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Abstract

Power transformers have an imperative role in the future developments of the electrical grids. Treated as
crucial assets for transportation and distribution of electrical energy, transformers are currently being studied
regarding to the integration of technologies aiming to diagnose problems and monitoring data of electrical
power grid. Furthermore, environmental noise pollution has gained importance, especially in active units of
the power grid, located near consumers, such as transformers. Transformers noise can be classified according
to its source: core, windings and cooling. This study addresses an experimental characterization of one of the

main causes of transformers core noise - magnetostriction of electrical steel. An evaluation of magnetostriction
properties of electrical steel, including resistive strain gauges and Fiber Bragg Gratings (FBGs) measurements
with an Epstein frame, are presented and discussed. The magnetic flux density influence on hysteretic strain
behavior of magnetostriction was evaluated, as well as the effect of a clamping load on core joints.

Nowadays, optical interrogators for Bragg gratings have a high acquisition frequencies and wavelength
sensitivity when compared to former optical interrogation systems, allowing to evaluate physical phenomena

without electromagnetic interference and with equivalent resolution of conventional strain gauges.
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1. Introduction

The transformation of energy systems in smart energy
networks represents a great challenge for power trans-
former manufacturers. In short term, developments in
the field of smart grids will require a new generation
of power transformers with the capability of moni-
toring, control and prevent surge problems — Digital
Transformation - leading to the propagation of smart
transformers.

The developing of future architectures of transform-
ers is in this way strongly connected with power con-
trollers and semiconductors devices — Solid State Trans-
formers - fitting to operate in smart grids environments
with fully automated electronic systems, which make it
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a serious candidate for the replacement of traditional
power transformers [1].

Nowadays, more importance is given to noise pollu-
tion, what has yielded several regulations and directives
that specify the maximum noise levels in sensitive
zones, such as urban areas [2].

In spite of being stationary machines, the active
part of power transformers is a source of noise due
to mechanical vibrations resulting from electromag-
netic forces and magnetomechanical effects. Due to the
increasing demands on power supply, more and more
transformers are set near the final consumer, subjecting
manufacturers to more restrictive specifications regard-
ing noise levels.

Transformers noise can be classified according to its
source: core noise, instigated by the magnetostriction
of the transformer core and by the Maxwell forces;
load noise, caused by the action of electromagnetic

EAI Endorsed Transactions on
Energy Web
10 2019 - 01 2020 | Volume 7 | Issue 25 | e4


http://creativecommons.org/licenses/by/3.0/
mailto:<cassiano.linhares@efacec.com>
mailto:<joao.espiritosanto@efacec.com>

Cassiano C. Linhares et al.

forces on the windings; cooling noise, which is due
to auxiliary cooling equipment. According to several
studies [3-5], core noise is the dominant source of
noise for transformers whose rating is below 150 MVA.
Since transformers rated power is usually lower near
consumption, the mitigation of core noise has been the
focus of many studies during the past years [6].

Due to the complexity of this phenomenon, an ana-
lytical model is not capable of accurately predict trans-
formers noise level. Therefore empirical models [5]
or numerical methods, are used to estimate the noise
radiation of a power transformer. With the development
of the numerical methods, as the finite element method
(FEM) or the boundary element method (BEM), more
accurate and detailed solutions are possible to be cal-
culated. The development of such FEM/BEM models
requires specific material properties that are not easily
available, as the magnetomechanical behavior of the
electrical steel. These properties need to be evaluated
through representative sheet samples and representa-
tive experimental set-ups.

This paper presents an experimental set-up in which
magnetostriction measurements were carried out, based
on an Epstein frame. Strain data, directly related to
magnetostriction measurements, is simultaneously col-
lected using two distinct types of sensors: a resistive
strain gauge, and an optical Fiber Bragg Grating (FBG).
These measurements are the first step to compute the
sound power level of a power transformer, providing
inputs required by a commercial FEM software to pre-
dict magnetostriction along the transformer core, based
on the magnetic field it is subjected to. The workflow of
this numerical study is presented on Figure 1.

2. Background and Related Work

When magnetized, an electrical steel material is sub-
jected to a mechanical deformation which varies with
the magnetic polarization. This magnetomechanical
effect, labeled magnetostriction, is one of the causes
of transformers core vibration, along with the Maxwell
forces (which occur when the magnetic field faces a
material of different magnetic permeability). Magne-
tostriction is an anisotropic material property with
non-linear behavior, which is specific of each type of
electrical steel, and thus it may only be determined
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experimentally.

The measurement of these properties can be per-
formed with different set-ups, one of them is the Epstein
frame. An Epstein frame comprises a primary and a
secondary windings, disposed in four coils, and the
testing specimens, forming an unloaded transformer,
whose specifications are defined according to IEC stan-
dard 60404-2 [7]. This device may also be used to
characterize the magnetomechanical behavior of the
tested specimen, as described by the Technical Report
IEC TR 62581 [8]. In this report, the general principles
and technical details regarding magnetostriction mea-
surements by means of an Epstein frame or a Single
Sheet Tester are addressed.

The major part of the work developed on mag-
netostriction measurements was carried by means of
a Single Sheet Tester, mainly because of its sim-
plicity. Anderson et al. [9] developed a Single Sheet
Tester which was capable to measure magnetostriction,
under applied mechanical stress, using a piezoelec-
tric accelerometer. Klimczyk et al. [10] improved the
experimental set-up idealized by Anderson to study
the influence of the specimen thickness, coating and
residual stresses on the magnetostrictive behavior of
electrical steel. Javorski et al. [11, 12] studied the fre-
quency characteristics of magnetostriction using a mod-
ified Single Sheet Tester and formulated a numerical
magnetostriction model based on those measurements.
Ghalamestani [13] also used a Single Sheet Tester to
carry out magnetostriction measurements, but instead
of using accelerometers to measure the deformation, the
author used an heterodyne laser interferometer.

However, an Epstein frame has better resemblance
to the power transformer operation, since the effects
of the lamination stacking, and clamping might not be
neglected. Behlacen [14] studied magnetostriction by
means of an Epstein frame, using a force transducer
to compute the magnetostrictive forces and then con-
verted them to deformation and strain values.

The application of sensors inside of electrical envi-
ronments presents some challenges due to electromag-
netic noise. Conventional electrical-based sensors can
be affected by this electromagnetic interference. In
addition, these sensing units are subjected to electrical
discharges, which may damage this kind of sensors and
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Figure 1. Numerical simulations workflow.
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badly damage the instrumented structure. Fiber optic
sensors offer the possibility to overcome these limita-
tions due to its working principle — light. The optical
fiber itself is immune to electromagnetic interference
and it is made of high dieletric constant material [13,
15].

Nonetheless, the application of fiber optics inside
large power transformers present other challenges.
Optical fiber needs to be compatible with the oil
inside the casing and needs to withstand high tem-
peratures. The flexibility and resistance of fiber optics
are among the main advantages comparing to other
optical devices, but in order to grant the long term
protection and to avoid accidental destruction of the
sensor, the use of high temperature resistant polymers
has been reported recently for different kinds of optical
sensors [16, 17]. However, for tests with Epstein frame,
where oil is not present, this technology is an optimal
alternative compared with resistive strain gauges.

The present work aims to acquire and to evaluate
the anisotropic magnetostriction and the influence of
magnetic polarization and clamping loads applied on
the joints of an electrical steel sheet, in order to update
FEM models used to predict the radiated noise of power
transformers. Additionally, using strain gauges and
optical FBGs strain sensors, magnetostriction frequency
characteristics were also studied.

3. Experimental Measurements

The magnetostriction measurements were carried out
on an Epstein frame, by means of strain gauges
and optical FBGs strain sensors. The strain data was
acquired and then processed by a data acquisition sys-
tem, which synchronized the strain signal with other
obtained signals (current, voltage). The Epstein frame
used in this work, Figure 2, matches the characteristics
listed on the IEC standard previously referred [7].

Test specimens were assembled according to stan-
dard, in double lapped joints [7] and with their rolling
direction parallel to the magnetizing direction [11].

Electrical Steel Specimens. In order to test electrical
steel that is used in power transformers, several strips
of grain oriented electrical steel PowerCore® H105-30
from ThyssenKrupp were collected. The characteristics
of the tested electrical steel are shown in Table 1.
Electrical strips dimensions were determined based on
IEC/TR-62581, to ensure a magnetic path of 0.94 m [7].

Strain Sensing. For a punctual and local measurement
of magnetostriction, both strain gauges and FBGs were
used and placed in strips of the tested specimen.
The chosen strain rosette has a temperature response
matched to steel (HBM K-XY31-3/350) and two
measuring grids (0°/90° T rosette).

The coating of the electrical strip was removed
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allowing a direct strain measurement in the steel. The
strain gauge was attached to the strip using an HBM
770 adhesive, and connected to the data acquisition
system with AWM 2651 cables. These cables were
twisted, like shown on Figure 3, in an attempt to
compensate electromagnetic interferences. In addition,
to avoid the effects of the double-lap joints (test
specimen edges) the gauge was positioned in the
middle of the strip, like presented on Figure 3. The
optical sensing set-up using the FBG was applied to
the test strips in a similar configuration as the strain
gauges, Figure 4. The FBGs were fabricated using the
phase-mask method. This method starts by removing
a section of the fiber coating, enabling the fiber to be
directly exposed to the UV-light, through a phase-mask.
The interference pattern of the UV-light engraves the
desired grating with the modulation of the index of
refraction along the fiber. After this process, the fiber
is very fragile, thus it is recoated using polyimide.
This recoating ensures protection of the FBG from
mechanical and chemical hazards, also having a high
temperature resistance. No special care was taken
into account in relation to electromagnetic interference
because the optical fiber is inert to it.

Autotransformer. In order to better control the voltage
and current fed into the circuit, a Zenith V8HM
autotransformer connecting the Epstein frame to the
power supply, was used.

Figure 2. Epstein Frame.

®
Table 1. PowerCore H105-30: material characteristics

Parameter Value Units
Saturation Polarization 2.03 T
Coercive Field Strength 5 A/m
Density 7650  kg/m?®
Resistivity 0.48 pQm
Length 300 mm
Width 30 mm
Thickness 0.3 mm
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Figure 3. HBM strain gauge K-XY31-3/350 on the specimen.

Figure 4. HBM FBG on the specimen.

Data Acquisition System. Data regarding current and
voltage were acquired using NI-9227 and NI-9244 input
modules, respectively, with a sampling time of 0.2
ms. This system allows the constant monitoring of
magnetizing current and voltage supply in primary
winding with a computer and a data logging software,
NI Labview, as shown in Figure 5. For data acquisition
from the resistive strain gauge, a National Instruments
system composed by a CompactDAQ-9188 chassis
and NI-9236 module were used, see Figure 6. The
optical system was composed by a FBG strain sensor
interrogated by a BraggScope FS26 (HBM FiberSensing)
with a sampling time of 0.2 ms. Data from BraggScope
was acquired using a BraggMonitor software as
illustrated in Figure 7.

Through the data logging software, an interface
algorithm was created, see Figure 8 to calculate
magnetic field, H(t), and magnetic polarization, B(t),
using Equations (1) and (2), where N; and N, are
the number of turns of the primary and secondary
windings, respectively, | the magnetic path length, I(¢)
is the current, A the magnetic active area and U,(t) the
voltage on the secondary winding [18, 19]. As a result,
magnetostriction could be plotted as a function of B(t)
or H(t).

NI LabView NI cDAQ-9188

Voltage probe

NI - 9244

Power Supply

Current probe

NI - 9227
Autotransformer Uiy (
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Figure 5. Electromagnetic excitation - experimental set-up.
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Figure 6. Strain gauge data acquisition - experimental set-
up.
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Figure 7. FBG data acquisition - experimental set-up.
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3.1. Measurement Procedure

The excitation was made wusing the power grid
(f 50 Hz and U,,;; = 230 V), by means of the auto-
transformer, which allows the step-down and control of
the voltage applied to the primary winding, Figure 9 .

Before starting the experimental data acquisition,
preliminary calculations were performed for variables
definition. Peak magnetic polarization (Bp.;) is pre-
dicted based on the effective secondary winding volt-
age (Upyps)- Finally, the power supply output should
be slowly increased until the secondary voltage has
reached the desired value [7]. When the desired peak
magnetic induction is achieved, the data is collected.

In a first stage, a combination of parameters such
magnetic polarization (1.5, 1.7 and 1.9 T), number of
laminations (1, 4 and 13 strips per limb) and clamping
loads on the core joints (1.6 N) were studied using a
strain gauge. A total of eighteen experimental measure-
ments were done.

After analyzing these results, five experimental mea-
surements using an FBG strain sensor were used for
comparison with resistive strain gauge, considering six
magnetic polarizations. A FFT (Fast Fourier Transform)
were calculated for both strain sensors, for frequency
range up to 500 Hz.

2 EA
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——Magnetization Current
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Figure 9. Voltage applied to the primary winding and
magnetization current (1 strip per limb).

4. Results and Discussion

Initially, magnetostriction frequency characteristics
were studied. According to literature review [11], for
an excitation frequency of 50 Hz, magnetostriction
presents a fundamental component of 100 Hz (double
the excitation frequency), and respective harmonics
(multiples of the fundamental component). However,
the acquired signal exhibited a distorted behavior, pos-
sibly due to electromagnetic interference, especially
when compared to those of IEC TR-62581 [8].
Therefore, to ensure a representative magnetostric-
tion loop, a FFT analysis was conducted. Through this
analysis, it was concluded that, in addition to the funda-
mental component, other harmonics were present, some
of which were related with magnetostriction multiple
harmonics, the others were related with the power
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Figure 10. Magnetostriction as a function of the magnetic
polarization using strain gauges (13 strips per limb).

grid (50 Hz and uneven harmonics) and other parasite
signals.

The influenceo ft hem agnetic p olarization on
the magnetostriction of the test specimen was also
addressed. According to previous studies [9, 13], peak-
to-peak magnetostriction rises when the magnetic
polarization increases. This trend was verified i n the
tested specimen, as shown in Figure 10. Moreover, the
magnetostriction loop is distorted when polarization
rises, especially when the polarization is beyond the
knee point of the hysteresis loop (B-H). This fact may
be explained by a greater influence of higher harmonics
(300 Hz and higher) on the magnetostrictive behavior
of the specimen, as can be seen in Figure 11.

The impact of a clamping load on the lap joints of
the Epstein frame, as displayed in Figure 12, was also
investigated. In order to load the joints, four 1.6 N
weights were used. Figures 13 and 14 show the mea-
sured results. It was verified that the magnetostriction
loops were distorted, yet the peak-to-peak and zero-to-
peak magnetostriction values remained the same. The
curve of higher polarization was the most misshaped,
to the extent that the compressive strain could no longer
be observed.

To work around the problem, magnetostriction fun-
damental frequency and respective harmonics were
identified a nd i solated. F igure 1 1 s hows t he magne-
tostriction spectrum for an iron core composed by
thirteen steel sheets per limb, under three induction
levels. As it can be verified, t he fi rst tw o harmonics
(100 and 200 Hz) show a greater contribution; however,
for higher polarization values, the influence of higher
harmonics rises.

As said before, a comparison between FBGs strain sen-
sor and resistive strain gauge was made and the average
results of magnitude are shown in Figure 15 to Figure
20. Looking for more relevant frequencies, 100 and
200 Hz, the results show that the FBG sensor present
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Figure 11. Magnetostriction frequency spectrum using
strain gauges.

Figure 12. Load applied on the lap joints.

always the lowest values of peak-to-peak amplitude.
This could be explained by the electromagnetic noise
on the resistive strain gauge. Also, a more constant and
lower values between the five tests were obtained on the
optical FBG strain sensor compared with resistive strain
gauge. This variability shows again that the resistive
strain gauge signal is more sensitive to external noise.
Comparing the amplitude of magnetic polarization for
100 Hz, an approximated linear relation between mag-
netostriction and magnetic polarization is verified.
Besides, this study revealed that the applied load on
the core joints has influence on the hysteretic behavior
of magnetostriction, since the oscillation in the normal
component was constrained. Having low amplitude,
magnetostriction is sensitive to other effects.
Regarding the obtained results, the magnetostriction
loop can be applied to numerical simulations, allowing
the evaluation of power transformer noise radiation.
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Figure 13. Influence of a clamping load applied on the core
joints for a peak magnetic polarization of 1.7 T.
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Figure 14. Influence of a clamping load applied on the core
joints for a peak magnetic polarization of 1.9 T.
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Figure 15. Magnetostriction for a peak magnetic polariza-

tion of 1.3 T (1 strip per limb).
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Figure 16. Magnetostriction for a peak magnetic polariza-
tion of 1.5 T (1 strip per limb).
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Figure 17. Magnetostriction for a peak magnetic polariza-
tion of 1.7 T (1 strip per limb).
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Figure 18. Magnetostriction for a peak magnetic polariza-
tion of 1.9 T (1 strip per limb).
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Figure 19. Magnetostriction for a peak magnetic polariza-
tion of 2.0 T (1 strip per limb).
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Figure 20. Magnetostriction for a peak magnetic polariza-
tion of 2.1 T (1 strip per limb).

5. Conclusions

Magnetostrictive behavior of grain oriented electrical
steel was studied by means of an experimental set-up
based on an Epstein frame. For the magnetostriction
measurements, the generated signal of a strain gauge
rosette and FBG strain sensor was acquired and then
processed via data logging software. Current and
voltage data was also acquired and synchronized with
the strain data, so that the magnetostriction curves
could be obtained.

The frequency characteristics of magnetostriction
were also addressed. The obtained results allowed
to conclude that the firstt woh armonicsa re the
most significative, yet when the magnetic flux density
gets closer to saturation, higher harmonics gain more
influence.

Measurements with fiber B ragg g ratings showed
lower magnetostriction values when compared with
the resistive strain gauges. The influenceo fthe
electromagnetic field o ft he E pstein f rame windings
can be noteworthy, compromising the measured
materials properties. This study demonstrates that

O EA

the application of optical sensing technologies, as the
FBGs, give a more reliable material data about the
magnetostriction behaviour, required for numerical
studies.
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