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Abstract:

Local analysis techniques were used to investigate the
iron loss and noise generation mechanism of the trans-
former. The interlaminar flux between the cores had a
large effect on the iron loss of the three-legged wound
transformer core. In the lap core having the joint part,
the interlaminar flux was larger than that in the non-cut
core having no joint part. The reason is that the flux
flows to avoid the joint part of the inner core. From the
results of 3D vibration analysis of the three-legged
stacked transformer core, it was considered that the out-
of-plane vibration was the main cause of the acoustic
noise, because the largest vibration was the out-of-plane
vibration, which was several tens of times as large as cal-
culated from the magnetostriction.

1. Introduction

Grain-oriented electrical steel manufactured by JFE
Steel is mainly used in transformer cores for electric
power, and is an important material which is directly
related to the performance of the transformers.
Improvement of the properties of this grain-oriented
electrical steel has improved transformer iron loss, and
has also reduced transformer acoustic noise. However,
there are high needs for improvement of transformer
performance. In particular, further reduction of iron
loss and acoustic noise are demanded.

In order to reduce transformer iron loss, it is
important not only to reduce the iron loss of the core
materials, but also to prevent increased iron loss when
those materials are assembled as a transformer. The
ratio of transformer iron loss in comparison with the
steel sheet materials is called the building factor (B.F.),
and a small B.F. is generally desired. In stacked trans-
former cores, increases in B.F. are considered to origi-
nate from rotating magnetic flux", the flow of magnetic
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flux to avoid joints that occurs in the T-joint area of
the core, partial concentrations of magnetic flux, and
interlaminar flux between the stacked steel sheets”.
Moreover, in wound transformer cores, the causes of
increased B.F. are said to include perpendicular flows
of flux to neighboring steel sheets in sheet lap areas **
and concentration of magnetic flux to the inner core”.
Measurement of the local magnetization behavior in
the core and quantitative evaluation of the effects of
the above-mentioned factors is extremely effective for
discovering methods to reduce B.F.

In this paper, the effects on B.F. of the interlaminar
flux between cores that is considered to occur in three-
legged wound transformer cores, in which the two inner
cores are surrounded by an outer core, were evaluated
by local magnetization measurements using a search
coil and local iron loss measurements using the infrared
thermography method® established by Yamaguchi et
al. The evaluation results” are described in Chapter 2.

On the other hand, transformer acoustic noise is
considered to originate from magnetostriction (minute
expansion/contraction of the steel sheets accompanying
magnetization) and vibration caused by the electro-
magnetic forces generated between the steel sheets, and
is affected by the natural vibration characteristics of
the elements that make up a transformer. The relation-
ship between magnetostrictive vibration and acoustic
noise *¥ and the effect of the magnetic flux density dis-
tribution on magnetostrictive vibration >'” have been
reported. Magnetostrictive vibration is thought to
cause acoustic noise by way of core vibration. There-
fore, in order to discover an effective method for reduc-
ing acoustic noise, it is considered important to clarify
the relationships between magnetostriction and core
vibration and between core vibration and acoustic
noise before making a direct relationship between mag-
netostriction and acoustic noise.
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In this paper, Chapter 3 describes the results of an
investigation of the series of behaviors (single sheet
magnetostriction and stacked magnetostriction,
stacked magnetostriction and core vibration, core
vibration and acoustic noise) by which the magneto-
striction of a single sheet is changed into acoustic noise
characteristics by 3D vibration analysis using laser

Doppler vibrometry and strain gauges'".

2. Effect of Interlaminar Flux between Cores on
Iron Loss of Three-Legged Wound
Transformer Core

2.1 Experimental Method

Cores with the outer dimensions shown in Fig. 1
were prepared using grain-oriented electrical steel with
a thickness of 0.23 mm as the core material, and stress
relief annealing was performed.

In order to investigate the effect of joints of the
steel sheets, here, lap cores in which the sheets were
joined by lap joints, and non-cut cores with the same
geometry but with no sheet cut areas were prepared. In
the lap joining method, the lapped length of pairs of
steel sheets was 8 mm, and a I-sheet lap, 7-step lap
joint was used.

In the evaluation of the interlaminar flux between
the cores, the local magnetic measurement method by
search coils was used. To calculate the interlaminar flux
between the cores from the difference in the magnetic
flux in each part of the cores, search coils were
arranged at the positions shown in Fig. 2, and the flux
at each position was measured by the electromotive
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Fig. 2 Position of search coils and schematic image of
magnetic flux
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force generated in the search coils. The flux from the
outer core to the inner core was derived from the differ-
ence between search coil 1 and search coil 2 on the
outer core, while the flux from the inner core to the
outer core was derived from the difference between
search coils 3 and 4 on the inner core, and their average
value ®interlaminar Was taken as the interlaminar flux
between the cores.

Next, in the evaluation of the distribution of iron
loss in the interior of the core, a local temperature
measurement method using an infrared thermography
camera was used. The local iron loss P of a core is
given by its rate of temperature increase d7/dt and spe-
cific heat C, as shown in Eq. (1).

dT
P=Cx gE e (1)

Figure 3 shows the excitation pattern used when
obtaining the rate of temperature increase d7/dt. The
following were performed in the respective steps in
Fig. 3.

(I) Acquisition of the background of the tempera-
ture distribution image before excitation.

(IT) Rapid voltage increase to the specified magnetic
flux density.

(IIT) Holding at the specified magnetic flux density,
and derivation of the average value of the rate of tem-
perature increase.

(IV) Disconnecting the circuit by instantly setting
the excitation voltage to zero.

2.2 Experimental Results and Discussion

Figure 4 shows the results of the measurements of
the interlaminar flux between cores @interlaminar Of the
non-cut core and the lap core at the maximum mag-
netic flux density of 1.7 T and frequency of 50 Hz. The
phase was defined as zero at the timing when the mag-
netic flux density of the left leg reached its maximum
value. In both cores, the largest interlaminar flux from
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Fig. 3 Schematic pattern of excitation and temperature rise
in thermography measurement
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Fig. 5 Distribution of iron loss in core derived from tempera-
ture rise

the inner core to the outer core occurred at the phase
of 120°, and the largest interlaminar flux from the
outer core to the inner core occurred at the phase of
300°. In both cases, the interlaminar flux of the lap
core was approximately 1.5 times larger than that of
the non-cut core.

Figure 5 shows the local iron loss distribution of the
non-cut core and the lap core at the maximum mag-
netic flux density of 1.7 T and frequency of 50 Hz.
Here, the average values of iron loss of the entire core
were corrected to show the iron loss measured by a
wattmeter. The iron loss of the inner core was large in
both the non-cut core and the lap core. Comparing the
two cores, in the lap core, iron loss was large in the lap
joint area (Part A) and the outermost part of the inner
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Fig. 7 Comparison of magnetic flux densities between center
limb and right limb

core on the center leg side (Part B). The ratios of the
increase in iron loss of Part A and Part B to the average
iron loss of the entire core were 1.4 times for Part A
and 1.8 times for Part B. Therefore, it can be under-
stood the increase in iron loss in these parts is that the
main factor in the increase in B.F.

Figure 6 shows an estimated diagram of the flux
flows at the phase difference of 120°. At the 120° phase
difference, the largest flux occurs in the central leg,
while the fluxes in the right and left legs flow in the
opposite direction to that of the center leg and seem to
be about half of that in the center leg. Figure 7 shows
the change over time of the magnetic flux densities of
the inner core and outer core at the yoke parts of the
center leg and right leg at the maximum magnetic flux
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density of 1.7 T and frequency of 50 Hz. In the non-
cut core, the interlaminar flux from the inner core to
the outer core between the center leg and right leg was
small, at about 0.03 T. In contrast, the interlaminar
flux flow in the lap core was large, at 0.08 T. Since a lap
joint with large magnetic reluctance exists in the mag-
netic path in the inner core, it is thought that this large
interlaminar flux flow occurs because the flux flow
from the inner core to the outer core increases so as to
avoid the lap area.

The increase in the iron loss at the outermost part
of the inner core in the center limb of the lap core (Part
B in Fig. 5) is considered to be due to the generation of
in-plane eddy current loss by the interlaminar flow and
local concentration of the magnetic flux when avoiding
the lap area. Therefore, in the future, it will be neces-
sary to study the relationship between the interlaminar
flux between sheets and in-plane eddy current loss by
both numerical analysis and an experimental approach.

3. 3D Vibration Analysis of Three-Legged
Stacked Transformer Core

3.1 Experimental Method

Using grain-oriented electrical steel with a thickness
of 0.30 mm as the core material, a core with a three-
legged core structure and a V-notched yoke was pre-
pared. As the stacking method, a 2-sheet lap, 5-step
step lap joint was used. The outer dimension of the
core was 500 mm, the total number of stacked sheets
was 50, and the weight of the core was approximately
20 kg.

To investigate magnetostrictive vibration in the
stacked state, triaxial strain gauges with a gauge length
of Smm and a rosette (0°, 45°, 90°) arrangement were
attached to the entire core as shown in Fig. 8, and mag-
netostriction was measured in the 3 phase excitation
condition after pressure lamination. Magnetostrictive
vibration was defined as magnetostrictive vibration in
the sheet normal direction (ND) Anp, rolling direction
(RD) Arp, and transverse direction (TD) Atp, and was
calculated from Arp and Atp, based on the fact that the
sum of magnetostriction in these three directions is
zero according to the volume conservation law.

Laser Doppler vibrometry was used in the vibration

Strain gauge

Fig. 8 Arrangement of strain gauges on model transformer
core
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measurements of the stacked cores. Figure 9 shows the
relationship between the laser heads and the steel sheet
surface. Reflective blocks (5 mm square) were prepared
by affixing reflective tape to the block surface, and were
added to the steel sheet surface from measurement
holes made in a Bakelite sheet. Measurement by laser
irradiation from the direction perpendicular to the steel
sheet surface was possible by arranging the laser heads
directly above the blocks to measure the vibration
velocity V7 in the Z direction, and by inserting the laser
heads in adjoining non-measurement holes and using
mirrors to measure the vibration velocities Vx and Vy
in the X and Y directions.

In verification using a three-legged stacked trans-
former core with a capacity of 1200 kVA, in which
grain-oriented steel sheets with a thickness of 0.23 mm
were used as the core material, acceleration sensors
were attached to the core fixing member, and three-di-
mensional core vibration was measured. For measure-
ment of acoustic noise, the transformer was placed in
an area surrounding by a soundproof wall. Six points
on the circumference were measured, and their average
value was used in the evaluation.
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Fig. 9 3D vibration measurement system by using reflective
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3.2 Experimental Results and Discussion

Figure 10 shows the magnetostriction measurement
points on the model transformer core in the stacked
condition. Figure 11 shows the results of the measure-
ments of the magnetostrictive vibration of core in
Fig. 10. In comparison with the amplitude of magneto-
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Fig. 11 Amplitude of magnetostriction in each direction on

model transformer core

striction in the RD direction in a single sheet, it can be
understood that vibration is somewhat larger in the
limb part, but is several times or more larger in parts
other than the limb. In general grain-oriented electrical
steel, it has been reported that the amplitude of magne-
tostriction under a rotating magnetic flux of 0.7 T is 5
%10 in the RD direction, 4x10° in the TD direction
and 2x10° in the ND direction'?. This amplitude of
magnetostriction is several times as large as the ampli-
tude of magnetostriction in the RD direction of a sin-
gle sheet, and is similar to the amplitude in parts other
than the limb in the present experiment. Moreover, a
value near 0.7 T has also been reported as the TD
direction magnetic component in the vicinity of a
joint'. Based on this, the fact that the amplitude of
stacked magnetostriction in the yoke, corner and
T-joint areas was several times as high as that measured
in a single sheet is thought to be caused by rotating
magnetization (TD direction).

Next, the parts of the transformer are separated as
shown in Fig. 12. Figure 13 shows the maximum dis-
placement in the three directions in each part of this
core in the pressurized condition. The number of mea-
surement points in each part was 40 in the limb parts
and 25 each in the yoke, corner and T-joint areas. Mea-
surements were made at equal intervals, and the average
values of the maximum displacement at each measure-
ment point were taken as the maximum displacement
of the respective parts. While in-plane vibration was

Fig. 12 Measurement point of iron core vibration on model
transformer core
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Fig. 14 Vibration behavior of model transformer core

small, out-of-plane vibration was several times as large
as in-plane vibration, indicating that the main factor in
core vibration is out-of-plane vibration. It is thought
that the fact that large out-of-plane vibration was
observed even in the limbs, where magnetostrictive
vibration is small, may be caused by the effects of mag-
netostrictive vibration in other parts under the pressur-
ized condition. Figure 14 shows the vibration displace-
ment in the three directions at each phase angle. The
size of the spheres represents the magnitude of out-of-
plane vibration, thicker arrows indicate a larger
amount of magnetic flux, and the direction of the
arrows shows the direction of the magnetic flux. The
white regions where arrows are not shown are regions
that were not excited. Because out-of-plane vibration
reached its maximum at the phase angles of 30° and
210° in the U limb, 90° and 270° in the W limb, and
150° and 330° in the V limb, the maximum displace-
ment occurred under zero excitation in each limb.

In a core, it is thought that magnetization is not
simple AC magnetization, even locally, but becomes
secondary magnetization with a TD component. Fig-
ure 15 shows a schematic diagram of ideal rotating
magnetization. The TD component reaches its maxi-
mum at the timing when the magnetization component
in the RD direction becomes zero.

The domain structure of grain-oriented electrical
steel is formed by stripe-like main domains, which are
oriented parallel to the rolling direction, and supple-
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Fig. 16 Magnetic domain model of grain oriented electrical
steel

mentary domains called lancets. The supplementary
domains consist of oblique domains that penetrate
through the sheet in the thickness direction in a form
that connects these domains with the two spike
domains which appear at the top and bottom sides of
the sheet'”. Figure 16 shows a schematic diagram. It is
known that these domains which penetrate through the
sheet thickness direction are located in the plane per-
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pendicular to the rolling direction, and their direction
of magnetization is oriented at an oblique 45° angle to
the sheet surface '>'¥. Regarding the fact that their
direction of magnetization is oriented obliquely in the
45° direction, when the sheet is magnetized in the TD
direction, it is thought that the domains that penetrate
through the sheet thickness direction, connecting the
spike domains, are more active than the main domains,
in which the direction of magnetization is the RD
direction, and as a result, the sheet expands in the ND
and TD directions.

As mentioned above, the largest factor in the core
vibration measured in this experiment was out-of-plane
vibration. Because this is the timing when the TD
direction component is largest, it is thought that the
magnetostrictive vibration in the ND direction due to
an increase in domains that penetrate through the sheet
thickness in a form that connects the spike domains is
the cause of out-of-plane vibration of the core.

The amplitude of core vibration (Z direction) and
the amount of expansion/contraction (X, Y directions)
show the amounts of displacement, and the amplitude
of magnetostrictive vibration A expresses the amount
of strain. Therefore, when the sample length is L, their
respective values can be shown by the following equa-
tions.

Lmax— Lmin

App = T e 2)
App=Lmax—Lmin .................cccoeenennn. 3)
APP=APPXL oo 4)

Here, the amount of displacement by core vibration
in the T-joint area and corner parts that include joints,
which are considered to be sources of core vibration,
was calculated for the case where the results of the
magnetostrictive vibration shown in Fig. 11 become
core vibration as-is, and the calculated results were
compared with the measured results of core vibration
shown in Fig. 13. The comparison of the calculated
results and measured results of core vibration is shown
in Fig. 18. Although the calculated values and mea-
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sured values for in-plane vibration were comparatively
close, large differences between the two could be seen in
the results for out-of-plane vibration. From this, it can
be said that out-of-plane vibration, which is considered
to be the main cause of acoustic noise, increases greatly
in comparison with magnetostrictive vibration. In the
three-legged stacked transformer core, the excitation in
the transformer was not uniform in the width direction
of each limb, and magnetization was accompanied by
phase differences. Therefore, the conceivable causes of
this increase include the possibility that vibration is
greatly amplified by the torsional motion caused by the
nonuniform magnetostrictive expansion and contrac-
tion motions due to this phase difference magnetiza-
tion, and the possibility that this phenomenon origi-
nates from natural vibrational characteristics specific
to stacked cores. In an analysis of the vibration charac-
teristics of stacked cores, Mizuno et al. noted that the
results of an FEM analysis are in good agreement with
the measured results if the out-of-plane Young’s modu-
lus and in-plane Young’s modulus are set to 1/1 000
and 1/10 times the Young’s modulus of a silicon steel
sheet, respectively, suggesting that stacked cores are
particularly susceptible to out-of-plane deformation'?.

In the investigation of the model transformer,
results showing that out-of-plane (Z direction) vibra-
tion of the core has a large effect on acoustic noise
were obtained. Next, the results of core vibration in an
actual transformer measured with an acceleration sen-
sor will be presented. As shown in Fig. 19, the accelera-
tion sensor was installed at the T-joint area in the
upper part of the core. Figure 20 shows the measure-
ment results. Comparing the vibration levels in the
three directions, out-of-plane (Z direction) vibration
showed the largest vibration level.

Figure 21 shows the relationship between core
vibration and acoustic noise in the actual transformer.
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Fig. 20 Measurement result of vibration velocity in each
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Hearing sense correction was applied to the core vibra-
tion velocity spectra. In the spectra for the X direction,
the frequency components showed little change up to
approximately 1 500 Hz. Likewise, the spectrum for the
Y direction showed changes similar to those of the X
direction at the excitation frequency of 60 Hz.
Although not as clear as in the X direction, a similar
tendency was also observed at the excitation frequency
of 50 Hz, in that there was almost no change in the fre-
quency component until 700 to 1400 Hz. In contrast,
in the spectra for the Z direction, the frequency compo-
nents showed a decreasing tendency as the frequency
increased. Looking at the acoustic noise spectrum, the
frequency component showed a decreasing tendency as
the frequency increased, and the acoustic noise spec-
trum resembled the spectrum for the Z direction. Based
on this as well, core vibration in the vertical direction is
considered to have the largest effect on acoustic noise.

4. Conclusion

To materialize low iron loss and low acoustic noise
in transformers, it is extremely important to understand
the mechanisms of increased iron loss and generation
of acoustic noise specific to transformers by utilizing
local analysis techniques. From this perspective, the fol-
lowing knowledge was gained through this study.
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(1) Iron loss in three-legged wound transformers is
affected by interlaminar magnetic flux between the iron
cores. Interlaminar magnetic flux is larger in lap cores
than in non-cut cores because the magnetic flux flows
so as to avoid the lap joint area of the inner core.

(2) In three-legged stacked transformers, the amplitude
of vibration in the yoke, corner and T-joint areas is
several tens of times as large as the magnetostriction in
single sheets. Because the largest factor in core vibra-
tion is out-of-plane vibration, this out-of-plane vibra-
tion is considered to be the main cause of acoustic
noise. In the out-of-plane direction, the measured value
of displacement is several tens of times larger than the
value predicted from magnetostrictive vibration. The
causes of this difference are considered to include the
possibility that vibration is greatly amplified by the tor-
sional motion originating from the nonuniform magne-
tostrictive expansion and contraction motions caused
by magnetization accompanying the phase differences
that occur in three-phase transformers, and the possi-
bility that vibration is affected by a natural vibration
characteristic of the core, namely, susceptibility of the
stacked core to out-of-plane deformation.
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