration responses due to some common faults
will be presented in the following subsections.

4.1. Vibration Changes Due to Core
Looseness

The first cause of mechanical failure under investigation was
looseness in the transformer core clamping force, which was
described by &y = 51(8)1(1 —m) with 0 < < 1. By
gradually reducing the clamping force with the same percent-
age increment (671 = 5%), an overall 25% looseness was in-
troduced to the left and right limbs symmetrically. Based on
the experimental methodology described in a previous article,
the vibration FRFs under mechanical and electrical excitations
were measured.' Spatially averaged FRFs with different core
clamping forces are presented in Fig. 2, where a 5 dB offset
from the FRF underneath is introduced for clarity. On each
FRF curve, four resonance peaks can be clearly discerned un-
der electrical and mechanical excitations. However, the res-
onance peaks at the 3™ and 4" mode responses were greatly
affected due to core looseness, while the other modes seemed
unaffected.

A quantitative comparison of the changes in vibration at
different clamping status, by means of natural frequency
shifts (6 f,,) and cumulative changes in the FRFs at 100 Hz
(0Hps|w=1001, and 0H|,=100H,), can be found in Table 1.
The percentage of natural frequency shifts were calculated
around the lowest state (17; = 0) without core clamping loose-
ness so as to give the cumulative changes of the frequency re-
sponses at 100 Hz. Variations in vibration at discrete frequen-
cies, i.e., 100 Hz and its harmonics, were of most concern in
response-based monitoring strategies. Since the fundamental
frequency at 100 Hz was very close to the 4 core-controlled
mode, the variation of the vibration component at 100 Hz was
selected for a detailed analysis.

From Table 1, a general decrease of the first four natural fre-
quencies is observed in the presence of the growing clamping
looseness from 77 = 5% to 171 = 25%. However, the fre-
quency responses at 100 Hz increased dramatically under both
excitations. To facilitate the explanation of these variations,
the mode shapes of each resonance frequency are recalled in
Fig. 2(a) based on the previous reports.!*> According to the
modal participation at each mode, the 1%, 3", and 4™ modes
could be classified as core-controlled modes, which are dom-
inated by the transformer core assembly. The occurrence of
clamping looseness directly affects the core-controlled modes
owing to the resulting stiffness reduction in the core assembly.
With the development of core looseness, the natural frequen-
cies of the core-controlled modes were consistently reduced
within the tested looseness range. As seen in Table 1, a maxi-
mum 10.19% (9.5 Hz) frequency shift was recorded at the 4™
mode, which was really important for vibration-based condi-
tion monitoring. By using the modal parameter identification
approach, the natural frequency shift could be detected and re-
lated to possible structural damages.

In contrast, the 2" mode appeared to be unaffected by the
core looseness. The underlying reason for this was the modal
participation, where the 2™ mode was dominated by the trans-
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Figure 2. Spatially averaged FRFs of the transformer vibration due to (a)
mechanical and (b) electrical excitations with core clamping looseness.

former winding. Since the transformer core also participated
in this mode, the 2" mode was classified as a coupled mode
between the core and winding assemblies. The orthogonality
of vibration modes determines what causes of failure in the
transformer core will not have much effect on the winding-
dominated mode, i.e., the 2" mode in this study.

The above experimental results verify that core looseness is
able to change more than one mode in the low-frequency range.
The dependency of natural frequency shifts on the causes of
structural damage could potentially be employed for damage
location. In addition to the frequency shift analyzed above, the
deviations of both mechanically and electrically excited FRFs
at 100 Hz due to core clamping looseness are listed in Table 1,
where a maximum 2.56 dB increased under electrical excita-
tion is observed. As another “side-effect” of stiffness reduc-
tion, an increase in the amplitude of the FRF was expected.
Attention should be paid to the frequency shifts, which would
increase the vibration response when a resonance peak was ap-
proaching and vice versa.

Howeyver, the variation under two excitations exhibits differ-
ent sensitivities. The deviation of the electrically excited FRFs
(6H) depends not only on the stiffness changes but also on
the magneto-mechanical coupling during magnetization of the
transformer core. With clamping looseness, the internal stress

Table 1. Quantitative variation of the transformer vibration FRFs due to core
clamping looseness.

N1 (%) 5 10 15 20 25
15 mode -143 | 285 | -2.85 | -4.28 | -5.71
5Fn (%) 2‘:: mode —0.94 | 094 | -0.94 | -0.94 0
3" mode -13 | 2.6 | =325 | 455 | -5.19
4™ mode -34 | 437 | -6.8 | -8.74 | —-10.19
0Hp; (dB) | w=100Hz | 1.15 1.49 204 | 0.74 0.69
6H (dB) | w=100Hz | 051 0.91 1.77 2.56 2.12

Table 2. Quantitative variation of the vibration FRFs due to winding clamping
looseness.

n2 (%) 5 10 15 20 | 25 30 35
IS'mode | 1.4 | -14 |14 | -14|-14] -14 | -14
5fn (%) 2:: mode | -1.9 | -3.8 | 5.7 | 6.6 | 9.4 | -10.4 | -11.3
3“mode | 0.6 |-0.6 |-06| 0 0 0 -0.6
4" mode | -1.5[ 09 [-0.5[-0.5] 0.9 [ -1.94 | -1.94
0Hp(dB)| 50Hz | 044|243 |3.65| 3.7 | 239 1.97 | 2.09
0H (dB) 50 Hz 1.53 | 2.19 | 407 | 452|475 | 424 | 3.62

of the silicon steel laminations is reduced as well, which leads
to a weaker magneto-mechanical coupling and thus results in a
smaller magnetostriction.'> !¢ This is another factor influenc-
ing the electrically excited FRFs, as core clamping looseness
will decrease the magnetostriction. Combined with the above
factors, the synthetic effect is to increase the electrically ex-
cited FRFs due to core looseness in this study. It is also worth
mentioning that the vibration response under electrical excita-
tion is more sensitive to core looseness, as can be concluded
from Table 1.

4.2. Vibration Changes Due to Winding
Looseness

Transformer winding looseness is the second cause of me-
chanical failures in the model transformer to be studied. Wind-
ing looseness is described by &pe = 51(\2)2(1 — 12) with
0 < my < 1 to represent different clamping statuses. By grad-
ually reducing the clamping force with the same percentage in-
crement (012 = 5%), an overall 35% looseness was introduced
to the transformer winding. The mechanically and electrically
excited FRFs were measured using the same test equipment in
Section 4.1. Figure 3 shows the spatially averaged FRFs under
different winding clamping forces. A 5 dB offset from the FRF
underneath is also introduced to clarify the picture.

As can be seen in Fig. 3, four natural frequencies can be
recognized from the electrical and mechanical FRFs below
120 Hz. The difference comes from their variations in the pres-
ence of winding clamping looseness. When the mechanical
parameter vector changed from 72 = 0 to 772 = 35% by reduc-
ing the winding clamping forces, a gradual decrease occured at
the 2" natural frequency. Meanwhile, the natural frequencies
of the other modes appeared to be unaffected. Compared with
the variation of the FRFs in the presence of core looseness,
this phenomenon was regarded as one of the characteristics for
winding anomalies. Similarly, the quantitative variation of the
vibration FRFs due to winding clamping looseness is summa-
rized in Table 2. Since the most affected mode was the 2™
mode at 53 Hz, the frequency response at 50 Hz was analyzed
as well as the natural frequency shift.

As can be seen in Table 2, the appearance of winding clamp-
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Figure 3. Spatially averaged FRF of the transformer vibration due to (a) me-
chanical and (b) electrical excitations with winding clamping looseness.

ing looseness leads to a general decrease of all four natural fre-
quencies. The most affected mode was the 20 mode at 53 Hz,
which caused about a 11.32% (6 Hz) decrease at maximum
looseness. This experimental result was fully expected since
the aforementioned causes of the failures were a natural re-
duction in the transformer’s local stiffness. As to why the fre-
quency shift occured at the 2" mode, the answer was found
from the modal analysis, where the 27 mode was dominated
by the winding assembly. The winding clamping looseness
mainly caused a stiffness reduction in the winding rather than
the core assembly. Since the natural frequencies were mea-
sured in exactly the same way as in the mechanical and elec-
trical excitation cases, the same trend in frequency shift was
observed in the electrically excited cases.

Apart from the analysis of natural frequency shifts, ampli-
tude variations of the FRFs due to winding looseness were
also examined in both the mechanically and electrically ex-
cited cases. The deviations calculated in Table 2 were also
cumulative changes relative to the lowest state without loose-
ness (n2 = 0). Compared to the vibration FRF of the initial
clamping state, a general increase at 50 Hz was found in both
the mechanically and electrically excited cases in the presence
of winding looseness. In particular, the vibration response at
50 Hz first increased with the approach of the 2" natural fre-

quency and then decreased as it moved further away. The over-
all increase in the vibration response could be understood as a
result of the reduction of the stiffness in the winding assembly.

Since the vibration test was performed in a transformer un-
der no-load conditions, the electromagnetic (EM) force in the
winding was caused by the interaction between the magnetiz-
ing current and the leakage field. The magnetizing current was
only a few hundred milliamps and the resultant EM force was
relatively small. Excitation caused by EM forces in the wind-
ing was very weak and could be neglected compared to core
excitation. Therefore, the excitation force in these cases re-
mained almost the same, and was mainly composed of mag-
netostrictive force in the core. In other words, the changes in
mechanical properties induced by a structural anomaly were
responsible for the variations of the vibration FRFs. Maxi-
mum increases of 3.7 dB and 4.75 dB were measured at 50 Hz
in the mechanical and electrical FRFs, respectively. Such ob-
vious deviations were more than enough to be detected in the
vibration response-based monitoring methods.

4.3. Vibration Changes Due to Missing
Insulation Spacers

The third case study is dedicated to one of the causes of in-
sulation faults in the winding assembly. As described in Fig. 1,
insulation damage was simulated by removing a small portion
of the insulation spacers along the longitudinal direction. In
this study, the absence of insulation spacers was catalogued as
a mechanical property change, since it indeed altered the me-
chanical integrity of the transformer structure. The spatially
averaged FRFs of the transformer vibration with missing insu-
lation spacers in the winding insulation system are presented
in Fig. 4.

No obvious frequency shifts in this frequency range could
be found by visually examining the mechanically and electri-
cally excited FRFs, even when all the front insulation spacers
were removed (n = 13). To quantitatively analyse the varia-
tion of the FRFs due to missing insulation spacers, a detailed
summary of these frequency shifts is listed in Table 3. Since
the missing insulation spacers were introduced in the wind-
ing assembly and the 2" mode at 53 Hz was dominated by this
component, the vibration response at 50 Hz is also presented in
Table 3. The maximum frequency shift in this case was 2.5 Hz
(4.71%) at the 2" mode, while the other modes appeared un-
affected. The underlying reason was also attributed to stiffness
reduction in the winding.

The analysis of extracted data verified that although the fre-
quency shifts were small, the amplitude increases at 50 Hz
were pronounced; they were 2.29 dB and 3.47 dB in the me-
chanical and electrical FRFs, respectively. These results imply
that the amplitude of the frequency response at certain frequen-
cies could be altered dramatically, even with a small frequency
shift when there was a resonance frequency nearby. Similar to
the winding looseness case, these variations in the FRFs were
merely caused by changes in the mechanical property rather
than by excitation differences.

It was found that a structural anomaly in the core could pro-
duce considerable variations in the low-frequency range. Al-
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Figure 4. Spatially averaged FRFs of the transformer vibration due to (a)
mechanical and (b) electrical excitations with missing insulation spacers.

though the amplitude of the FRFs changed dramatically as a
result of winding anomalies, i.e., missing insulation spacers,
the sensitivity of the natural frequency shift was not high. As
can be seen in Fig. 2(a), although the coupled mode at 53 Hz
was dominated by the transformer winding, it was actually
the rigid-body movement around the core bottom yoke. The
clamping looseness and missing insulation spacers affected the
connection boundaries in this coupled mode and thus gave rise
to the above variations in the FRFs. However, the most affected
modal response was anticipated to be at the winding-controlled
modes in the higher frequency range. According to the pre-
vious modal analysis on the same transformer, the winding-
controlled modes were in a frequency range of > 200 Hz.'3
To verify this speculation, the variation of the FRFs between
120 Hz and 1000 Hz were investigated in the following section.

Table 3. Quantitative variation of the transformer vibration FRFs due to miss-
ing insulation spacers.

n 1 5 9 13

15" mode 0 0 0 ~1.43

o 2 mode | -1.9 | 2.83 | -3.77 | 471

0.fn (%) 3" mode 0 0 0 —0.65
4™ mode 0 0 —0.49 0

8Hp; (dB) | f=50Hz | 076 | 1.97 2.0 2.29

SH(B) | f=50Hz | 251 | 299 | 3.04 | 347

Figure 5. Spatially averaged FRFs of the transformer vibration due to winding
looseness in the (a) radial and (b) axial directions.

4.4. Variation of the High-frequency
Vibration Response

As was seen in the above discussion, the natural frequencies
obtained under the electrical excitation were the same as under
the mechanical excitation. To study the frequency shift due
to winding anomalies, the FRFs of the mechanical excitation
are selected for analysis. The electrical excitation case was not
examined due to the lack of a high-voltage source with variable
frequencies.

4.4.1. Variation of high-frequency response to wind-
ing looseness

To study the vibration changes in a higher frequency range,
the radial and axial vibration modes were first examined to
classify whether they are winding-controlled modes. The spa-
tially averaged FRFs due to the different winding clamping
forces are presented in Fig. 5, where the mode shapes for spe-
cific resonances are shown as well. The winding-controlled
modes at around 200 Hz, 400 Hz, 500 Hz, and 600 Hz were all
dominated by the winding assembly, where the participation of
the core could be neglected. As can be seen from Fig. 5, the
natural frequencies at these four modes all decreased with the
development of winding clamping looseness.
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Table 4. Natural frequency shifts (J f5,) of the winding-controlled modes due
to looseness in the winding clamping force.

12 (%) 5 10 15 20 25 30 35
I(Hz) | -12 | 28 | =35 | 40 | -53 | -63 | -75

Radial [ 2" (Hz) | -13 | 28 [ 42 | -50 | -58 | -70 | -86
modes | 1% (%) | -2.8|-68| -89 | 103 | -13.8| -17 |-20.8
24 (%) [-19] 43| -6.6 -8 -94 | -11.6 | -14.5

IS*(Hz) | -12 | =21 | =26 | -29 | -31 -33 | -35

Axial | 2" (Hz) | -11 | =26 | —41 =59 | -91 | -114 | -137
modes | 15 (%) | -5.1 | 9.4 |-122|-139| -15 | -16.1 | -17.3
2%y [ 2.1 49| -81 [ -11.9 [-192 | 25.7 | -32.6

Table 5. Natural frequency shifts (0 fy,) of the winding-controlled modes due
to missing insulation spacers.

n 1 3 5 7 9 11 13
Hz) | 3 [ 4] -9 | -17 | =26 | =39 | —45
Radial [ 2" (Hz) | =9 [ =17 [ =23 | =32 | =38 | —66 | -67
modes | 15(%) | -0.8 [-1.1 | 23 | 49 | —7.8 | -12.1 [ -142
2" (%) [-15]29] 40 | -5.7 | =68 | -123 | -12.8
I"Hz) | 0 1 0 -3 —4 -8 -8
Axial | 2" (Hz) [ 2 3 -3 -16 | — — —
modes | (%) | 0 | 05 0 [-017|-023] 46 [ 46
2%y [ 05 [075]-075] 40 | — — —

This observation was the same as in the low-frequency
range. However, the sensitivity of the frequency shift to the
winding looseness was much higher than that in the low-
frequency range. Table 4 specifies the corresponding fre-
quency shifts of the relevant modes, where a maximum 32.6%
(137 Hz) decrease in the natural frequency could be found for
the 2™ winding-controlled mode in the axial direction. The
frequency shifts for the modes with large radial components
were also remarkable, which reached a 20.8% reduction at
35% winding looseness.

4.4.2. Variation of high-frequency response to miss-
ing insulation spacers

As reported in Section 4.3, the frequency shift due to miss-
ing insulation spacers was not obvious, since there was only
one coupled mode in the analysed low-frequency range and it
was not sensitive to the change in clamping force. Here, the
investigation was extended to a higher frequency range from
120 Hz to 1000 Hz, which covered four winding-controlled
modes, as illustrated in Fig. 5. Given the high sensitivity of the
frequency shift to looseness of the winding clamping force,
finer test steps were adopted in this case study. Seven missing
insulation statuses were equally spaced fromn = 1ton = 13
with the same amount of total missing spacers, as conducted in
Section 4.3.

Figure 6 shows the spatially averaged FRFs between 120 Hz
and 1000 Hz of transformer vibration for different amounts of
missing insulation spacers. The shift of resonance peaks could
be clearly discerned at the winding-controlled mode in the ra-
dial direction. Detailed percentage variations and absolute fre-
quency shifts in hertz are summarized in Table 5. A maximum
14.2% (45 Hz) decrease was measured at n = 13 in the 1%
winding-controlled mode in the radial direction. However, the
frequency shift did not appear to be obvious in the axial di-
rection. For the axial mode at 400 Hz, the frequency shifts
at the last three statuses were not listed due to the local reso-
nance after n = 7. This indicated that reducing the clamping

(a)
40 T T T T T
n=13
30l n=11 |
n=9
20t n=7
o =5
= -
" 10 n=3 |
x n=1
ol n=0 |
-0} J
_20 1 1 1 1 1
200 400 500 800 1000 1200
Frequency [Hz]
(b)
40
n=13
30 n=11 |
n=9
_ 20 n=7 |
= n=5
" 10 =3
o =1
0 4
n=0
-10 4
_20 1 1 1 1 1
200 400 600 800 1000 1200
Frequency [Hz]

Figure 6. Spatially averaged FRFs of the transformer vibration due to missing
insulation spacers in the (a) radial and (b) axial directions.

force would not only cause the shifts of natural frequencies,
but also allow the observation of extra resonances in the FRF.
This may be another interesting vibration feature that might be
useful for transformer condition monitoring. Either frequency
shifts or the appearance of extra resonance peaks could be re-
lated to the looseness of the clamping force.

5. CONCLUSIONS

In this paper, a single-phase 10-kVA model transformer was
studied as an example to demonstrate the changes in its vi-
bration response to several winding faults, namely looseness
of clamping forces in the winding and in the core, and the
absence of insulation spacers. The variations of the FRFs
due to mechanical parameter changes were measured using
the sweep-sine test and the impact test. For the three differ-
ent causes of transformer faults, their influences on the vibra-
tion response were examined by comparing the structural fre-
quency responses of the intact and “damaged” transformers.
The underlying reasons for these variations were then anal-
ysed.

As expected, the faults were all capable of altering the me-
chanically and electrically excited FRFs. More specifically, the
occurrence of winding and core looseness, as well as the ab-
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sence of insulation spacers decreased the relevant natural fre-
quencies as a result of the loss of structural stiffness caused
by the faults. The maximum 11.32% decrease in the low-
frequency range and 32.6% in the high-frequency range were
measured in the presence of these causes of failure.

Compared to the low-frequency FRFs, higher sensitivities to
variation were found in the high-frequency FRFs. Moreover,
local resonances would be produced in the high-frequency
range with the development of the causes of failure, as shown
in the missing insulation spacer case.
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