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Vibration-mea-
surement-based
condition
monitoring

20 years of efforts to develop a power
transformer monitoring system

1. Introduction the main source. With the improvement
Transformer vibrations mainly come from  of design and manufacture, especially the
the core and windings. Previously, vibra-  use of Hi-B silicon steel sheet, the adoption
tions of the iron core were identified as of step-lap cores, and the reduction of the
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flux density, the cores vibration has been
reduced significantly, and windings' vibra-
tion caused by load current becomes a con-
siderable contributor [1]. With time, the
size of transformers has increased signifi-
cantly both in capacity and voltage, result-
ing in an increase in the vibration of large
power transformers. Besides the capacity,
vibrations are determined by silicon steel
materials, structure design, and magnetic
flux density. Therefore, a comprehensive
understanding of the vibration generation
and transmission in power transformers is
necessary.

A transformer’s winding modal charac-
teristics (e.g., natural frequencies, mode
shapes) are largely determined by its
structural stiffness and mass distribution.
Changes in the transformer’s winding con-
dition can be reflected from the changes
in all or a subset of its oscillatory modes.
Most of the previous analyses have focused
on discrete frequencies (e.g., multiples of
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Transformer vibrations mainly originate
from the core and windings, and they
are determined by the capacity, silicon
steel materials, structural design, and

power frequency) of the measured vibra-
tion signals for assessing the winding me-
chanical condition. Hong Zhou proposed a
winding vibration with the electromagnet-
ic force analysis to obtain the steady-state
vibration distribution of the axial direction
[2]. Kaixing Hong used the principal com-
ponent analysis (PCA) to extract vibration
features from multi-sensor vibration sig-
nals [3]. He also put forward a classifica-
tion model based on the support vector
machine (SVM) to identify the mechan-
ical condition of the windings [4, 5]. Bar-
toletti used the total harmonic distortion
(THD) to identify the health condition of
the transformer winding [6]. Bagheri pro-
posed a regression model and a diagnostic
criterion based on THD to monitor the
inter-turn fault with the Internet of Things
(IoT) technology and cloud computing, re-
spectively [7, 8].

Other than the diagnosis based on discrete
frequencies, Shao et al. introduced a method

by magnetic flux density fields

to acquire the FRFs under the currents
with different frequencies [9]. Wang et al.
proposed a similar method [10]. These two
methods required a current or a voltage
amplifier to generate a frequency-variant
excitation. Instead of using the frequen-
cy-variant excitations, several researchers
have analysed transient vibration signals
[11, 12]. S. Banaszak and E. Kornatowski
analysed the dependency describing the
changes of the normalised power spectral
density (PSD) to distinguish the core and
the windings conditions in the steady-state
and the transient energising process [13,
14].

In the past decade, researchers in Xian
Jiaotong University and The University of
Queensland have been working together to
investigate the vibration characteristics of
power transformers and develop vibration
measurement-based condition monitoring
of transformer windings. Their work focuses
on three main aspects (1) investigating
the sources and significances of different
type excitation; (2) extracting and analysing
modal characteristics from measured
vibration signals; and (3) inferring the
changes in winding mechanical condition.
This article presents key findings in these
three aspects.

2. Where does the internal
vibration originate?

In power transformers, the vibrations
have been found to originate from (1) the
core vibration from magnetostriction of
the rolling direction (RD) and transverse
direction (TD) of grain-oriented (GRO)
silicon steel sheets; (2) periodical Maxwell
stress between silicon steels in the joint area
of limb and yoke due to flux density arising
in air-gap regions; and (3) the winding vi-
bration under electromagnetic forces. The
three originations are shown in Fig. 1.
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Figure 1. Vibration generation inside power transformers - a) magnetostriction on the RD and TD of silicon steel sheet [15], b) Maxwell forces in the

joint region [16], c) electromagnetic forces on windings

Origin of the vibrations in transformers are
magnetostriction in the core steel, Maxwell
forces in the joint region, and electromag-
netic forces on windings

2.1 Core vibration

The magnetostriction of the GRO steel
sheets is highly anisotropic. Among the
rolling, transverse, and normal directions,
the magnetostriction in rolling and nor-
mal directions is sensitive to the changes of
magnetic flux in the transverse direction.
Since the magnetic flux turns 45 ° from the
rolling direction of silicon steel sheets in
the joint region, the magnetic flux density
in the transverse direction in these regions
is large. Hence, the excitation in the joint
region is always significant compared to
other regions, as shown in Fig. 2.

As the magnetostriction and Maxwell forces
are both functions of magnetisation vec-
tor, the nonlinear magnetisation of GRO
brings a significant phenomenon to the
core vibration that the vibration harmonics
increases dramatically with the increasing
voltage (flux density) and locate at multi-
ple times of power frequency. The typical
vibration spectrum of the core under dif-
ferent voltages is shown in Fig. 3. It can be
seen that the vibration harmonics increase
with the increasing voltage. At the 50 % and
75 % of the rated voltage, the 100 Hz vibra-
tion component is the maximum. Howev-
er, when the transformer operates at 100 %

of the rated voltage, the 200 Hz vibration
amplitude becomes the maximum and the
higher harmonics increase significantly.

2.2 Winding vibration

Winding vibration can be caused by
Lorentz forces resulting from the leakage
magnetic field and mainly vibrates at twice
the power of frequency. Influenced by the
nonlinear stress-strain characteristics of
insulation material (e.g., pressboard, spac-
er, insulation paper), winding vibration
under load current shows obvious vibra-
tion harmonics. The winding vibration
can be obtained in a load test where one
of the windings is excited with voltage,
and the other is in short circuit. The exci-
tation voltage is determined by the short
circuit impedance. The winding vibra-
tion at difterent load currents is shown in
Fig. 4. It can be observed that the 100 Hz
and 200 Hz vibration amplitudes increase
with the increasing currents.
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Figure 2. a) Structure of the transformer core, b) distribution of the normalised vibration power along with the core window
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3. Coupling vibration between
windings and the core

Some researchers assumed that the vibra-
tions of the coreand windingsareindepen-
dent of the voltage and current excitation,
respectively. In this case, they regarded
that the core and the windings are the only
vibration sources inside transformers in
the no-load test and load test, respective-
ly. However, as the core and windings are
connected through the clamping frame,
their vibrations are strongly coupled. Fig. 5
presents the acquired winding vibration
signals through an optical accelerometer.
It can be seen that the maximum winding
acceleration is at 200 Hz in the no-load
test, which is different from the results
that the amplitude at 100 Hz is larger than
that at 200 Hz in the load test. The higher
200 Hz vibration component is due to one
of the natural frequencies of windings be-
ing close to 200 Hz (explained in the next
section), approaching the frequency of the
core's vibration.

Considering the vibration coupling
between the core and windings, it
is reasonable to attribute the overall
vibration pattern to the load vibration
and no-load vibration according to
their excitation instead of regarding the
windings as not vibrating in the no-load
test. This coincides with IEC 60076-10,
where the load noise and no-load noise
are used. The above coupling mechanism
makes the core work as a vibrating source
to the windings due to the stiffness and
mass of the core being higher than that
of the windings. Hence, even if there are
small current amplitudes flowing through
the windings in the no-load test, the
winding vibration can not be ignored
because it vibrates under the excitation
of the core vibration. In other words, the
vibration of the core and the windings
should be regarded as an overall entity. It
makes no sense trying to separate the core
and windings' vibration signals through
the mixed vibration signals obtained from
the tank.

4. Modal characteristics of
windings and tank

Apart from the influence of excitation
characteristics, the modal characteristics
(e.g., natural frequencies, mode shapes),
which are largely determined by its
structural stiffness and mass distribution,
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Due to highly nonlinear effects, the maxi-
mum harmonic component of the core vi-
bration at nominal voltage is 200 Hz for a
50 Hz transformer
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Figure 3. The spectrum of core vibration under different voltages
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Figure 4. The spectrum of core vibration under different voltages

Winding vibration is caused by Lorentz
forces resulting from the leakage magnetic
field and mainly vibrates at twice the power
of frequency
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Figure 5. The spectrum of winding vibration in the no-load test

The core and windings are connected
through the clamping frame, and their vi-
brations are strongly coupled which should
be taken into account in the analysis of the

transformer's vibration

Figure 6. The mass-spring-damping model
for describing the winding axial vibration [17]
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can affect the vibration characteristics
of the transformer. Based on the linear
vibration theory, the modal characteristics
work as filters which can modify the input
excitation according to their inherent
responses. Therefore, knowing the modal
characteristics is critically important to
analyse a transformers vibration. In the
disk-type windings, the winding disks are
placed axially and separated by spacers.
The combination of hard conductors
and soft spacers makes the structure be
represented as mass-spring-damping
models, as shown in Fig. 6. An example of
the first four mode shapes calculated from
the mass-spring-damping model is shown
in Fig.7, where the first mode (243.9 Hz)
shows all winding disks vibration in the
same direction, while the second mode
(496.39 Hz) shows that the upper part and
lower part of the winding vibrate in the
opposite directions.

The model presented in Fig. 6 is useful for
describing the winding vibration charac-
teristics in air. However, when the wind-

The knowledge about
the modal character-
istics is critically im-
portant to analyse a
transformer's vibra-
tion because they
act as the filter from
the excitation forces
to the vibration re-
sponse

ings are immersed in transformer oil, a
significant decrease in natural frequencies
and an increase in damping can be ob-
served, which is due to the fluid loading
effect between the coupling of fluid and
structure. A comparison of the windings'
natural frequencies in air and oil, which
were obtained from the experimental
modal analysis of a single-phase power
transformer, is shown in Table 1. The first
three natural frequencies of the winding
in the air are 83.276 Hz, 170.2 Hz, and
243.82 Hz, respectively. After the wind-
ing is immersed with the transformer oil,
its first three natural frequencies drop to
70.211 Hz, 146.94 Hz, 184.5 Hz. Other
than the decrease of natural frequencies,
the mode shapes remain the same.

In the oil-filled transformer tank, the thin
tank plate can easily be influenced due
to the fluid loading effect. To understand
its modal characteristics, a finite element
model with structure-acoustic coupling
is necessary. In this model, not only the
static deformation of the oil-filled tank but
also the mode shapes of the tank can be
obtained. Typical results about the static
deflection caused by gravity and the mode
shapes of the oil-filled tank are shown in
Fig. 8. The deformation of the oil-filled
tank caused by the static oil pressure is
2.16 mm, located at the middle of the
lower tank surface. The mode shapes at
80.233 Hz and 126.15 Hz are respiration
modes [19]. However, influenced by the
static oil pressure, the deformation of the
tank along the height is non-uniform.

Combining the generation and propa-
gation of the internal vibration, the tank
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Figure 7. The first four mode shapes of winding axial vibration [17]

vibration characteristics are determined
not only by the excitation of load current
and voltage, but also the modal character-
istics of the windings and core. Changes in
the transformer’s winding condition can
be reflected from the changes in all or a

Natural frequencies of
the transformer filled
with oil are lower com-
pared to the trans-
former without the oil
since the oil acts as a
mechanical damper

Table 1. Natural frequencies of windings in air and oil [18]

In air In oil
1 83.276 70.211
2 170.2 146.94
3 243.82 184.5
4 282.82 249.79
5 405.81 357.41
6 506.02 362.08
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Fig. 8. Deflection of the oil-filled tank - a) static deflection, b) mode shape at 80.233 Hz, ¢) mode shape at 126.15 Hz [19]
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The vibration-measurement-based con-
dition monitoring systems aim to detect
changes of modal characteristics of the
windings under different conditions and to
extract vibration features through the tank

vibration signals

subset of its oscillatory modes. Therefore,
the tank vibration signals can be used to
monitor the changes in the transformer
winding's mechanical condition.

5. Application of the
vibro-acoustic signals in the
winding mechanical condition
monitoring

The vibration-measurement-based con-
dition monitoring systems have been
investigated since the 1990s. The two
steps, as stated below, are investigating
the changes of modal characteristics
of the windings under different condi-
tions and extracting vibration features
through the tank vibration signals. The
common causes of winding mechanical
defects are: 1) winding looseness due to
ageing, relaxation, shrinkage, and miss-
ing of pressboards; 2) the winding defor-
mation caused by huge electromagnetic
forces from short circuits. According to
our previous investigations, the chang-

es in natural frequencies corresponding
to the type and causes of the defect are
shown in Table 2.

Other than the changes of the vibration
caused by mechanical defects, the influ-
ence of ageing, temperature, and mois-
ture on the frequency response func-
tion (FRFs) of the windings' vibration is
shown in Fig. 9.

The calculated FRFs of the transformer
model clearly demonstrate that vibration
characteristics of the test transformer
winding are sensitive to transformer op-
erating parameters. The data presented
in Fig. 9 clearly demonstrate that the
frequencies of the resonant peaks de-
crease with an increase of all the op-
erating parameters, ie., temperature,
moisture content, and ageing time. Fur-
ther, the variations in the frequencies of
the low-frequency resonant peaks with
changing operating parameters are lower
than those of the high-frequency reso-
nant peaks. For example, the difference

Experience shows the increase of the high-
er harmonics components of the vibrations
in the old transformers compared with the

new transformers

between the frequencies of the Ist and
6th resonant peaks of FRFs correspond-
ing to un-aged (DP1243 and DP1143)
pressboard at 20 °C and 80 °C are 5 Hz
and 43 Hz respectively. Similar behaviour
in FRFs can be observed with ageing
and moisture ingress (moisture content
2 %) as well. Further, the variations in the
FRFs of un-aged pressboard with chang-
ing temperature are lower than those of
the aged pressboard. On the other hand,
the temperature sensitivity of the fre-
quencies of the resonant peaks decreased
with the moisture ingress. For example,
the difference between the frequencies
of the first resonant peak at 20 °C and
80 °C of FRFs corresponding to un-aged
dry, un-aged wet, aged dry, and aged wet
pressboard are 11 Hz, 3 Hz, 31 Hz, 5 Hz
(20].

Based on the comprehensive under-
standing of the change of the windings'
modal characteristics, several methods
to extract vibration features were devel-
oped. These methods can be classified
into two types according to the band-
width of the vibration signals.

5.1 Vibration signals at discrete
frequencies (multiple times of 50 Hz)

The fundamental frequency vibration
signal has been widely used because of
the clear relationship between accelera-
tion and current and voltage. A common
approach is to establish the relationship
between 100 Hz acceleration and exci-
tation (current and voltage), as shown in
equation (1) [21], and compare the mea-
sured acceleration with the predicted
values to assess the winding mechanical
condition:

Ur=10.37+12583.75I (1)

Table 2. The changes of natural frequencies corresponding to the type and causes of mechanical defects

Defects

Causes

Changes in natural frequencies

Overall looseness of the winding
clamping pressure

Ageing, relaxation, plastic deformation
of insulation material, damage of
pressboard, winding collapse

Decrease of natural frequencies

Partial looseness of the winding
clamping pressure

Conductor tilting, missing of
pressboards, winding tilting and twisting

Decrease and splitting of natural
frequencies

Deformation

Free buckling, forced buckling, axial
bending

Increase in the number of natural
frequencies
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where Us is the tank acceleration at 100
Hz, and I'is the amplitude of load current.

Considering the vibration harmonics,
researchers used the total harmonic dis-
tortion (THD), power spectrum density
when assessing any changes in the wind-
ings' mechanical condition, as shown in
Fig. 10. The THD is defined as:

Al]

)

where A is the n frequency of vibration
harmonics, and A, is the fundamental
frequency (twice the power of frequency)
of the vibration signal.

THD = (2)

It can be seen that the vibration harmonics
at high frequencies increase in the old
transformers compared with the new
transformers.

The forced vibration signals at discrete
frequencies of the transformer under
electric excitation are composed of the

Transient vibration signals represent the
broadband signal that contains a wide range
of frequency bandwidth, which can reflect
the modal characteristics of the core and
the winding
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Figure 9. The influence of ageing, temperature, and moisture on the windings’ vibration
response [20]
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Figure 10. a) Examples of THD values evaluated for different transformers [6], b) normalised changes of the power spectral density of vibrations in
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Figure 11. Experimental setup - a) semi-anechoic room, b) harmonic source, ¢) model transformer, d) the medium frequency transformer
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The Hilbert transform and time-frequency
analysis are used to deal with the transient
vibration signals in multiple short-circuit

tests

superposition of several independent
vibration modes. When the windings'
modal characteristics change, the
discrete vibration frequency may
not fully reflect the windings' modal
characteristics. An effective approach is
to extract the modal parameters of the

winding by using broadband vibration
signals.

5.2 Broadband vibration signals

Compared with the narrowband (funda-
mental frequency and multi-frequency)
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Figure 12. Vibration frequency response function of the winding under the excitation of

harmonic sources
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Figure 13. Transient vibration and acoustic signals of a transformer during the short

circuit tests [22]
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vibration signal, the broadband vibration
signal contains a wide range of frequency
bandwidth, which can reflect the modal
characteristics of the core and the wind-
ings. When the transformer is excited
by variable frequency voltage or the load
current, the vibration frequency response
function can be established and used in
condition monitoring. To utilise such a
methodology, an experimental setup con-
sisting of the semi-anechoic room, har-
monic sources, and model transformer is
established, as shown in Fig. 11. To obtain
the vibration frequency response of the
windings, the harmonic voltages are ap-
plied to the winding in the load test. The
obtained vibration response frequency
function of a coil under different clamp-
ing pressures is shown in Fig. 12. In this
figure, the amplitude of y-axis is defined
as the acceleration at twice the current
frequency divided by the current ampli-
tude. Hence, the resonant peaks in Fig. 12
are corresponding to the windings' nat-
ural frequencies. The response curves at
different clamping pressures illustrate the
winding vibration excited by the harmon-
ic current that can reflect the changes in
mechanical properties.

When a transformer is switching on and
off or suffered the external short circuit,
the transient load current has broadband
characteristics, as shown in Fig. 13. Hence,
the broadband excitation can lead to a
broadband vibration to reflect the modal
characteristics. The Hilbert transform and
time-frequency analysis are used to deal
with the transient vibration signals in mul-
tiple short-circuit tests, as shown in Fig. 14.
It can be observed that the vibration har-
monics at high-frequency increase during
the multiple short-circuit tests.

Apart from the analysis of transient
vibration signals, random vibrations
excited from environmental sources
(machinery operation, cooling system,
and other nearby disturbances) and
internal sources of transformers also
exhibit broadband responses. Hence, the
methodology of separating the vibration
harmonics and random vibration signals,
analysing the weak random vibration
signals is adopted. After obtaining the
weak vibration signals, the operation
modal analysis is used to extract modal
parameters through broadband vibration
signals. The obtained natural frequencies
and mode shapes are shown in Fig. 15,
which coincide with the results in Fig. 7.
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Figure 14. Time-frequency spectrum of a transformer during the short circuit tests [22]
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Random vibrations also exhibit broadband
responses, and they originate from environ-
mental sources (machinery operation, cool-
ing system, and other nearby disturbances),
or from internal transformer's sources

6. Conclusion

The article presents the 20 years of efforts
of researchers in Xian Jiaotong University
and The University of Queensland on
transformer vibration characteristics and

Authors

its application in the winding mechanical
condition monitoring. The conclusion is
as follows:

1. Winding vibration characteristics are
highly complicated, consisting of the
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overall vibration of the winding disks
and the local vibration of the conduc-
tors. Therefore, both vibration pat-
terns should be considered.

2. Stress relaxation, ageing, plastic de-
formation of insulating material,
damage of clamping rings, and falling
off spacer could lead to the decrease of
winding axial clamping pressure and
natural frequency, while the winding
deformation could lead to an increas-
ing number of natural frequencies.

3. Transformer vibration characteristics
are highly affected by the operating
condition (e.g., operating flux density,
load current, etc.) and structure pa-
rameters. As such, a "before-and-af-
ter" approach can be adopted for on-
line winding condition monitoring. It
makes a diagnosis based on the com-
parison between the current vibra-
tion measurement data and the his-
torical vibration measurement data.
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