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Magnetostriction of grain oriented 3  Si Fe sheets was measured prior to assembly into model transformesres Core vibration
was measured using a laser scanning vibrometer and harmonic sgtra of acoustic noise were evaluated from the microphone tputs
Explanations show why no correlation exists between vibration haromics profiles and Aweighted acoustic noise spe@ High localised
vibration did not cause high noise due to phase differencaés surface vibrations and it is shown that this is the main reason whthe
A weighted noise of a three phase core can be less than that nfemjuivalent single phase coreNoisefrom cores assembled from low

magnetostriction materials was not always lowest because of theariable effect of electromagnetic forces

Index Terms? Acoustic noise, electrical machine cores, electrical steels, magnetostrictitnansformer cores, vibration

NOMENCLATURE

¢ Limb cross sectional area

6a Cross sectional areas of clamping bolt

$y  Critical flux density

%  Gap Flux densit; Peak flux density

$:  Interlaminar flux density

$:s  Peak flux density

$.  Saturation magnetisation

Conventional graioriented silicon steel
Electromagnetic

Grainoriented silicon steel

High permeability grairoriented silicon steel
Hz Hertz

, Bolt torque coefficient

K Environmental correction factor

Domain refinedHGO

.50 Corrected average Weighted sound pressure level
. Average Aweighed sound pressure level
.50 Sound pressure level

Magnetostriction

Multi step lap

0 Number of steps in a MSL joint

05y ¢ Number of microphones in the array
0, Number of secondary turns

Rolling direction of electrical steel sheet
Singlestep lap

Bolt clamping torque

Average value of induced voltage
Instantaneous flux density

Flux eccentricity ratio

Bolt diameter

Magnetising frequency

Height of segment
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H Length of lamination
Ly  Sound pressure
Ly s Reference pressure
N Circle radius
rms  Root mean square
5 Peakto peak displacement
0 Strain
& Surface clamping stress
& Angular frequency & @B
Root mean square of surface velocity
Subtended angle
Magnetostrictive strain
Total strain
Strain due to electromagnetic force
0  Micro strain

|. INTRODUCTION

he origins of acoustic noise emitted by a power transformer
core and ways of controlling it have been studied for many
decades Today the demand for low noise transformers is

A weighed sound pressure level for each microphone growing rapidly as more units are being sited in urban areas
Average Aweighted background noise pressure level where size and weight rule out some established methods of

noise limitation The magnetic core vibration during the
magnetising process is the primary source of the noise but the
noise emitted from the fully assembled transformer is
determined by its transmission through the cooling oil, tetc
the tank and how the tank then radiates the solihd core
vibration depends on many factors including the
magnetostrictive properties of the magnetic core material, the
design of corner joints in the stacked core, accurate positioning
of lamination within the core and also careful mechanical
design of all components in the transformer to minimise
resonance effects

Itis generally accepted that the two dominant sources of core
noise are vibrations due tdS andEM forces buto dateno
method of estimating the contribution each makes to the noise
of a given transformer coteas been establishedontribution
to knowledge and understanding of the mechanisms given in
this paper will help in formulating suitable prediction methods



Power transformer cores, and most distribution transformareasurements, as commonly presented previously, and
cores, are assembled from laminations of electrical steel, gra@oustic noisen an investigation of load noise reported20 @
oriented 3 SiFe GO Commercial grades of GO can beit is pointed out that this sort of phase difference results in a
grouped into three categoriesonventional grairoriented directed noise radiationEarlier it was shown that the
material CGO, high permeability materiaHGO and domain fundamental 15 harmonic out of plane vibration of the centre
refined HGO LDR MS of GO is very sensitive to mechanicallimb of a three phase core was 180° out of phase with the
stress which might be present in cores as a result of desigrvitaration of the outer limbs but its relevance to transformer
assembly 2 @However, no definite relationship betwedts noise was not discusse2il @
and core noise to quantify the benefit of using M& material This paper reports on findings okgstematic study of noise
has been established and vibration ofmodel transformer cores aimed at increasing

EM forces occur in laminated cores mainly where magnetaur knowledge of the phenomena as well as expanding on some
flux transfers between layers of laminations in core joints af the above findingsThe emphasis of the work was to further
jumps across air gaps between laminations at the jdihes our understanding of the fundamental mechanisms of core
small localised movement caused by these forces is a sourceibfation and their influence on the nois€he use of smaller
core vibration and nois&@oday multistep lap MSL joints 2 @ model cores enabled key parameters to be investigated whilst
are widely used in stacked cores of distribution transformémiting the variation of other factors in the cores design,
primarily to reduce core losses taufurther benefit is thahe manufacture and operationin the investigation, MS
corner joint flux distribution is more favourable hence causincharacteristics of single sheets of GO were measured before
localisedEM forces to béower tharthose occurringn a single  laminations were cut from the same batches of steel and
step lap SSL joint which in turn results in quieter cores assembled as transformer coreShe surface vibration

It is difficult to determine what proportions of localise distribution and acoustic noise outputs of the cores were
vibration of a core surface are dueM& or EM forces sincat  systematically measured and analysed
any position, one may dominate or they can be of the same order
of magnitude If the core flux density varies sinusoidally at Il. EXPERIMENTAL PROCEDUFES
50Hz, the vibration waveform will comprise a fundamental -
component at00Hz with a series of superimposed harmonics A. Magnetostriction measurement
Although these harmonics are mainly much lower in magnitude The peak to peak magnitude of thS strain of GO,
than the fundamental component, the noise they produce carigasured along its rolling directioiRD , is less than 10
a major source of annoyance becaude the frequency micro strain and only varies a small amount between best and
sensitivity of the human ear,ge the earis around 10 times standard grades of steel in a stress free dtteever, when
more sensitive to 4000Hz component of noise than one acompressive stress is applied along the RIS increases
100 Hz rapidly to over20 0in a manner dependent on the steel

Some important previous findings relevant to théexture and surface coatiny is generally found that use of
investigation are given below together with some representatigeades of GO with low sensitivity to core building stresses lead

references to low noise cores?2 @3 @

(a) Use of GO with low stress sensitivity WS gives low ~ An establishedS measurement syster82 @as used as a
core noisex @ @ model for an upgraded dedicated syste28 @ised in this

(b) Vibration due to localisetS andEM forces are the investigation in which Iongitudinal stress of up te0MPa
source of core nois® @L1x® could be applied during measurements to quantify the stress

(c) Noise from MSL cores is generally lower than that osensitivity ofMS of strips of grades afteelschosen to assemble
SSL assemblieS @5 @6 @10 @L4@ the studied coresThe peak to peakS and mean vibration

(d) Core clamping methods have a major effect on noigé&locity of single strips of GO were measured 58tHz
4 @@ @2 @15 @ sinusoidal flux densityCommercial grades of 80 mm thick

(e) MS velocity is a more relevant parameter to use thgGO, HGO and LDR were selected Fig 1 shows
displacement when attempting to quantify the effect depresentativeMS characteristics measured along their RDs
MS on transformer nois€@ @4 @5 @13 @6 @ magnetised along the same direction at low and high flux

(/) The harmonics oIS and core vibration are at least aglensity The uncertainty in the measurement of peak to peak
influential on core noiseas the fundamental MSwasaround +8  of the recorded values

compone_nt?i @5@13 @7 @19@ o FIG 1 HERE
(g) Inthree limb cores, the surface vibration is highest in

the Tjoints andthe outer corner& @& @20 @ The main points to note from the characteristicgiin 1 are

However, these findings are not quantified and sometimgg) uUnder tension or zero stress timagnitude of theMS of
concluded from a limited number of tests or observatiéns each material is less than #60 Oat both flux densities

important fact not widely appreciated in previous studies is that implying that theMS induced noise might be very lowan
the out of plane surface vibration of the middle limb of a three  gstress free core arsimilar for each material

phase, three limb core is 180° out of phase with that of the oU{gj As flux density is increased fromGLT to 17 T.the critical
two limbs This of course means that it is Unllkely that a close Compressive stress, at whidhsS begins to rise rapid]y’

correlation will exist between averaged peak vibration falls by30 CGO,60 LDR and20 HGO from



initial values of around15, 40 and 50 MPa This C. Vibration measurement methodology

implies that theMS induced noise in a moderately stressed p Polytec PSV400 scanning vibrometer was ugedneasure

LDR core will increase more with increasing flux densitytne |ocalised core vibrationAssociated software provided

than in a similarly stressed HGO core graphics and animation in the form off2 colour maps The

In terms ofMS improvement, th stress range over which gsystem was capable of measuring instantaneous surface

HGO is advantageous over LDR is arountl0 MPa to  yglocity in the range 01 ms tol0m's Instantaneous and rms
75MPa at low flux density and betwee@0 MPa and components of vibration velocity perpendicular to the plane of
75 MPa at high flux densityThis demonstrates the possiblehe |aminations and the corresponding frequency spectra were
desirability of quantifying andjf feasible, controlling the averaged overl0mm x 10mm surface areas The
building stress in cores to optimise material selectitmwever, manufacturefs guoted maximum measurement error was less
the potential noise reduction benefit of HGO over CGO igan +13

significant over the full compressive stress range Mirrors, such as the one shown on the right hand side of the

It §hou|d be noted that the m_at_enals were selected to prowggre inFig 3, were used to scan three surfaces of the core under
a wide range of magnetostrictive behavior and not to he

representative of the individual grades, so no wider conclusio St W'thOUt r?eed'mg to move the vibrometér Polytec PSV
should be drawn from these initial results 8 8 Single point vibrometer was used to compensate the output

These observations of course only refeki® induced noise 0f the PSV400 Scanner for any spurious room vibratiohise
and, even then, rotationslS in the Tjoints, which locally can average of three velocity reading was calculated at each
be much larger thathat occurring along the R[24 @nd the measurement point during core testing
harmonic content of the MS characteristic aot considered

here D. Acoustic noise measurement

B. Core magnetization and measurement system Conditions for measuring noise of commercial transformers

. . . asspecified in IEC 600780 2001 Power transformerPart
Fig 2 shows an overview of the transformer core testin Determination of sound levelswere followed in this

S{}StemA three pfhase corﬁ was magnetLT,ed By BVA, th;ee investigation An array of eight B&K 4188\ 021 condenser
phase autotransformer whose output voltages were adjusteq 8\ shones with frequency response range of 8Hz to

produce balanced flux density in the thpgase, threéimb 125 kHz was positioned at half the height of the core with each

core u_n_der tesone phase of the autotransformer was used f?ﬁicrophone locate800 mm from the core surface as shown i
energising single phase corebhe power analyser waised 10 £y 4" A yirtual instrument VI was developed to determine

monitor induced voltages B0 turn secondary windings wound y,e 56 ng pressure and the sound pressure level detected by
around each limtPrior to each noise or vibration measurement, . ., microphone as well as the averagedeighted sound
the voltage induced in each coil was adjusted to produce p ssure and levetorrected for background noisdhe sound

flux densityBp given by detected by each microphone was measured simultaneously
% L %Wﬁnge#@ T 1 FIG 4HERE

where & is the average value of the induced voltaBes the  The measured sound pressure levetsirdependent of the
magnetising frequency0.ds the number of secondary winding e pyironment and the distance of the microphones from the core

trns and#sis the cross sectional area of the core lifrhe so the sound pressure and the sound pressure level recorded by

limb flux densities were maintained sinusoidal to wita form . N .
factor tolerancef 1 11+0 2 each microphone could be analysed iwgighted true acoustic

The transformer under test was placed vertically ifar2by t€rms 26@ro do this, initially, the sound pressurg;was
35 mby 22 m height hemi anechoic acoustic chamber whosecalculated at each microphone position from its output voltage
surfaces were covered with highly absorbent materials to aveifid sensitivity The sound pressure levels yvas calculated
acoustic reflections from

FIG 2 HERE A
oL tr HHK@—p dB 2

. . . . aypnN
A laser scanning vibrometer was used to measure the vibration

profile of selected areas of the core surfaé@ array of \\nere the reference pressurg g s taken to be 20 206 Pa
microphones with matching amplifiers was used to obtain ﬂ\Wnich is approximately the threshold of human hearing at

sound pressure distribution at a fixed distance f_rom the co 00Hz The Aweighted sound pressure levek ., averaged
surface The measurement data was analysed using LabVIE : S
or all the microphones is given by

and Matlab Fig 3 shows a transformer under test with the
vibrometer positioned above the coreThe detailed Yo 6

methodologies are described in the following sub sections .., L srHH }%QC_S AS%‘);S — p dBA 3
201

FIG 3 HERE



where . 50 pis the Aweighed sound pressure level for eaclirig 5 The clamping plates are secured by 8 mm diameter
microphone and0; ¢ 9 the number of microphonesThis — reinforced plastic boltsl4 in all for the three phase coeach
equation was modified as below to incorporate the averatjghtened to a torque of@Nm for the main testThe average
A weighted background noise pressuresyo and an out of plane component of surface clamping strésgepends
environmental correction facté¢ which also corrected for the 00 the position and number of core clamps, in this
different radiating surfaces so noise output from three phase &fifigurationst is calculated from28 @
single phase cores could be compared unambigua2si@

&L & s Pa 5

0:

1/{Jzy o2
.50 LSTHH&Isr-- Fsr-. p F - dBA 4 . . -
4 & P where 6is the bolt torque,, is the torque coefficienassumd

as0 45for such steel bolts @is the bolt diameter and 4s

The correction for background noise was applied after eagde cross sectional area to which the bolt force is appliee
live noise measuremenlts average value was or2 dBA so  stress on each layer of laminations varies with depth into the

anyerrorit might cause would biesignificant core and drops moving away from each bdh this case

é,]1008T Hence, if each bolt is tightened to04Nm, the

E. Core design and test procedure average normal stress at the core surfac8&BNPa

Cores were assembled from 100 mm wide laminatieigs 5
shows the overall dimensions and assembly of single and threg, Measurement of localised flux density in a core
phase coresApproximately 250layers of laminations were . L .
used The total core masses of the three phase and single phas%ecr?use 0?0 Shlarg((aj_gram; an:jﬂhlgh p:]an(_a r:]anlsotr?pyb
assemblies werd15kg and 72kg respectively Resonant and the complex three dimensional flux paths, it has so far been

vibrations modes of this core geometry were calculated tgpossible to accurately predict localised components of flux

confirm that they would not influence the investigation density in the joints using computational electromagnetic
solvers so time consuming experimental methods are still
FIG 5HERE necessaryLaminations from one layer of a core were selected

for hosting search coils for localised flux densit
The crosshatched areas are the regions over which localised g y

vibrations were measurefixamples of the SSL and MSL joints measurementsAn array of10 mm |0hg, single turr_1 Q9 mm

used are shown in Fig The MSL assembly comprised four diameter enamel covered copper wire search caiswound
steps with an overlap length of30nm using one lamination through 05 mmdiameter holes drilled in the laminations

per layer Three laminations per layarere used in the SSL step The laminations were assembled in the central region of a
cores with a Bnmoverlap Fig 6 shows the assembly of typicalthree phase, MSL CGO core which was magnetised as
SSL and MSL corner joints described in sectiol A The magnitude and phase of the
emf$§ induced in the pairs of orthogonal coils were measured
and the instantaneous magnitude and direction of the localised

Previous reports on the dependence of core noise on i at each point was calculated using a vesflablished
number of laminations per step layer and the overlap lenggchnique 29 @
present conflicting conclusiond=or example $@nd @
conclude that 3 to 4 step laps is the optimum numibereas [ll. PRELIMINARY MEASUREMENTS
32 @l5xgtate that 3 steps should be avoidddo 3 @nd ™ @ _
report that using 2 or 3 laminations per layer instead of one ha@' Reproducibility of measurements
a marginal effect on noise whered8 @nd 26 @ay that this Since only small changes in core characteristics might occur
increases noiseEarly comprehensive work on single phasélue to controlled changes jaint geometry, clamping stress,
cores showed that the noise increases monotonically wiRre material, etethe reproducibility and random building
increasing overlap length in SSL join®7 @hereas 2 @nd  Variability of the noise measurements was first determifieel
34 @tate overlap length of ®m should be avoidedThe noise output of &ingle phase MSlwas measured using the
apparently conflicting results in these examples are most likgfyocedure outlined in section Il and the measurement repeated
due to the fact thathe many variables associated with cordhree times after renagneising to nominal flux densities of
design, material selection, magnetisation level,, eihich 15T to 18T The core was next dismantledd reassembled
influence the variation of noise with joint design, are not likelnd the sequence of measurements repe@hedrepeatability
to be the same i@achinvestigation so differing conclusions areof measurements on the assembled core was withi ¢dBA
not surprisingHence the corner joint configurations chosen fowhereas the variation after assembly increased from around
this investigation were based on practicality and experiend® dBA at15 Tto 40 dBAat17 T and 18 T Build variations
taking into account the previous findings of +6 dBA, and even higher for individual harmonics, have
As mentioned in section I, the core clamping method hasbgen reported for MSL core$4 @25 @o the careful building
large influence on noisén this investigatio’50 mm by30 mm  practice adopted here made the variations as low as practically
wooden clamping plates were positioned on either side of eat¢hievable
yoke and30mm x 20 mm plates on each limb as shown in

FIG 6 HERE



To determine the variation in noise of identical transformeidriving force being magnetostrictive or electromagnetione
assembled from laminations from the same batches @id of the lamination is fixed and it is vibrating in its plane then
;nsiteerr\fkl)llse’dp::ds tg;tesﬂsotracr:)Nr’IeSsLo:‘hgzlihp;ﬁ;i;?r?v?/ovz\ﬁ:ﬁthe peak to peak displacement of the other end during each
SSL joints and the other two with MSL joints, were magnetise(a/CIe of magnetisation s given simply by
between B T and 18 T with bolt torques of & Nm _

A small differenceof 15 dBA on averagehetween the noise Qa L ¥4 R, P metre 6
of nominally identicaltransformers in the other pairs can be
attributed to core build variation¥he noise of the MSL cores \;pare RS the rms velocity If we take an example of a
was on average 4 dBA lower than that of equivaleht @8es tvpical measured velocity of Dmm s and freauency of
The noise of the CGO cores was consistently higher than contd i Y i q y. i
assembled from the other materials presumably due to th&ff0HZ: typical of the measurements being presented in this

poorer stress sensitivity work, then @5 22 &n If this occurs on #50mm long yoke
lamination then the peak to peak strain is@In practice the
B. Variation due to clamping velocity will change sinusoidally in time but this example

In order to assess the effect of the clamping method, a thibwws that the magnitude of the associated displacement is
phase, MSL core assembled from CGO was clamped tightly f@mpatibleto that ofMS in GO
confirming the limbs were flexing rigidly at bolt torques of
20Nm to 60Nm The Aweighted sound pressure level C. Noise distribution pattern around a core
emltt_ed from the core was m(_aasu_red at thfe‘? m'crOPhon?\loise outputof each corewas normally calculated as
locations It was found that the noise did not vary with clampin . . . .
pressure any more than could be attributed to normal buf§Scribed in section ID by averaging the outputs of the
variations Previous reports show that noise increases by aroufiicrophones at locations shown in Hg using the IEC
3 dBA as clamping torque increases frd&Nm to30 Nm 26 @ guidelines However initially it was decided to measure the
but A @eported an optimum clamping stress in the rangeariation of noise around a core from the outputs of the
307ZMP?0810 MPa ?C(‘iOthi;l_g tPiOint desighn Iand iﬁerattiﬂgndividual microphonesA CGO three phase MSL core was
ux density Unsurprisingly, this is not much less than ; ;
0 33 MPa 4 0 Nm bolt torquevalue found here, which itself iseplaceq in the (?hamber and magnensgd atlto 18 T The

A weighted noise output from each microphone was recorded

a maximum localised value obtained frof, so is far lower o - .
than the average value throughout the core separately to produce the distribution shown in Big\t high

The dependence of surface vibration on clamping stress vl density the noise detected by the microphones opposite the
investigated using the laser scanning vibroméigy 7 shows two sides of the central limb is 31dBA higher than that
the surface vibration patterns observed on the front surface ahaasured at any other position but a® T it was only

CGO core magnetised at71T under different clamping marginally higher The noise detected above the core

torques The figure .ShOWS the localisedut of plqnerms Hpositiong was generally lower than that detected by
component of velocity over the surface area depicted by the e :

hatched areas in Fi§, ie over lamination surfaces in the mmrophone; p03|t|ongd around the coﬁ'ehg h|.gher than
upper right hand portion of the core including regions in th@verage noise level adjacent to the centre limb is possibly due
T joint and corner joint not obstructed by the clampke to larger vibration in that limb as will be seerelat

anticipated highest vibration velocity occurs in regions of theExamining the noise detected by the individual microphones
T joint and centre limb as well as the outside corner aliatl  in this way can help identify regions where high vibration
three clamping pressureBhere is high lamination flapping in geeyrs Unless stated otherwise, the noise measurements
the outer joint at ® Nm and a significant increase in V|brat|onpresented in the later sections are all aberage of the nine

in the centre limb at the high clamping stress . . .
The vibration amplitude appears to increase with increasifigcrophone readings  which was found to reduce the

clamping stress although the acoustic noise dropped at Bgasurement uncertainty, due primarily to the relative
intermediate clamping streds is shown in sections IV that a positioning of the microphones and core, to less ttfan
direct correlation between rms surface velocity and noise output

should not be expected FIG 8 HERE

Since a clamping torque of®Nm has least effect on noise it
was decided to use this setting throughout the investigation IV. EXPERIMENTAL MEASUREMENTS ANDANALYSIS
FIG 7 HERE A. Core front surface noise and localised vibration

The harmonic spectrum of the vibration at the selected points

In order to fully understand the vibrometer measurements itG8 the core surface shownkig 9 was investigatedit points

useful to develop the basic relationship between rms velocity%f B aqd C the corg was expected to be supjegted mainly to
. . alternating flux densityalong the RD of the laminationat D,
a surface and the corresponding displacemesippose a

lamination is vibrati . dallv in ti tf néyth within the Tjoint region, rotational magnetisation occurs and
amination Is vibrating sinusoidally in time at frequen&ythe ;¢ pp components of flux85 @ould occurat E, in the



corner regionAny differences in vibration measured at8},C impact of allowing for the response of the human ear by
could be attributable to namiform clamping stress with A weighting However, there is no correlation between the
position C being furthest from the most highly stressed regiafistribution of vibration and noise harmonics in Tables
under the clamp or localised flux distortion but no differencesssociated with different regions of the core

were actually found The equivalent components of out of plane rms vibration
patterns on the front surface of the core magnetised®at tb
FIG 9 HERE 17T are shown in Figll No correlation with the noise

measurement data presented in Higis apparent but the

Table | shows the results when magnetised@flto 17 T  average corner and central limb vibration is two to over four
No significant difference between the vibration characteristidcBnes higher than that in the yoke, the factor increasing with
at A B C was apparent so the values are averaged in the taliereasing flux density confirming that these regions are the
It is noticeable that the vibration at the locations outside tR@urce of highest vibration ithree phase coreshe rms
corners iglominated by the fundamentaloOHz At points D velocities averaged over the corner regions, the centre limb and
and E the higér harmonics are significant, undoubtedly related joints are shown on the contour distributions to help quantify
to Comp!ex localised magnetisation or rotatidi@l 24 @ the o otfect
joint regions

Localised flux density measurements were made to h
estimate the importance of rotationdS in this case The e'H?G 11 HERE
laminations on which localised search coils were mounted ai\lthough Aweighted sound power level is gaining
described in section F were inserted into the centre region of

the core The localised flux density was measured while thgccepta_nce as a reference quantity for quant|f|cat|o_n_ and
. . ) . comparison of noise generated from transformer cores, it is not
core was magnetised sinusoidally & T In central regions of

the yokes and the limbs the localised flux contained uptto 9 suitable for investigating the relationship between noise and

3 harmonic components distributed in a random manner \gé)ratmn because the Aeighting scale is applied to the sound

. : ressure signabound pressure and the vibration signal in the
expected30 @At the outer corner joints, the harmonic conten equency domain are the most appropriate parameters for
increased t@81 but the transverse component of flux did q y hprop P

not exceed 13 T when the peallux density in the RD was s.tudyllng the relationship between transformer core noise and
17T vibration

An important finding supporting early worB1 @ that at no
point in the Tjoint did the flux eccentricity ratice peak value , L , .
Core noise and vibration was measured with respesid®

of TD component _pgak v_alue. of RD comporlenIxceed @ _and top surfaces of the CGO MSL core using the same approach

This was not surprising since it has been claimed that rotationgl presented in the previous sectiéig 12 show the harmonic

fluxin a T joint is highly elliptical anddure rotational fluxe  spectrum of the velocity recorded at the positions indicated in

10 does not normally occur in such transformer coB5@ Fig 10 on the top points F, G and Hand side points | and J

This has important implications on the widely promoted viewurfaces of the corét 1 0 T very little harmonic distortiowas

that rotational magnetostrictione due to pureotational flux ~ observed Even at the higher flux densities the fundamental

is a major cause of core vibratio0 @ component and harmonics are far lower than found on the front
surface The results show that the rms velocity components on

the side surface are even lower than on the top suGadg a

small number of measurement points are considered here but

they are representative of the low harmonic comporierite
The frequency spectrum of the sound pressure at the frgii ation of the side and top surface

surface of the same CGO MSiore was measured and the
results are summarised in Fit0 The 100Hz fundamental FIG 12 HERE

component only dominates at low flux density whereas the

second and third harmonics become prominent at the highef @Plell shows corresponding frequency spectra of the sound
flux densities pressure associated with the side and top surface of the core

from microphones 1 and 9 respectiveDbviously they are not
directly related to the localised rms velocity data just presented
since the microphones are sensitive to envelopes of sound
emitted from large regions of the core whereas the vibration
measurements are spot readings

B. Core side and top surface noise and localised vibration

TABLE 1 HERE

FIG 10HERE

The average sound pressupa from a measurement system
in the time domain is converted to sound pressure le&elin
the frequencydomain using2 and then transformed to the TaAg| E 2 HERE
A weighted sound pressure levelBA It canbe noted that
although the sound pressuend proportional sound pressure The sound pressure associated with the side surface is higher
level is lower at 15T than at DT, the corresponding {han that of the top surface although significantly less than the
A weighted value is higher at3T This demonstrates the front surface The harmonic components of both increase with



flux density possibly due to the increasing prominenckI8f to the maximum on the top surfadée nonsymmetry of the

harmonics 32 @lthough generally they are lower than thalistributions on the top and side faces might be due to the

equivalent noise harmonics shown in Table IV associated witttherent geometrical nosymnetry of the step lap Toint The

the front surface of the core sound parameters measured at the microphone positions
The100Hz components measured at the side and edge of tidjacent to front, top and side surface are summarised in

core was consistently arouf8 and83  respectively lower Tablelll The highest sound pressurePa and corresponding

than on the front surface over the full flux density range bfessure leveldB is fromthe side surface where the surface

there is not obvious trend with the higher harmonithe v{bration velocity is relatively low, certainly compared to the

200Hz and 300 Hz harmonic components measured adjacen% 0 tace Althouah th ¢ locity of reai fthe f
all three surfaces dominate a6 T and 17 T but the varying 'Tont face Although the surtace velocity of regions of the front

harmonic distributions are not reflected in the nois&cCe is very high, the sound pressure and tiveefghted noise
characteristics detected by the individual microphones ase low The amplitude of average rms vibration velocity of the
shown in Fig9 top surface is higher than that of the side surface but the sound
The vibration pattern over the top and side core surfaces gi@ssure is lower as shown in Table This is the effect of time
presented irFig 13 andFig 14 respectivelylt can be seen phase difference between vibrations at different parts of the top
from Fig 13 that the highest vibration velocity at any point oRyrface highlighted in the next sectidinshould be emphasised
the top surface is arouriD ms and300 msat 10T and  that the values in Table Il are only included to help clarify the

17T respectively compared with equivalent values ofomplex relationships between localised vibration and sound
200 ms andl000 ms on the front face of the core as showmpyrofiles and they do not represent global conditions over

in Fig 11 complete core surfaceslence the average values have no
physical meaning but help show overall trends
FIG 13 HERE

TABLE 3 HERE
FIG 14 HERE

Also the vibration velocity of the top surface above the centr C. Variation of time phase of surface vibration in the three
. oo . . . phase core
limb and outerdimb is two tothree times higher than in the

Lo . . The results presented in sectitin B show that the front
centre of the yoke regiofhis can be attributed to the extensmnSurface of the CGO core exhibited the highest out of plane

of the limbs tending to bend the yoke in the normal di_reCtic_’\r/]bration velocity and thel00Hz component dominates
out of plane to a small extent, whether the mechanism ighereas the associated acoustic noise was unexpectedly low
simply an opening and closing of the joints or actual physic&ig 11, Fig 13 andFig 14 show thems velocitydistribution on
bending of the yoke laminations in their stiff transverséhe core surface which is directly related to the localised
direction is debatable displacement but does not show information about the variation

In an ideal case where no out of plane vibration occurs, tH@M POt to point in time phase during the magnetising cycle

measured voke ton surface velocity above the limbs should b this section, e effect of the 120phase difference between
y P y flux densities in the three limbs of the three phase core on

the same as the plane vibration _Of the limb Igm_inatien the magnetostrictive strain and the variation of the

themselvesAt 1 7 T the top surface vibration velocity is aroundnstantaneouwalue of thel00Hz component of out of plane

130 / sabove the central limb inferring a longitudinal strairvelocity throughout a magnetising cycle is considered

of 3 0in the centre limb which could be caused by a Figure 15 shows the theoretical variation of instantaneous

combination of electromagnetic induced strain originating if1@gnetic flux density at four instants in a magnetising cycle
. . . ... _assuming the fluxes in each phase vary sinusoidally and are

the Tjoints and a magnetostrictive strain if the lamination

) 120° out of phase with each othktaking use of the symmetry
were stressed to around2IMPa in the case of the CGO oy haif of the core is showiThe reference timefi PL r tis

material defined as the instant in the magnetising cycle when the flux
The surface vibration velocity distribution over the uppetensity in the centre limb B is zer®he light grey vectors
170 s length of a side limds shown in Figl4, the indicate the positive reference direction and the magnitude of

horizontal strip where no data is shovweobscured byan the peak qu_x densityThe bolder v_ectors repres_ent,_to the same
external tie bolt The average rms vibration velocity over thelsncs‘i:’]t;?;o'Eztﬁg)t(ageer?;fy magnitudes and directibng the
measured area on the side of the coreQsrid 17 T is38 A s

and100 /s compared t@d0 As and 130/ s on the top FIG 15 HERE

surface and50 A s and600 /A s on the front surfac& hese

are arbitrary measurement areas but the results do help visualidde¢ figure also gives an indication of the longitudinal

the vibration pattern over the full cor&he maximum rms magnetostrictive dIS'[OI‘tIOI‘l.In the laminations 0t_>ta|ned using a

vibration velocity at both flux densities is similar in madnit dMatlab model developei visualise the deformation assuming
ation velocily at both flux densities Is simiia agnitudgqeal uniform flux distribution showrnt does not tagrotational



magnetisation, ac magnetisation outRid or EM forces into ~ The model in Figl5 only shows the relationship between
account magnetizing signal andS butFig 16showsthe effect of both

At & 0°, the flux density in limb B is zero while it isS86B, MS and magnetic forces on the corBecausevibration
in limb A and 0866 B, in the opposite direction in limbhere displacement is not only magnetostrictive, zero core vibration
B, is the peak value of the nominal flux densitige direction Vvelocity occurs when core vibration displacement is zero but
of the flux does not affect the amplitudeNd® At this instant not necessarily wheMS is zero
in time the dimension of the limb B is unchanged because itét & VBO° the velocity of the central limb is highest although
flux density is zero but the yoke is deformed as it carries titleeMS of limb C is highesat this time At & \WW0° the vibration
circulating flux If we assume theMS is approximately of the middle limb has risen to its maximum amplitude
proportional tob? $2 @hen the strain in each outer limb andAlthough no experimental observatioosuld be made at the
the yokes at this instant is8B& or 75  of the maximunmviS  centre of the middle limb, it can be assumed from the trend that
This creates the possibility of equally high magnetostrictivéhe highest vibration of the middle limb is at its centre with
strain in the four outer corners together with lower strain at tignplitude approximately twice that of the outer limbhis is
T joints seen in Figl7 which compares the time phase of the bending

Using a similar approach,canbededuced that ag& 30°the motion of the three limbst will be noted fromFig 11 that at
strain profile shows high values at diagonally opposite cornet$ T the average rms velocity in the centre limb is around
tending to bend the core and in thgadint region at the same 055mms and in limb C it is around 8 mm simplying peak
time tending to push the yokes apadttcan be seen that at values of around 80mms and 040mms respectively
& W60° there is no strain in limb A so the core is nonwhereas the respective peak valueBign 17 are 2 mms and
symmetrically strained and whe& V@0° all corners are again 1 0 mm s respectivelyThis difference is because the rms value
symmetrically strained of the total vibration is considered fig 11 whereas the peak

The deformation patterns indicated in the figure are greatialue of thel0OHz component is presented in Fig This
exaggerated to illustrate the effe¢h practice the maximum clearly shows that the vibration velocity of the outer two limbs
longitudinal magnetostrictive strain in mechanically stressgd around 180° out of phase with that of the centre lifdnce
GOis ofthe order 0 Owhich equates to extension of aroundhe acoustic waves generated at the surface of the centre limb,
10 m in the core laminations here which in turn is sufficient twhich is vibrating at double the amplitude of the outer limbs,
cause joint noise or lamination bendinghis superficial will be cancelled out to a large extent by those generated by the
overview ofin plane magnetostrictive strain variation during anotion of the outer two limbs, the amount of cancellation being
cycle includes several approximations and assumptions whigfpportional to the cosine of the phase difference between the
make any quantified values of the resulting surface velocity waves 25 @vhich in this casecos180° results in optimum
displacement very uncertain but it is helpful in trying tecancellation in the three limbs abIl
interpretthe complex variation of instantaneous out of plane
vibration measurements presentedfig 16 It is possible that FIG 17 HERE
core distortion caused by this phenomenon could interact with
similar distortion predicted due to core resonanag ei7 @ D. Comparison of surface vibration modes and harmonics
33@ in SSL and MSL cores

W LV PRVW OLNHO\ WKDW WKH UH O D3{ftaBeQitatioR drbid¥ 4vdrkl Riadflé toll O Whrd [pfaskD Q
YLEUDWLRQ RI D FRUH DQG WRA L8 SiedM3Hcdrel ih @rileYidroéeNt drly fcdMdiation with the
GHSHQGHQW RQ WKH PHFKQDLRD @ Ré#elLdutfutd Wis BoRdremiyLiBLsGowidVihé rms velocity
FRUQHU MRLQWYV ZKLFK LWVHOI FDQ péiekhs da thE fRodtGkiRed Nt 86K &hdSQ YEY doi@dhE \
RI DVVHPEO\ IURP FRUH WR RRWD UWXMRaKHK TV Bighres 180V aRiHIBd are duplicates of
YHULI\ WKDW WKLV LV WKH PDLQ F D X¥ileP1@Gan¥ Rc TakdP2\Wddbl foM¥larityinterestingly

the vibration of the centre limb is higher than that of the outer
FIG 16 HERE limb and yoke but it is higher at both flux densities in the MSL
configured core although its noise output was lower as shown

Fig 16 shows the measured instantaneous out of plaggrlier The average value of the rms velocity over the whole
surfacevelocity of the MSL CGO core, magnetised & T, at measured surface area @ T for the SSL and the MSL cores
the same instaes in time as shown diagrammatically inwere 014 mms and ®0mm s and the corresponding values at
Fig 15 The surfaces where no velocity distribution pattern i$ 7 T were 667 mm s and 074 mm s respectively
shownare obscured by magnetising coils or clamps

At & W° the flux density in the middle limb is zero, & F|G 18 HERE
of the laminations in the middle limb is also zero but the limbs
are possibly subjected to forces at their ends due tM81&  aAp interesting phenomenon, not clearly visible in Eg&is
the yoke laminations which is a possible explanation of the loe high vibration due to asymmetrical structure of the SSL
small vibration in the middle Ilmbmwn in F|.g 1§at & W° OF  designat 17 T The same effect is present & T
& \¥80q However, at the same instant in time the highestThe rmsin plane velocity distribution was also measured on
vibration is close to one pair of diagonally opposite cornefge top and side surface of the two cofBse results for the
which cannot be explained from the magnetostrictive stradGo MSL core at DT and 17 T are presented earlier in
postulated in Figl5 Fig 13 andFig 14 The distributions on the SSL core surfaces



were similar The results for the CGO SSL core aDT The cores are identical in size and construction apart from the

approximately ared0 Oand 50 Oon top and side surfaces central limb and Tjoints of the three phase core which might

respectively and at 1 T, approximately 100 Gand 100 Oon  be expected to contribute significantly to the noise

top and side surface3he distribution of harmonics at fixed The out of plane rms velocity was measured with the laser

points in the central limbA B C averaged the Tjoint D and vibrometer averaged over surfaces of the two cofidse

the corner jointE in the two cores are compared in Table IV ayerage vibration of the limb of the single phase core was found

The harmonics are shown in relative form to highlighy he 4 to 5 times less than that of the outer limbs of the 2phas

similarities and differences in the trendigttle information is .o although its noise outpws higher However, the joint

lost since the levels in the SSL core were similar to those fQf, ation in the single phase core is considerably higher

th‘?hl\gségstresiq?]?f?égftd flirr:(};gblsd that can be extracted fro%Ithough magnetically the joints are identicdihe high
9 ng vibration of the Tjoint would be expected to produce a noise

Table IV are a the central limb of the MSL and SSL cores - . . :

experience the highe&b0Hz vibration which itself is higher coptrlbuthn not experienced by Fhe glngle phase core but in

in the MSL core at each flux density harmonics develop in spite of this the three p_hgse core s qwgter )

the Tjoints of both cores with increasing flux density and at 't May appear surprising that the noise of the single phase

17 T the higher harmonics develop more prominently in thePre is higher and also that there does not seem to be any

SSL corec in the corner joint, at each flux density th@0Hz correlation between average surface vibration and acoustic

component is higher in the SSL core but &TL.the 200Hz hoise It can bepartially explained by considering the time

and 300Hz components become significantly higher in th@hase of the vibrations as discussed in sectiol€Ibut the

MSL core d the highest magnitudes of the higher frequencphenomenon needs more investigation

harmonics occur in the jbints of the two cores

It can be seen that the first two harmonics have higher V. DISCUSSION AND CONCLUSIONS
amplitude because of an effectM and that it is a source of  1he mog; difficult hurdle in predicting the acoustic noise of

noise However, suchow frequency vibration is not picked Up ree phase transformer cores is quantifying the contribution of
by the humarear This is the reason why in some cases havg,gnetostrictive andM forces to the core vibratioThe

higher vibration but have lower noise magnetostrictive forces can occur anywhere within the whole
core volume and although tl&M forces are set up in the core
TABLE 4 HERE joints they also cause strain, hence potential vibration,

. . . throughout the whole core so it is very difficult to isolate the
Fig 19 compares the harmonic spectrum of the rms velocity @fect of each on localised jplane or out of plane vibration in

points in the same three regions of the SSL and the MSL cofg&;inations It is possible that they interfere with each other
at 17_T _to highlight the '[rendsf shown in Table | a_md _IVthus making the analysis even more complex

Considering the frequency distribution of the vibration the magnetostrictive forces can be minimised by use of low
componentat T and 17 T, on the limb surface the frequencyy s o material hence reducing noise as illustrated in Table
component at 100 Hz of the SSL is approximately half thg; the size of the reduction depends very much on the core joint

amplitude of the MSL configuratio@pproximately ¥Omms  oqnfigyration, with the less common SSL configuration showing
on MSL core and 85mms on SSL core whilst there are a less predictable response to low MS material.

higher amplitude of harmonic components near 1 RHis iS¢ js impossible to accurately estimate the contribution of
the reason for higher veighted sound power level in the SSLyagnetostrictive forces to core noise just from stress sensitivity

core of the type shown in FigL Incorporation ofMS harmonics in
the characterisation seems essential just by noting the
FIG 19 HERE widespread occurrence of vibration harmonics in this study

which are not linked in any obvious way to the fundamental

_The surface vglocity in the central limb of the SSL core has(iloo Hz) component but no better means of quantifying the role
higher harmonic content than the MSL coféhe overall fthe harmonic has yet been verified

vibration in the central limb of the SSL core is lower than of theThe type ofmaterial had no influence on noise when SSL

MSL core but its impact on Aveighted noise would be higher ;qinis were used apart from at very high flux density when the
The tre_nd in both_ corner jo_lnts_ is _S|m|Iar with very hlghow MS HGO core unexpectedly produced highest n@irece
harmonic levels, similar distribution in both core suggestinge gy force induced vibration should be mainly independent
similar mechanisms, whereas in thgoint the MSL spectrum ¢ the magnetic properties and flux density for a given geometry
contains relatively higher harmonic levels this must be due to some magnetostrictive influence not
, , guantified in theMS curves produced in the commonly used
E. Comparison of single phase and three phase cores  format as shown in Figl This is most possible since it is
Single and three phase cores of CGO were assembled witilely accepted that harmonicsME are a major influenceno
geometries shown in Fi® using MSL joints and a clamping A weighted noise and they are not accounted for in any way in
bolt torque of 0 Nm They were magnetised ab1T to 17T  these characteristics
and the Aweighted sound power level was measuréde
noise output from the single phase core was around 2 dBARotationalMS is undoubtedly larger and more anisotropic
higher than that of the three phase core at both flux densitifian unidirectionaMsS at the same peak flux densi84 @o it
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is often suggested as possibly being a significant source of notsenmonly used as a referendde measurements i84 @ere
in three phase coreslowever, the results shown in section IMnade outside the transformer tank containing the core so the
A badk up previous suggestion3d that the degree to which it harmonic distribution could be affected by mechanical
occurs in the transformer joints is much less tlimnvidely resonance, etc
assumed because of the high anisotropy of GO, Henaanot  The top and side surface vibration is mainly in the plane of
be a direct cause of the high joint vibration strongly eviderthe laminations and probably mainly produced by a different
here. mechanism where tHe00 Hz component is dominant, possibly
There is no simple relationship between the magnitude anflagnetostrictive in originHowever, the vibration harmonics
distribution of core surface displacement or velocity angn these surfaces are relatively lower than those on the front
acoustic noiseMS and forces between ends of laminations iRyrface although the sound harmonics detected by the
the joints cause iplane forces expected to causeplane microphones facing these surfaces did contain higher
vibration throughout a core but this is said to be only relevaghrmonics whose distribution was somewhat similar to that of
on SSL cores20 @ he interlaminar forces at overlap regionshe total sound output
in joints where high normal flux is present are a source of outHarmonics in the flux density across the butt joints might be
of plane vibration which is partly responsible for the flapping significant origin of vibration harmonics but we are not aware
of laminations at the joint&on effective clamping can lead to of any reports quantifying this phenomendS is probably the
high corner vibration but here changing the clamping pressyseime cause of the vibration harmoniétowever, theMS of
only caused noise changes within2@BA which is withinthe core materis is usually characterised in terms of their
limits of experimental accuracy fundamental 100Hz component as ifig 1
The experimental results from Table | afig 11 showrms  TheMS components of the strips used in this investigation up
VeIOCity and displacement of oof plane vibration in all the to the 10 harmonic were measured independem@Jnder
cores tested was often more than 5 times higherithalane  zero stress and under tension the peak to peak magnitudes were
values despite the fact that the origin is mainly th@lame gl less than @ Owhich was too close to the resolution of the
forces This is related to the stiffness of the cores and neeflgeasurements At 17T, 50Hz magnetisation, under
further investigationPrevious investigation on a single phas@ompressive stress af0 MPa the 2 and 3 harmonics of the
MSL core ® @und the ratio of front to top to side vibrationps in the CGO were 8 0Oand 36 Orespectively and the
velocity nms to be 1571406 at 16 T The top surface respective values for the HGO and LDR materials vidre
velocity could be high because there is no restraining foso®  and38 and 32 and70 less respectivelyThis implies
the Tjoints which increases the front face bending anghat the harmonic level of tHdS of the LDR material is lowest
introduces additional noise in the three phase core but it is based on one set of conditions which might not be
The out of plane vibration of the central limb of the threeepresentative of those in an actual core
phase cores was consistently higher than that of the outer.limbst has been shown how bending of the front face of the three
This is probably due to high strain in the T-joint where out g§hase core can manifest itself as high vibration but this need not
plan vibration is also highThe reason for the high dint result in correspondingly high noiselarmonics of vibration
vibration is unclearRotationalMS mlght contribute to a small and noise are not found to correlate but they dominate the
extent buEM forces are the more ||ke|y cause even at low ﬂuﬂ’equency spectrumo more effort is needed to find more
density Fig 15 shows how unsymmetrical iplane strain can gyitable ways of characterisingS to assess its impact on the
cause unrestrainelllS extension of perhaps0 m which, if  noise of particular transformer coreonfigurations More
constrained by the core stiffness, is sufficient to cause tRRowledge of the actual stress distribution within cores is
central limb bendingin planeEM forces at the joints can also needed to help characterise MS in a more knowledge based
cause such unsymmetrical strain manner so the effect on lamination vibration can be estimated
Itis significant that the noise of the single phase core is highg{ore reliably
than that of the equivalent three phase core with the same corg¢he joints are undoubtedly the major source of vibratids
cross sectional area per phase and core window size althouglaimed here that rotation&llS might not be the domima
the 3 phase core is greater in volume and maBsis cause but onlpfull analytical study of the ® flux distribution
demonstrates the importance of the variation of the phase of #y&d the associatédS can confirm its relevanc®eliable 3D
surface vibration throughout the core. analysis would also form a foundation for a quantitative study
Table | shows th@00Hz component of surface out of plane of core joint deformation which could lead to better
velocity is higher than the fundamental value in theilit and  ynderstanding of the vibration mechanism needed identify was
the corner jOintS at® T and 17 T If their A Welghted values of substantia”y reducing core losses
are compared th&@00Hz components another 10 dBA less
The harmonics in the centre limb vibration are far lowWéris ACKNOWLEDGMENT
infers that the corresponding high 200 Hz and 300 Hz _ . .
harmonics in the noise output shown in Eare at least The |nvest|gat|9n was carried out as part of a b_roade_r study
partly due to the corner vibrationBrevious measurements on®f transformer noiserhe authors are grateful for tfieancial
a full size commercial power transformer showed the dBAUPPOrt and technical input of the project sponsors; ABB AB,
ratios of the T to 4" harmonic as approximately AK Steel Corp, Alstom Grid, Brush Transformers Ltd, GC
10086096082 34 @he harmonic distribution in Fig0is Holdings Belgium NV, Cogent Power Ltd, Kolektor Etr
different but they both illustrate the predominance of the loknergetski Transformatorji @o, Nuova Electrofer $ A,
frequency harmonics over the fundamental value which Koncar Distribution and Special Transformers Jricegnano
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TABLE |
VARIATION OF RMS VALUES OFHARMONICS OF SURFACEVELOCITY 3 s@
AT LOCATIONS ONTHE SURFACE OFTHE CGOMSL COREMAGNETISED AT
10T,15TAND17 T,50Hz

f A B C centre limb D T joint E corners
HMz@ 10T 15T 17T 10T 15T 17T 10T 15T 17T
100 31z 747 1027 351 127z 100€ 34& 27€ 957
200 11 36  15% 25 84¢ 125¢ 111 37¢ 101¢
300 4 10 8¢ 32 128 682 18 334 62C
400 3 19 92 1C  34¢ 294 11 9€ 16t
500 2 17 3€ 11C 44z 13 14z 20t
600 1 7 5¢ 3 68 271 8 92  15C

TABLE Il
HARMONICS OFSOUND PRESSURE mPa@MITTED FROM SIDE POSITION 1
AND TOP POSITION9 SURFACE OFTHE THREEPHASE CGOCORE
MAGNETISEDAT10T,15TAND 17T

Side surface

Top surface

10T 15T 17T 10T 15T 17T

100Hz 065 11 15 04 055 05
200Hz 048 25 55 04 095 06
300 Hz 0 07 40 02 03 09
400 Hz 03 16 011 02 03
500 Hz 02 09 01 09
5004000 Hz <015 <025 <06 015 025 05

Total sound pressurt
mPa@ 34 32 36 26 23 28

Sound pressure leve
4B @ 65 64 65 62 61 63

A weighted sound
pressure leveBA @ 40 43 49 36 39 46

TABLE Il

COMPARISON OFSOUND PARAMETERSMEASURED BY MICROPHONES
ADJACENT TOFRONT, SIDE AND TOP SURFACES OFTHE CGOMSL CORE

Front Top Side Average

10T 17T 10T 17T 10T 17T 10T 17T

Sound pressu 29 33 26 28 34 36 295 343
mPa

Sound pressuredls\ 63 64 62 63 65 65 634 643

A weighted soun 390 52 36 46 40 49 388 498
pressure leveBA

TABLE IV

COMPARISON OFHARMONIC LEVELS OFOUT OF PLANE SURFACERMS
VELOCITY > s @Tr POINTS INTHEMIDDLE LiMB A B C,THET JOINT D
AND THE CORNERJOINT E OF a MSLAND b SSLCGOCORES AT
DIFFERENTFLUX DENSITIES BOLD FIGURESINDICATE HIGH VALUES
COMPARED TOTHE OTHER CONFIGURATION

a MSL,1017T, 100600 Hz harmonics
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10C 91 35¢ 488 301 125¢ 464 755 1301 116¢
20C 13 58 89 15C 69C 147¢ 28% 26€ 19t
30C 3 23 38 31 35 89C 54 352 37¢
40C 2 23 74 22 332 517 18 134 32¢
50C 3 23 21 24 17C 37C 8 43 22
60C 9 35 152 16 114 24E 5 5¢ 13t
Total RMS 115 277  42C 213 80S 1146 10€ 326  47¢
24
1519 a — 0
x 3 —— HGO
S [ =4
dom LDR
28
po =]
529 Y
a o B=10T
g 4 \\
_\\- -
1
10 8 -6 4 2 0 2 4 6 8 10
Applied stress [MPa]
24 F
™% b
g 19 \ £eoO
x Z —— HGO
© \
2514 LDR
25
520
oo B=13T
o
©
=

{&
(

-1
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Applied stress [MPa]

Fig 1 Stress sensitivity of the peak to peak MS of strip€60, HGO and
LDR magnetised along their RDs at 50 z 10 T peak magnetisationb
17 T peak magnetisation

Magnetising System
[ Three phase variable
transformer |

¥
Power Analyser
[ Norma D400/D6000 ]
\d
-> -»>
[ LabVIEW, Matlab,
PolyTec PSV 8.8,

Data Acquisition
&
Signals Processing

Scanning Head

[ Polytec PSV-1-400 |

Controller
[ Polytec OFV-5000 |

A B C Centre limb D T joint E Corners
fH@ 10T 15T 17T 10T 15T 17T 10T 15T 17T

10C 31: 747 1027 351 127 100€ 34€ 27€ 957

20C 11 3€  15% 25 84¢ 1254 111  37¢ 101%

30C 4 1c 8¢ 32 128 682 18 334 62C

40C 3 19 92 1C  34¢ 294 11 96 16t

50C 2 17 3€ 2 11C 442 13 14z 20t

60C 1 7 59 3 68 271 8 92 15C

Total RMS 22 544 74¢ 187 49z 672 237 39 59t

b SSL 1017 T, 100600 Hz harmonics

A B C Centre limb D T joint E Corners

fHz@

10T 15T 17T 10T 15T 17T 10T 15T 17T

¥ ScanViewer 2.0]

Microphone Conditioning Amplifier Simultaneous analog
[B&K 4188-A-021) | [ B&K 2694] | Input Module [ N1 9215 ] |

Fig 2 Overview of the transformer core magnetising method leeadoise and
vibration measurement process
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Fig 3 Transformer core and vibrometer set up in the hemeichoic chamber g < =
o o
20| FEEEE 3
= - : e -~
100] | o o
4 e N

b Single phase core

Fig 5 Front views showing winding and clamping arrangementa three
phase core, 115 kgo a single phase core, 72 kg

Fig 4 Locations of microphones around and above a coreruedein the
acoustic chamber a b

Fig 6 Examples of corner jointa single step with 3 laminations per layer
and 6 mm of length overlap shift a 4 step MSL joint with one laminations
per layer and 6 mm overlap lengtthese are not the values used in the
investigation but are included for illustration
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D C B A E

Fig 9 Positions at which localised vibration was measurethersurface of
the threephase, MSL CGO core
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Fig 10 Harmonics of sound pressumPa@mitted from front surface of the
three phase CGO coat10 T, 15 T and 17 T, 50 Hz detected by microphone
3

WERE S "R
LI . e

c 60Nm

Fig 7 Distribution of rms component of out of plane vibratioeasured on a
CGO MSL core at ¥ T with clamping torques o 2 Nm b 4 Nm ¢ 6 Nm.
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Microphone positions

Fig 8 Variation of averaged3 trials A weighted sound pressure level from
microphone placed on the prescribed contqasitions 1 to 8and above
position 9 of three phase MSL CGO core at flux densities 6fTLto 18 T,
50Hz
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Fig 11 RMS vibration velocity distribution on the front surlaof the CGO

MSLcoreata 10T b 15T ¢ 17T.

Fig 12 Variation of RMS values of harmonics of surface vitjocin s @t

locations on the front and side surfaces of the CGO Mtéephase core

magnetizedit 10 T to 17 T, 50 Hz

aloT

b 17T

Fig 13 Distribution ofin plane component of rms velocitym s on the top
surface of the CGO, MSLcoreat 10T, b 17T

aloT b 17T

Fig 14 Distribution ofin plane component of rms velocitym s on the side
surface of the CGO, MSLcorea 10T, b 17T
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c d

Fig 15 Representations of magnitude and direction of instaptas flux
density and simulated magnetostrictive distortion @at& 0° and 180°
b & 30°c & 60°d & 90°

Fig 16. Measured instantaneous velocity contour on tha Borface of the
CGO MSL core with clamping pressure o3®MPa at X — Lr1 180° , 30°,
60° 90°atB, 17 T
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Fig 17 Comparison of measured variation of instantaneous funuame
velocity 100Hz at the centre and half height on each limb durimg @ycle of
magnetisation between centre limbimb B and outer limbsLimb A and
Limb C at 15 T, 50Hz



Fig 18 Distribution of rms value of localised out of planeogd#y of the front
surface of CGO cores SSL, 10T, b MSL, 10T ¢ SST, 17T d MSL,
17T

Fig 19 Frequency distribution of out of plane rms harmomimponents of
vibration velocity1 7 T, 40 Nm bolt torquea central limb, position A on SSL
core b central limb, position A on MSL core corner joint region, position
D on SSL cored corner joint region, position D on MSL core T joint
region, position E on SSL cork T joint region, position E on SSL core
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