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Abstract. Recently, the relevance of audible noise of power transformers tends to increase due to the growing
environmental awareness. For sound assessment, two standardised methods reveal the global noise of the whole
system, as resulting from the interaction of core, windings, oil and tank. But for a deeper understanding of noise
generation, it would be advantageous to investigate also the individual roles of the single above components in
closer ways. This paper summarizes attempts to study the first component, i.e. the soft magnetic core, by means
of model cores. For the first time, we analysed local distributions of all three strain, displacement and audible
noise, keeping in mind that these quantities depend on many parameters like material, stacking, clamping, induc-
tion, rotational magnetization, or additional DC-bias, in complex ways. In-plane strain proved to be dominated
by magnetostriction, with maximum intensities in corners and T-joints. The interpretation of in-plane displace-
ments proves to be complicated by the unknown resting point of the whole system. However, the results reflect
contributions of both magnetostriction and magneto-static forces. Out-of plane displacements proved to be dom-
inated by effects of magneto-static forces, in particular at overlaps of corners and T-joints, due to imperfect
clamping. Regional measurements of audible noise were performed in the near-field mode by means of automat-
ic scanning by microphone over free core regions within a noise-isolating scanning chamber. As to be expected,
the results showed strongly inhomogeneous distributions with maxima at T-joints and corners. As a conclusion,
model core results have very restricted relevance for full sized cores in quantitative ways. But they favour an

understanding for crucial mechanisms and for core regions that play dominating roles.
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1 INTRODUCTION

Recently, the relevance of audible noise of power transformers tends to increase due to growing environmen-
tal awareness. Nowadays, transformers are located closer to the urban areas. Thus, noise reduction may be more
relevant than loss reduction. For the assessment of audible noise of industrial transformers, two standardized
methods are generally used, i.e. Sound Pressure Measurement and Sound Intensity Measurement [1, 2]. Both
reveal the global noise of the whole system as resulting from the interaction of core, windings, oil and tank.
However, it is evident that a deeper understanding of noise generation needs separate investigations of the roles
of the single above components in closer ways.

This paper summarizes studies on the first component, i.e. the core. Apart from the windings, the core can be
assumed as a primary source of audible noise [3]. It is well known, that the latter originates from both magneto-
striction and magneto-static forces. However, a clear distinction between them is an almost impossible task,
since both interact, apart from exhibiting the same spectral components. We assume that a split would need very
specific experimental and/or analytical modelling.

As it is well known, the core's audible noise generation is a complex process depending on many parameters
like material, stacking, clamping, induction, rotational magnetization, additional DC-bias, etc. Concerning the
material, it is known, that compared to non-oriented SiFe, that of grain-oriented (GO?) SiFe is lower, due to
weaker magnetostriction (MS?) as a result of a highly ordered texture. Even better performance can be expected
from laser scribed materials (e.g. [4]). The core clamping influences local strains of both MS and magneto-static
forces, as closer discussed in [3, 5]. Also rotational magnetization has a very significant impact on MS, causing
increases up to a factor of 10, compared to mere alternating magnetization (see [6]). Finally, additional DC-bias,
caused e.g. by geomagnetically induced currents, leads to general increases of local strains, especially in regions
of mere alternating magnetization, audible noise being distinctly enhanced (e.g. [7]).

As already mentioned, most authors consider audible noise for the entirety of a transformer [1, 2, 8]. Only
few ones concentrate on the magnetic core by numerical calculations, in particular of local distributions of core
surface displacements, e.g. using FEM techniques [9, 10] and by measurements of audible noise in single-phase
cores [11] and in three-phase cores [12, 13, 14]. Most commonly, the numerical models are restricted to 2D cal-
culations of core packages without considering the impact of the overlaps [10, 15]. In [15], a coupled 2D mag-

netic and mechanical FEM-model for the investigations of the influence of magnetostriction and Maxwell
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(magneto-static) forces to the dynamic displacement of the inductor is presented. As an important result, the au-
thors found that magnetostriction and Maxwell forces might even interfere destructively for a certain frequency
range. In [16], the authors present a model for the prediction of the magnetostriction in several direction. How-
ever, the model is validated only for the case of non-oriented silicon steel, having a low relevance for modern
transformer cores, stacked from grain oriented materials. In [17], a 3D model is used to calculate the magnetic
field distribution and vibrations of a 3-phase transformer core and windings. Subsequently, the noise distribution
is calculated based on achieved vibration data. The authors tried to verify the achieved distribution by standard-
ized measurements of the noise at four local positions, 1m away from the transformer tank.

The acoustic measurements show the high impact of the clamping [11], of the compressive stress [12] as well
as of the design of the overlaps on the noise generation [13]. In a rather surprising way, in [12], the authors show
that increase of the local noise does not necessary mean increase of the peak-to-peak magnetostriction.

In our own studies, we performed various experimental analyses on different 1-phase and 3-phase model
cores. The latter prove to be very effective for basic studies on mechanisms of loss generation. On the other hand,
studies on vibrations or even noise are problematical a priori, in particular due to the well known relevance of
eigen-values [9, 16]. However, keeping the latter in mind, experiences show that experimental modelling may
yield basic conclusions, in particular if local investigations are performed in comparative ways.

The main target of the current paper is to summarize our experiences from regional measurements on magne-
tostriction, displacements and audible noise. A second aim is to discuss basic problems of such measurements, as
well as restrictions of practical relevance. All in the work investigated cores were magnetized with sinusoidal
excitation with 50 Hz for the practically relevant case of Bnom = 1.7 T, measured and controlled in the middle

limb.

2 LOCAL DISTRIBUTIONS OF STRAIN

As it is well known, measurements of magnetostriction (MS) are being performed in routine ways for all
types of laminated soft magnetic materials as being applied for transformer cores. A material sample is magnet-
ized in a so-called single sheet tester or rotational single sheet tester, and MS-caused strains are detected by
means of strain gauges (e.g. [6, 19]), or also by interferometers (e.g. [20, 21]). The results proved to be affected

by many impact factors, as summarized in [6].
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In a rather surprising way, literature does not report any study of regional in-situ measurements, as performed
directly on transformer cores, neither on core surfaces nor in the core interior. A possible reason may be that
such measurements are highly problematical, as revealed by our own attempts of investigations. First, let us re-
port results, then discuss the problems of measurement.

In a series of studies, we arranged strain gauges on the surface — and partly also within the stack — of model
transformer cores. Considering the large grain size of modern core steel, we use about 50 mm long sensors for
averaging. For temperature compensation, each gauge was placed in a quarter bridge circuit together with a top-
on dummy gauge. It is well known, that the sensitivity of the strain gauges is worse than that of interferometers.
However, both method prove to yield quite similar results for transformer core materials and magnetization val-
ues above 1.3 T, as demonstrated in [20]. From our experience with measurements of magnetostriction of trans-
former cores, we found that the sensitivity of the strain gauges is roughly about 0.1 ppm. The main factor,
influencing the sensitivity of the gauge is the complex process of fixing it to the core surface.

Figure 1 shows typical results for a square 3-phase model transformer core with outer dimensions of 750 mm
and a stacking height of 57 mm. The core was stacked from three packages of different width and height: main
package P1 (width 150 mm, height 30 mm), outer package P2 (110 mm, 11 mm) and peripheral package P3 (100

mm, 8 mm). It was built up from highly grain oriented (HGO)® material of type 0.85-23DR.

/\/\-/\ /\/\/\
0.6 § §loa § 03 °§ 0.5 0.3(§ [§lo4 & 05 §Q 0.4
0.4 0.4
ML oL
1.8
0.5 § $ 10 08 % % 0.8 0.5 § §0_5
1 0.8 Iv, \ o, i
peripheral 1.0~ N\ 14 0.8 RSN C
S e—— —o—> R
package P3 '_':_’ v T v <—¢'—>0'9\\\ ‘ |
outer 2_3 0.4
package P2 « = > Do 2\\\.5\\ ?
15 0.4 0 05
main packageP1 —= -« o ey

all values in ppm

Figure 1: Local distribution of peak-to-peak strain erp in RD in a 3-phase, 3-package model transformer core, stacked from
highly grain oriented material, for Bnom = 1.7 T. All values are given in ppm.

% highly grain oriented



G. Shilyashki, H. Pfutzner, P. Hamberger, M. Aigner, A. Kenov, I. Matkovic

Figure 1 includes results of measured strain values erp (in ppm) in rolling direction (RD)* for the state of locally
balanced clamping in all core regions (see below). The values are length-coded by double arrows in logarithmic
scale. Local values show strong variations as resulting from errors of measurement, but also from many impact
sources like inhomogeneous induction, interactions of the three core packages, and others. However, the regional
mean values in Table 1 reflect almost even strain distribution in the outer limb, the middle limb and the yoke
with an order of ¢rp = 0.5 ppm. This value is in the range of catalogue values of magnetostriction for HGO ma-
terials. Higher values (approaching 1 ppm) at the end of the middle limb can be interpreted by regionally in-
creased flux distortions. The latter cause increased harmonics of MS, leading to increases of the corresponding
peak-to-peak values. But — much more important — they also cause higher harmonics that have high impact on

audible noise, the human ear being highly sensitive to them.

region OoLS ML Y’ cs® T®
outer limb  middle limb yoke corner T-joint
averaged strain 0.4 ppm 0.6 ppm 05ppm 1.2ppm 1.4 ppm

Table 1: Regional mean values of measured peak-to-peak strain ¢ro.

Even higher values, above 1 ppm, were detected in the corner regions, indicating effects of partly saturated
overlaps of laminations. Highest values arise in T-joint regions as a result of rotational magnetization, as dis-
cussed in detail in [5]. The highest MS-value of 2.3 ppm is detected straight below the V-element of the T-joint
area. This coincides with maximum values of power losses. The area of V-element represents a kind of “worst
spot”, strongest rotational magnetization being linked with local saturations of overlaps, as well as with strong
magneto-static forces between the individual laminations [3]. Here, it should be noted that model cores built up
from lower grade material showed distinctly higher strain values as reported in [6].

In order to interpret the achieved results, we developed a novel 2D numerical model [22] for the estimation
of the local distribution of magnetostriction, based on the novel multi-directional non-linear equivalence circuit
calculation (MACC) procedure [23]. The model considers two main flux paths a window path and a peripheral

path. Each path is simulated by a series of reluctances in rolling direction. The interaction between the two paths
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is realized by reluctances in transverse direction. For the calculation of the reluctances the non-linear permeabil-
ity function pro in rolling direction and prp in transverse direction, obtained from catalogue [24], are taken into
account, compare [25, (Figure 2)]. The basic idea of MACC is to vary all local induction values in RD and in TD,
until they agree to the corresponding permeability values according to the non-linear permeability functions,
compare [25, (Figure 2)]. Furthermore, the model considers the reluctances of the overlaps of the corners and T-
joint. The latter show strong non-linear dependence on the induction, due to partly saturation for values Bnom >
1T.

The model calculates all local induction values in rolling direction (RD) and in transverse direction (TD) in
order to simulate rotational magnetization. A priori measured values of the peak-to-peak magnetostriction Arp
are assigned to each local calculated induction value, taking into account the peak induction in RD and in TD.
The so far performed modelling was restricted to a single package of a 3-phase, 3-limb core stacked from con-
ventional grain oriented (CGO) materials.

Figure 2 shows the results of the performed simulation. Due to symmetry, the corresponding values in the T-
limb are not illustrated. The increases of Arp, related to the lowest value (Arp = 0.22 ppm) are given through the
lengths of the double arrows in logarithmical scale. The results show a quite even distribution of Arp for all re-
gions of the core with values between 0.77 ppm and 0.92 ppm (compare Figure 2). The only exception is the T-
joint region, where the measured values of 1rp even exceed 9 ppm (Figure 2). The calculated values are clearly
higher than the measured ones (Figure 1), mainly due to different types of the investigated materials. It is well
known, that the CGO-materials exhibit much higher MS-values than the HGO-materials, used for the measure-
ments. Both measurements and simulations show that the rotational magnetization is the main source of in-
creased magnetostriction. While the simulations do not show any increased magnetostriction values in the
corners, the measurements show very high strain erp with values up to 2.5 ppm. The interpretation can be defi-

nitely given by the magneto-static forces, that were not considered in the simulations.
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l[zzigijre 2: Regional distribution of peak-to-peak magnetostriction Aro in ppm for the rolling direction for Bnom = 1.7 T from

Above, it was mentioned that the results of Figure 1 represent a case of balanced mechanical clamping. The
latter proves to be a crucial problem of model cores where some access to the core surface is demanded. Experi-
ence shows that too weak clamping favours magneto-static forces as a reason of chaotic nature of both vibrations
and local strain values. On the other hand, very strong clamping yields torsion of laminations with extreme strain
values in locations of high mechanical compression. To attain “balanced” conditions, a medium state of clamp-
ing was adjusted that promises representative results. According to the mentioned above, it is obvious that a
good reproducibility of the measured strains is not good, since even small changes in the clamping state cause
significant differences in the measured strains. However, for the “balanced” conditions the tendencies were very
well reproducible. Anyhow, the tendencies according to Table 1 are compatible with physical expectations. This

indicates that model core studies on magnetostriction have practical relevance, if interpreted in careful ways.

3 LOCAL DISTRIBUTION OF DISPLACEMENT

For straight-forward procedures, it offers itself to integrate over locally determined strain values ¢ (caused by
MS and/or magneto-static forces) in order to estimate the corresponding displacements ¢ of core surface posi-
tions. In literature, studies of local distributions tend to be restricted to singular points. For example [26] discuss-
es one point on the middle limb and one at the yoke of a 3-phase transformer package modelled by FEM, finding
maximum displacement values of about 5 um. As well, [27, 28] report FEM results in comparison with meas-

urements at three positions, detecting values up to about 0.2 um and 0.4 um, respectively, however for extremely
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small 1-phase cores. In [10], displacement measurements were performed at 5 different locations on the surface
of a three phase model transformer core by means of accelerometers. The results show distinct asymmetries as a
result of resonance phenomenon [10]. In own experiments [3], we found for similar 1-phase arrangements, off-
plane displacements dnp in normal direction (ND; perpendicular to the plane of magnetization) up to about 0.3
pum and in-plane values drp in rolling direction of similar order.

In order to get closer to practical conditions, we focussed our more recent work on 3-phase model cores that
are built up from three packages, as also described further up for strain. For displacement measurements, we
applied acceleration piezo-electric sensors (B&K 4326) connected to a charge amplifier (B&K 2635). The signal
acquisition and processing was performed in Labview. The displacement is calculated as a double integral of the
obtained acceleration signal. For the evaluation of the off-plane vibrations, the rms values Jdnp are calculated,
whereby only the even harmonics (100 Hz, 200 Hz ...1000 Hz) were considered.

Figure 3 shows results for a square 3-package core of 500 mm size assembled from GO material C130-30.
Contrary to the case of MS-measurements, where additional balancing clamping in all core regions was per-
formed, here the clamping was restricted to existing manufacture clamping, for access to surface positions. The
squares with dot mark positions of off-plane measurements. For the location T in T-joint and M in the middle
limb, a frequency analysis is presented in Figure 4. The blank squares mark four selected positions of in-plane
measurement direction (lateral), in positions A and B at the edges of the package P1, positions C and D of P2.

Off-plane displacements dnp were measured at about 40 local positions. The corresponding results in Figure
3 show strongly inhomogeneous distributions. However, clear tendencies are indicated by regional values of
Table 2. Lowest rms-values round 1 pm were measured in the yoke, followed by about doubled ones in the limbs,
the middle limb showing higher values than the outer one. As expected, the highest values were detected in the
corners with about 4 um, and in the T-joint region with about 6 um. Close from the V-element of the T-joint we

found a maximum value as high as 13.7 um.
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Figure 3: Regional displacement distributions in a 3-phase, 3-package model transformer core, stacked from GO material
C130-30 for Bnom = 1.7 T. All rms values of the displacement are given in pm.

Concerning the individual packages, lowest values were registered in the main package P1, higher ones in P2
and highest in the peripheral package P3. One of the several possible reasons is the fact that the main package
exhibits best clamping, also through the mass of the packages P2 and P3, the core being studied not in upright

but in horizontal position.

region oL ML Y C T
outer limb  middle limb yoke corner T-joint
averaged
displacement in ND 2 pm 2.9 ym 1.3 um 39um 57 pum

Table 2: Regional mean values of measured rms displacement values dnp in the off-plane normal direction.

Figures 4a and 4b show examples of the amplitude spectrum of the displacement for the location T in T-joint
and location M in the middle limb, respectively for the peripheral package. As expected, the 100 Hz component
tends to be very pronounced due to magnetostriction and magnetostatic forces, since the core was excited with
50 Hz. Both spectra for T-joint and middle limb indicate significant intensities of the 2" and 3" harmonic. The
higher harmonics have much greater impact on the audible noise, considering the sensitivity of the human ear.

The higher harmonics than the 3 show very low intensities and may be neglected. However, in the current work,
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for the calculation of rms values of the off-plane displacement all even harmonics (100 Hz, 200 Hz ...1000 Hz)

were considered.
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Figure 4: Examples of the amplitude spectrum of off-plane displacement. (a) Location in T-joint of the peripheral package. (b)
Location in the central part of the middle limb of the peripheral packages.

As an interpretation, the detected very high orders of off-plane displacement cannot be explained by mere
magnetostriction, due to the low height of stacking. It is evident, that the dominant mechanism is given by mag-
neto-static forces, apart from possible impact from eigen-frequencies. In particular, in overlap regions of the cor-
ners and T-joints, strong forces arise between lamination ends, as a simple interpretation. We assume that the
results do not have quantitative relevance for well-clamped transformers. However, qualitative relevance is given
with respect to differences for the individual regions, in particular for cases of deteriorated mechanical stabiliza-
tion of a core, in connection to damaging or aging.

Besides the off-plane displacements, in-plane values drp in rolling direction (RD) were measured at about 30
positions. Typically, they showed intensities of the order of 1 um with irregular variations. Effective interpreta-
tions prove to be complicated through the problematic of lacking resting point. A priori, one could expect that a
transformer core exhibits a permanent, centrally located point which can serve as a reference REF for displace-
ments as registered at other locations. But this is not the case. Attempts of localisation indicate that REF may
arise in any core region and change as a result of minor modifications of the system. This disfavours analyses of
displacement. The alternative would be to put the focus on vibrations, however, with the disadvantage that phys-
ical interpretations become even more difficult. That is, the relationship to basic mechanisms like magneto-
striction or forces is mantled even more.

To meet the problem of unknown point REF, we evaluated over-all displacement differences for core main
axes, based on paired detection points, as illustrated in Figure 3 for the entirety of the yoke. For the main pack-

age P1, we evaluated displacements at the lateral positions A and B. The signals from the left side A and from

10
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the right side B were triggered at the flux of the middle limb. The effective over-all change of yoke length was
calculated as the difference between the measured displacements according to

oBa(t) = os(t) - oa(t) . 1)

Figure 5a shows corresponding time-traces for P1. Both packages show well pronounced 100 Hz components

of dynamic displacements. The two individual signals Jg(t) and da(t) exhibit strongly non-sinusoidal responses.

os(t) exhibits much stronger amplitude which yields the conclusion that REF is located in the left core half. In a

rather surprising way, dea(t) proves to be almost sinusoidal. This would mean that the periodical shrinking of the

yoke — as resulting from magnetostriction and forces — has sinusoidal character, in approximation. The peak-to-

peak intensity results close to 4 um, a quite high value, even if we consider a strong contribution of rotational

magnetization in the T-joint. On the other hand, the investigated core is not built up from HGO steel which

means that magnetostriction tends to be high.
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Figure 5: In plane displacements measured by acceleration sensors in lateral positions of the left and the right side of the
yoke for Bnom = 1.7 T. The difference signals between right side and left side are given in bold.
(a) Main package P1 (positions A and B). (b) Outer package P2 (positions C and D).

Figure 5b shows corresponding signals for the yokes outer package P2. Here, the amplitudes of the strongly
distorted displacements dp(t) and Jc(t) are more balanced. This would indicate a more central position of the
packages individual point REF — a vague way of interpretation that should be put for discussion. The difference
doc(t) deviates from a sinus, showing indication of positive saturation. The intensity results as being close to 2
pm.

As a major conclusion, it seems to be rather impossible to apply model cores for a quantitative assessment of

displacements as to be expected for full sized transformers. Main reasons are the restricted stacking height in

11
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combination with imperfect clamping. Off-plane displacements tend to reflect mere effects of magneto-static
forces. On the other hand, laterally detected in-plane displacements can be assumed to reflect the total of contri-
butions from magnetostriction and magneto-static forces (at overlaps). While quantitative conclusions are most
problematic, qualitatively, the results of displacement show similar tendencies with regional differences of
measured strain values. That is, the relevance of different core regions is indicated in approximate ways. Further
experiments should be performed with larger stacking height and more effective clamping, specifically designed

for access of sensors to selected core surface positions.

4 LOCAL DISTRIBUTIONS OF NOISE GENERATION

Attempts to detect local distributions of noise generation were performed in a specifically adapted scanning
chamber. As sketched in Figure 6, it shows cubic geometry of about 1.5 m inner dimensions and is equipped
with a 3D computer-controlled scanning head with 10 um spatial resolution. An extra insulation was provided
for reducing contributions of noise coming from the windings. The local sound intensity (in undefined near-field
mode) was measured, using a microphone B&K 4165 and a measuring amplifier B&K 2606. The output signal
of the measuring amplifier is connected to 16 bit data acquisition device from national instrument (NI USB-62-
16, 16 bit). The used sampling frequency for the sound measurements was 12.8 kS/s. The evaluation of the re-
sults were performed in Labview, while the frequency analyses and illustration were performed in Matlab.

The microphone was mechanically attached to the scanning head. Partly, it was equipped with a shell for im-
proved directional response. According to Figure 7a, the measurements were performed at nine equidistant loca-
tions 1...9 along the entire middle part of the whole yoke, at two different heights to the surface, d = 20 mm and
d = 50 mm. The test procedure was controlled in a fully automatic way, by specific Labview software. At each
single location, the acoustic signal was captured for about 3s, for nominal magnetization of Bnom= 1.7 T. The

signal evaluation and the calculation of the corresponding local power levels were performed in Matlab.

12
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Figure 6: Test chamber for acoustic near-field analyses by automatic scanning by a microphone.

Figure 7b shows test results for a 3-phase 1 m x 1 m model transformer core package, stacked from HGO
material with a stacking height of 16 mm. The data of the graph of results indicates a quite vague tendency of
maximum noise intensities at the T-joint region and at the corners, the differences to the yoke regions being ap-
proximately 10 dB. However, local differences of the same order proved to result from smallest modifications of
clamping, depending also from the arrangement of shell and changes of detection distance. Distinct effects re-

sulted from smallest modifications of the position of the magnetic core, as to be expected from changed eigen-

frequencies.
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Figure 7: Acoustic measurements, performed at the surface of a transformer core package, stacked from highly grain oriented
material for Bnom = 1.7 T. All measured sound pressure levels are related to the sound pressure, measured in the left yoke
(location 3) for case A. The eight individual curves concern the following conditions of measurement (d the distnce between
sensor and lamination surface):

A —no clamping, with shell, d = 2cm  E — no clamping, with shell, d =5 cm
B - no clamping, noshell, d= 2cm F —with clamping, with shell, d =5 cm
C —no clamping, no shell, d=5cm G - with clamping, with shell, d =2 cm
D — with clamping, no shell, d =2 cm  H — over-all average (thick curve)

As to be expected a priori, a model core will never reflect the noise generation of a full size core. However,
the so far results indicate that carefully performed, regional near field measurements may give information on
consequences of modified core designs. For example, we expect qualitative information on tendencies of differ-
ent joint designs in dependence from the nominal induction. At present, we start measurements at model core of

normal stacking height, aiming for more defined conditions of emission. Possibly, the near field measurements

may also prove effective as a diagnostic tool with respect of defects of stacking.
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4 CONCLUSIONS

The current paper presents experiences from the application of transformer model cores in the context of au-
dible noise. Many studies demonstrated that models are a helpful tool for the assessment of phenomena of ener-
gy loss, provided that specific model core effects are kept in mind. In particular, the latter concern the problem
of scaling down, and up, respectively. As well, low stacking height, poor clamping, enhanced stray fields are
further characteristics that restrict the validity of model cores. An alternative would be the application of numeri-
cal modelling like FEM. However, it has several drawbacks as well. For example, they concern difficulties to
consider interactions of non-linearity, anisotropy, hysteresis and eddy currents, as well as the strong impact of
joint designs.

Starting out from high experience with model cores for loss assessment, it was clear a priori that the field of
audible noise would be much more complex and problematical. And indeed, the relevance of model core studies
proves to be strongly restricted for three investigated quantities. The tests concerned regional distributions of
magnetostiction, displacements and acoustic noise generation for different 3-phase transformer core geometries
and different types of materials. As a whole, all cores show strongly inhomogeneous distributions of all three
investigated characteristics. However, some spatial tendencies could be outlined in a general way: The T-joints
exhibited maximum intensities of all three quantities, which confirms a significant role of rotational magnetiza-
tion. Both 1-phase cores and 3-phase cores showed maxima at corners. It indicates an impact of saturated joint
regions, but has also to be related to vibrations that are caused by magneto-static forces, due to imperfect clamp-
ing.

In more detail, regional strain measurements prove to be effective on model cores. It is likely that conclu-
sions on full size cores are possible. The results confirm strong effects of rotational magnetization on magneto-
striction. They also reveal the important role of clamping which should be balanced, keeping the total of core
areas in a “relaxed” state to avoid local hyper-maxima of strain in mechanically compressed sub-regions.

Measurements of displacement in off-plane direction would need full stacking height in order to be of practi-
cal relevance. This should be considered in future experiments. The interpretation of in-plane displacement
measurements is complicated by the fact that an investigated core lacks a symmetrically localised resting point.
However, conclusions on integral-effects of magnetostrictive strains seem to be feasible.

Finally, regional tests on the generation of audible noise prove to be the most difficult task, the results of
measurement being affected by smallest modifications of the involved system. However, the here reported near

15



G. Shilyashki, H. Pfutzner, P. Hamberger, M. Aigner, A. Kenov, I. Matkovic

field measurements may offer a diagnostic tool for the identification of core defaults in comparative ways. It

proved to be advantageous to use computerized scanning due to the fact that defined test procedures are repeata-

ble under constant environmental conditions.

ACKNOWLEDGEMENT - This work was supported by the Austrian Research Promotion Agency FFG under
Project 834159 (Bridge 3D Core L0ss).

REFERENCES

(1]

(2]

(3]

(4]

[5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

R. Girgis, K. Garner, M. Bernesjd, and J. Anger Measuring no-load noise and load noise of power transformers using
the Sound Pressure and Sound Intensity methods - part I: outdoors measurements, IEEE Pow.Eng.Soc. Gen.Meet., 1-
8, 2008.

R. Girgis, K. Garner, M. Bernesjo, J. Anger, and D. Chu, Measuring no-load noise and load noise of power trans-
formers using the Sound Pressure and Sound Intensity methods - part Il: indoors measurements, IEEE Pow.Eng.Soc.
Gen.Meet., 1-8, 2008.

B. Weiser, H. Pflitzner, and J. Anger, Relevance of magnetostriction and forces for generation of audible noise of
transformer cores. IEEE Trans.Magn. 36-5, 3759 - 3777, 2000.

L.Lahn, C.Wang, A.Allwardt, T.Belgrand and J.Blaszkowski. Improved transformer noise behaviour by optimized
laser domain refinement at Thyssen Krupp Electrical Steel. IEEE Trans.Magn. 48-4, 1453-1456, 2012.

B.Weiser, A.Hasenzagl, T.Booth, H.Pfiitzner, “Mechanisms of noise generation of model transformer cores,”
J.Magn.Magn.Mater. 160, 207-209, 1996.

G. Shilyashki, H. Pfutzner, J. Anger, K. Gramm, G. Hofbauer, V. Galabov, and E. Mulasalihovic, Magnetostriction
of transformer core steel considering rotational magnetization. IEEE Trans.Magn. 50-1, 840015, 2014.

Y. Li, Y. Gao, L. Li, D. Zhang and F. Han, Effects of DC magnetic bias on the magnetic and sound fields of trans-
former. Ener. and Pow. Eng. 5, 1097-1100, 2013.

A. Petrovic, L. Lukic, M. Kolarevic, D. Lukic, Noise measurements of the power transformers. Proc. 4 Int. Conf.
Noise and Vibr.,263-267, 2012.

R. Haettel, M. Kavasoglu, A. Daneryd, and C. Ploetner, Prediction of transformer core noise. Proc. COMSOL Conf.
Cambridge, 2014.

M.Liu, O.Hubert, X.Mininger, F.Bouillault, L.Bernard, “Homogenized magnetoelastic behaviour model for the
comutation of strain due to magnetostriction in transformers,” IEEE Trans.Magn., 52, 800212, 2016.

D.Snell,”Measurement of noise associated with model transformer cores,” J.Magn.Magn.Mater. 320, 535-€538,
2008.

M.Mizokami,Y.Kurosaki, “Noise variation by compressive stress on the model core of power transformers,”
J.Magn.Magn.Mater. 381, 208-214, 2015.

Z.Valkovic, “Investigations of core noise levels using a dry-type transformer model,” J.Magn.Magn.Mater. 160, 205-
206, 1996.

X. Yao, T. Phway, A. Moses, F. Anayi,”Magneto-mechanical resonance in a model 3-phase 3-limb transformer core
under sinusoidal and PWM voltage excitation,” IEEE. Trans. Magn. 51-12, pp.4111-4114, 2008.

M. Rossi, J. Besnerais, “Vibration reduction of inductors under magnetostrictive and Maxwell forces excitation,”
IEEE. Trans. Magn. 51-12, 8403406, 2015.

S.S.Mbengue, N.Buiron, V.Lanfranchi, Macroscopic modelling of anisotropic magnetostriction and magnetization in
soft ferromagnetic materials, J.Magn.Magn.Mat., 404, 74-78, 2016.

H.Jingzhu,L.Dichen,L.Qingfen,Y.Yang,L.Shanshan, Electromagnetic vibration noise analysis of transformer
windings and core, IET Elec.Power Appl. 10-4, 251-257,2016.

R.S.Gigis, M.S.Bernesjo, S.Thomas, J.Anger, D.Chu, H.R.Moore. Development of ultra-low-noise transformer
technology. IEEE Trans.Pow.Deliv. 26-1, 228-234, 2011.

M. Yamagashira, D. Wakabayashi, and M. Enokizono, Vector Magnetic Properties and 2-D magnetostriction of
various electrical steel sheets under rotating flux condition. IEEE Trans.Magn. 50-4, 6100404, 2014.

16



[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

(28]

G. Shilyashki, H. Pfutzner, P. Hamberger, M. Aigner, A. Kenov, I. Matkovic

A. Hasenzagl, H. Pfiitzner, A. Saito and Y. Okazaki, Status of the Vienna hexagonal single sheet tester. Proc. Int. WS
2D Magn.Probl., 33-42, 1997.

S.G. Ghalamestani, T. Hilgert, L. Vandevelde, J. Dirckx and J. A.A.Melkebeek, Magnetostriction measurement by
using dual Heterodyne Laser Interferometers. IEEE Trans.Magn., 46-2, 505-508, 2010.

G.Shilyashki, H.Pfiitzner, P.Hamberger, M.Aigner, E.Gerstbauer, G.Trenner, “Numerical MACC-modeling of local
peak-to-peak magnetostriction in a 3-phase transformer core package,” Proc. ICOEV, Ljubliana, pp. 1431-1440, 2015.

H.Pflitzner, G.Shilyashki, E.Gerstbauer, G.Trenner, "Multi-directional non-linear magnetic equivalence circuit
calculation (MACC) of rotational magnetization intensity in transformer cores,” IJJAEM 50, 81-95, 2016.

Technical data for Material C130-30, ThyssenKrupp, Essen, Germany.

G.Shilyashki, H.Pfiitzner, P.Hamberger, M.Aigner, E.Gerstbauer, G.Trenner, “Numerical prediction of rhombic
magnetization patterns in a transformer core package,” IEEE Trans. Magn. 52-1, 7200110, 2016.

L.Zhu, Q.Yang and R.Yan, Numerical analysis of vibration due to magnetostriction of three phase transformer core.
Proc. 6th Int.Conf. EImagn. Field Probl.Applic., 1-4, 2012.

S.G. Ghalamestani, L. Vandevelde, and J.A.A.Melkebeek, Identification of transformer core vibrations and the effect
of third harmonic in the electricity grid. Int. J.EI.Comp.Energ. Commun. Eng. 8-6, 881-884, 2014.

S.G.Ghalamestani, L.Vandevelde, J.J.J. Dirckx, P.Guillaume, and J.A.A. Melkebeek, Magnetostrictive deformation
of a transformer: A comparison between calculation and measurement. Int.J.Appl.EImagn.Mech. 44, 295-299, 2014.

17



	1 INTRODUCTION
	2 Local distributions of STRAIN
	3 Local Distribution of Displacement
	4 Local DistributionS OF NOISE GENERATION
	4 Conclusions

