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Abstract

This paper describes the result of measurement of
n-pleme fux distribagion on TWEFA Jpkase
distribution tramsfhrmer assembled with 45 Tjoint
and wmitred lap cormer joirt with stagger poke of
Flmm. The measuremert frvobees the fundamental
thivd cnd itk hormonic of the easp and hard direction
of A density ot ecck location mecsuramert. The flix
distributions honve Been mecsired wsing no load test by
arvaps of search coil m M5 (OG0 grades material of
tramsformer cove  kainations. The lcalised  flix
density at the outer 457 Tjoirt is 0 M7T and rises to
be 0206T at the mner edges of 45 T-joit when the
tramsiormer cove energized 15 T S0IE Harmonic
oceurs mostly i the TNjoit where local regions are
saturated omd the flux devictes from the roliing
direction.d small ot of flue deviation from the
rolling divection occurs ot the overlap, kgt no
rotatianed fhix {5 present in the joirt

1. Introduction

Transformer iron loss can be reduced either by
improving the gquality of the steel or by using better
building and design technigques. The efficiency of a
transformer core is also largely dependent upon the
design of the joints at the junctions of the yoke and
litrihs. In these regions the flux may dewiate fom the
rolling direction of the steel or become distorted =0
that local areas of the high loss are produced [1] The
use of gmin-oriented silicon iron has been the main
bernefical factor in increasing transformer efficency
(2]

The behawiow of this investigation is to understand
the in-plane flux distribation of the transformer core
built from electrical steel (B5) wwith 3% silicon iron
assernhled with 45° T-jnint and mitred lap corner joint

with stagger yoke of 10mm by using arrays of sgarch
coil.

2. Experiment apparatus and measuring
techniques

The rain apparatus consist of & model cores three-
plase 100V A transformer assermbled with three limhs
core with T-joint cutting angle 45 asserdhled from
CREGO (W5 grades) 3% 3i-Fe material The core has
550 trm = 580 rrn with the lirdbs and yokes 100 fum
wide as shown in figure 1 The esperimnertal cores
assetrbled with T-joint 45°, mitred owerlap comer
joints with stapggered yoke and overlap length iz 10tum
as shown in figure 2 and asserribled fom 0.3 rom thick
larrirations of W5 grain-oriented silicon iron (CRGON.
Asszociated instrumerts are used to measwre the
fiundamental, third and fifth harmonic content of the
localised flux density distribtion
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Figure1 Dimension {mm) of 100kVA transfarmer
model

In-plane Flux Distribution in 45° T-joint of 3Phase Transformer Core with Staggered

it
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Figure 2. Transformer core type T-joint 45°

The localized fluz density distribution in individual
laminations iz roeasured using search coils. The
sarrples are drilled with an aid of drilling rachine. Itis
consttucted from 0015 diameter wire treaded
ttrough 0.8 mun diameter holes 10 mm a part as shown
in figure 3. Each measuring position suitable coils are
wound to mmeasure the easy and hard ditection flux
detiity. The search coil induced voltages are analysed
to find the magnitude and plane coil induced woltageof
fluz density by using power aralyzer [PLIG000] asz
chownin fgure 4.
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Figure 3 Dimensions [mm] of the holes drilled in the
specimen
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Figure 4 The diagram of the methods that used to
measure the localised flux density

The rragnitude and direction with reference to the x
axis of the in-plane instantaneous fluz density can be
written in the form [3]:

Be o te 1t (1
AT
And
. n[ ] )
[
Where

J= frequency supply

N=Mutrher oftransformer winding

A = Crozss section area of tmnsformer core
larriration that measired

n = mrher of layer o ftrans former core laminati on

gy = traxmun value of the component of induced
erafin the easy direction

¢, = nazimm value of the component of induced
emf in the hard direction

Satmple calculation as fbllow:

From ttansformer fatne are obiain nutrber of tun
iz 254 tums, atea of lamiration is 0.000003:2 with
tvber of layer ig 15 layers and fequency supply iz
50 Hz. When the supply adjusted to tmnsformer at
1.5T 0 at the search coil will find the induced emfhy
oscilloscope measwrements at easy diection 1z 190my
and hard direction 15 130mV. By using the equation (1)
will find the fliez densityat this point 15 103mT.

The prirrary induced emfr in the windings of the
three phase transformers core were monttored by three
identical woltmeters and woltages displayed during the
measurement were only allowed to vary well within
+ 04% of the induced voltage corresponding to the
required flux density.

Fluz distribation in the Cold Rolled Grain Oriented
(CRGO) is measwred by using an array of search coils
to get the satisfactory result. In this investigation an
array o f single turn search coil is employed to measure
in-plane (ongitudina and transverse) o f fux density in
the lamiration within the transformer core as indicated
in figwe 5 Because the fles tends to dewiate ot of the
longitudingl direction in some region, small 10mem
search coils are used to measure localized longitudinal
and transverse flux component The locations are
chosen to cover the areas where the fluz is more likely
to vatry ditection 20 az to find distribution of the flux
belavior as shown in Sqre 5.

The testing process iz done by uang the MNo-Load
Test Frame. The Mo-Load Test Frame consisting of
three windings for each thwee phaze core are designed
in order not only to avoid introducing stress to the
lamirations but also to keep the magnetism esactly
constant in all limbs of the cores. Each winding only



exttends along 85% on each limb in order to enable the
stagger length of the three phase core to be varied. An
extra softwood tase 200mum high is used to rmise the
owerall height of the core, in order to momnoze the
effect o fthe sty flux on the localized measurermerts.
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Figure 5 Location of arthogonal search coils in the
three phase core

Installation search coil takes quite a long titne in
cormpleting this step which ewery hole needs to be
inserted with search coil. Search coil is the emamel
copper coated 0. 1oen diameter wire Each zet of test
point (4 holes) consist of easy and hand direction
where the holes of easy and hard direction will be
inzerted search coil and the leads are twisted together
All the holes at testing point need to be repeated the
sarre rnethod of inserting and twi sting the leads.

After the search coils are wound and the leads
twristed together, the holes are filled with polyrethane
vamish to give added insulation protection. The search
coil leads, which are twasted to prevent any spurious
pick up, are stuck to the lamiration by a polyarethane
vamish. The leads from all the seatch coilz are takzen to
a junction box placed in the core to prevent any
irterference from the core or ra gnetising windings.

3. BRESULTS ANWD DISCUSEION

The instartaneous magutude and direction of flux
at thiz instant iz showm in figure 6 on & larger scale. At
this instant the total flee in the centre limb reaches its

trazinin and outer lirb carty half their macsimum
fluz A srrall amount of fluzs deviation fom the rolling
direction oceurs at the owerlap.

The rotatioral fluz produced in the T-joint region of
the three-phase three lirrbs tansformer core are due to
a conrbined effect of alternating and rotating fields.
This rotational flux illustrates the locus ofthe variation
of the variation of the localized flux distritntion
throughout the e gnetizing cycle. The rotational flux
of the fandarnertal cormponent (S0HZ) of flusx density
in the 10mm staggered core at a core fhe density of
1.5T is shown in figure 7. A large rotational flux is
present in the yolte area which near with centre lirh,
Fotational flux it thiz region i3 mote crcular Sotne
large rotational flux is also obzerved in or near the T-
joitt region

Figuwe 8 shows the rotational flux of the third
tarmonic component of flux density in the T-joirt of
the core assembled with 45 at core flux density of
1.5T. The extent of rotating flux at this frequency iz
more widespread. Ag with the S0Hz component, a
large amount of rotating flues iz present in the T-joint
region between the night yoke and centre lmb in all
four cores. A strall rotating fliee ocours also observed
it the tmiddle of centre lirb region in all for cores.
There is more rotational fliz presert in this region.

The tajor azes of the locus do not always follow
those of the findamerntal component {particularly the
45° T-joint of core) hut tend to he parallel to butt joints
ower rmuch of the core where the findamental
cotrponents  also dewiate  fom the  longitudinad
direction ofthe strip in the woke.
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Figure & Distribution of localized flu density at 45° T-
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Figure 7 Locus of the fundamental component of
localised flux density in 45" T-joirt staggered core with
overlap length10 mmat 1.87T, 50Hz

1 Tesla

Figure 8 Lacus of the third harmanic component of
localised flux density in 45" T-joint stagogered Care with
overlap length 10 mmat 1.5T, G0Hz

Figure 9 shows that the rotational flux of the fifth
tarmonic corrponent of fusx density in the T-joirt of
the core assemhled with 45° at core fliw density of
1.5T is more widespread. The rmagnitude of the
rotatioral fluz 1z small compared wath that of the
fandamertal and third harmonic. The distribution of
the ffth bartonic cotrponert 12 classified to a tegion
niear to and within the T-joint.

A large amowt of rotating flue is present in the T-
joint region hetween the right yole and centre limb in
the core. Rotating flux in thiz region iz elliptical with
the 45° T-joint of core showing the highest value &
strall rotating flas ocowrs also obserwed in the middle
of cettre lirnb region in the core.

Figure 9 Locus of the fifth harmonic compo nent of
lncalized flux density in 45" T-joirt staggered cores with
averlap length 10 mimat 1.5T, S0Hz

Figare 10 shows the teasuring point of location
and localized flux densities at 45° T-joint that are
tneaswred by using the search coil on transformer core,
This result 15 produced by caleulating localized flux
density after the search coil measures the wector o fthe
woltage in the easy and hard direction at the
larriration.

The flux density in the yoke then drops rapidly as
the flux distributes  itzelf equally between  the
lamirations. The flux density reaches a peak at the
inner of 45° T-oirt; this is caused by the saturated
rraterial. The rrinirmun flu density ocours at the outer
of 45° T-joint of transformer core lamination The
localised flux density will increase from the outer to
the itwer edge of the 45° T-joint. The localized flux
density at the outer 45 T-joint is 0147 T and rises to
be 0.206T at the inner edges of yoke at 45° Tjoint
when the transformer core energized 1.5 T30HzZ
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Figure 10 Local wariations in the Tesla of the
fundamental peak in-plane flux density of the lamination
in23° T-joint of three phase staggered core with
overlap length 10 mmat 1.8T, a0Hz

The local wanation in magnitude of the third
tarmonic component of peaks in-plane i density in
the 457 T-joint at a core fux density of 1.57T is showm
in figwe 11. Most of the high third harmonic flus
ocours in the T-joint region The hugh third harmonic
ofpeak in-plane flux ocours at the inner edge of right
yoke passes owver to the Butt-joirt of centre litmh is
22.2mT. Harmmonde ocows mostly in the T-joint where
local regions are satumted and the flux deviates fom
the rolling direction Howewver, it has been confirrmed
esperitnentally that harmonics drculated in individual
larrinations in the limbs and yoles.

ALB =1.5T, 50Hz

R R,
1.5 11_5,'_

Figure 11 Local variations inthe mT ofthe third
harmonic peak flux density to the fundamental
component in-plane of the lamination in 450 T-joint of
three phase staggered corewith overlap lenagth 10 mm
at1.&8T, A0Hz.

The local variation in magnitude of the fifth
larmonic component of peak in-plane flux density n
the 45° T-joint at a core flux density of 1.5T is showm
in figure 12 to be wery stoall.

Figure 12 Local variations in miT of the fifth harmonic
peak flux density tothe fundamertal component in
plane of the lamination in different T-joint of three phase
stagoered core with overlap length10 mm at1.8T,
a0Hz.

4. Conclusion

The fluz distribution in cores assembled with WS
material was found wvaries along overlap area of the
stagger at the T-joint The localised me-plane flux
density will increase fom the outer to the tmer of the
45" T-oitt. The localised flux density at the outer
edges 45° T-joint is 0.147T and rises to be 0.206T at
the inner edges of 45° T-joint when the transformer
core energized 1.5 T S0Hz A large rotational flux iz
presert in the yoke area which near with centre litrb.
Fotational flux in this region is more cirolar

The high third harronic of peak in-plane flux
ocors at the inner edge of right yolie passes aver to
the Butt-joint of cemtre limh is 23 2mT Harmonic
ocowrs mostly in the T-joint where local regions are
saturated and the flux dewiates from the rolling
direction

A srall amount of fux dewviation fom the rolling
direction occurs at the overlap, but no rotatioral flus is
presert in the joirt.

The local wvaration in magniude of the ffth
tarmonic component of peak in-plane flux density in



the 45° T-joint at a core flux density of 1.5T is to be
very smrall
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Normal Flux Distribution in 45° T-joint of Tlree Phase Transformer Core
with Staggered Yoke 10mm

Dina MM, Ahmad and Ismail Daut
School af Blecirical System Engineering, Universiti Malaysia Perlis ¢UniMAF),
F.O Box 77, dsa Pejabat Pos Besav

01007 Fangar Perlis, Malaysiz
Ewmail address: dina@untmap. edumy and tsmatl. daut@unimap. edumy

Abstract

Thiz peper describes the resull of measurement of normal
STurx distribution on J00RVA Sphase disribution frangformer
assembled with 457 Tjoimt and mitred Iap corner Joint with
Haggered poke of I0mm. The dnestipation fmvolves the
variation of nermel flux distribution i the core lamingtion.
The normeal flux distribution has been measured using no
Toad fest by areqys of search coil The highest normal flux
distribution vccurs of the comer edge of the contre limb that
iz OLJIET and lowes! @ wpper edge of yole that is 00927
The average value of normal flux distribution is high af flux
transfer region of the lanunation. The flux transfer
mechamism  shows tha! twe  separafe path fJowing
horizowtally in the poke before Teaving fhe lamination fo
vertically adiacent layer and combine with the flux i fhat
fayer. Them, 1 will trangfer back fo oright region and extend
through the centre limb.

1. Introduction

FPowrer transformmers are usually eroployed in electric
power stations, high voltage transmission lines and
large utilities On  the other hand, distribution
transformers can be found in small and midsize
industries, hotels, hospitals, schools, entertaimment
centers, residential areazand etc [1].

Trans formers are ubiguitous in all part o f'the power
gystery, between all woltage levels, and exst in many
different simes, types and connections [¥].  Grain-
oriented 3% silicon-iron is used for tansformer cores
where high efficiency and low weight are often
parmamourt [3]. The efficient operations of power
transformer cores depend on a large extend on the
design of the joints between their lirbs and yokes. The
most complex joimnt in three limb cores are the T-joints
at the intersection ofthe centre lirnh and yolees. Under
ideal conditions the total flux in the limbs of a
transfortner core has a sitmisoidal wawefortm, but in the
comers of the core the flusis far fom sinusoidal The
additioral loss caused by the flos distortion can lead to

localized heating within the joirds [4]Prewious
research wotlt had been camied o on interlaminar
fuer density distribution (normal fus) at T-joints and
corners of transformer cores built with gram-onented
SiFe lamimations in warious configurations[4]. The
interlarrirar flux change has already been used to
eztirmate additional localized lozs of tansformer cores
and also to help achieve optimum joint configumtion
ofa transformer core,

The objective ofthis research is to measure nortral
Az distribution on the lamination of transformer core
that bt fom the electrical steel (W5 grade matenal)
of 3% silicon-iron assembled with 45 T-joint mitred
lap corner joint with staggered yoloe by using armmys of
search coils.

2. Experiment apparatus and measuring
techniques

The rain appatatus consist ofa model cores three
phase 100V A distribution transformers are assermhbled
with 45°Tjoint, mitred ovetlap length of 10mm as
mndicated in figuwre 1. Fach core 15 530 mm = 380 mtm
with the lirsbs and yolees 100 mun wide as indicated in
figure 2. The core 15 buill fom 03 mm thick
larrirations of M5 grain oriented silicon iron (CRGOY
[8]. A core comprises of 15 layers. The system for

tneaswring norrral fus density is shown in Figore 3.



Figure 1 45 T-joint transformer core type with
stagoered yoke 10mm
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Figure 2 Dimension {rmr) of 45T joint 100k
transformer mocel
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Figure 3 Associated system for measuring normal
flux density.

In order to study the normal flux density variation,
nottral search coil atrays are used to measure nonral
fluzz density variation along and across the lamiration
The squares of 10mm = 10t norral search coils of
0. 15tn diameter copper wire stuck on test lamirations
in the T-oint of the tmnsformer core using
polyurettans warnish The solderable eramel copper
wire iz to thin enough for winding the single trn
gearch coils, without affecting the flux distribution to

any degree. Each pair of search coil leads iz twisted
together tightly to awoid stray woltage The locations
chozen tmst cower the areas where the flux is more
likely to wary direction so as to find the mechanism
distibution of the fle belawior. The location of the
investigation for the transformer core is shownm in

foure 4.

Figure 4 The normal search coils position in the
T-joint of transformer core

3. Results and discussion

Fundamental normal flus density at T-joint flowmg
ina direction norrral to the plane of the larmination in
the staggered yoke 10mm 15T, 50Hz 15 showm in
figure 5

AL B = 1.5T, S0Hz
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Figure 5 Distribution of the normal direction of
fundamental flux density at T-joint with overlap length of
10mmduring 1.5 at 50Hz.

The ragnitude of the normal fusx density is high at
and close to an intersection bebween two adjacent
lamirations. The highest normal fux ocours at the
corner edges of centre lirmh that 12 0.158T and lowest



at upper edge of wolee that is 0.092T at flux density
1.5T, 50Hz The average rragnitude of normal flux
density is largest at the overlap region and arallest at
the upper edge of the right woke. The fundamerntal
norrral flux density increases as it approaches the T-
joint and gradually decrease as it travels firther away
fromm the joint. The maguitude of findarental normral
fluz density trawveling between joints reaches minimmim
at the mid point of centre limh, This alteration in the
fundarnental norrral flus density is due to increase and
decrease o f flux densty that has been energized.

The instantaneous tra gnitude and direction of flus
at thiz instant is showm in figure 6 at this instant the
total flux in the centre limb reaches itz mecanmm and
hoth right and 1eft yolee carry alftheir rasinmm flus

Since the yokes carty only balfthe maxinm value
ofthe total flux, the rrajority of the e fom the outer
of right and left yolze is carried through the inner balf
of butt-joint of centre lirdb and the largest flux
cotcentration is found in the upper edges of certre
litrh,

100m Tesla

100m Tesla

Figure & Distribution of the fundarmental component of
localized normal Tl density in the 45° T-joint of three
phase care huit at different instant in time when
wt=A0".

Flig path and flux tansfer mechanism
hetween larminations at the T-jomt has been dlustrated
as figwe ¥ for staggered woke amangemert. The
diagram shows that the fuz transfer mechanism
between wole and lmb in the T-jout may occwr
smmiltaneously at the same instant in time. This can be
seen for emample at the & and B region where two
separate path floswng horizontally before leaving the
larmination to wvertically adjacent layer of D and F
respectively and combmes with the flus in that layer

Consequently, the core material in this region
approaches saturation At the same tirne, this existing
fluz will transfer back to the C region and extend to
the whole length of the rmiddle lih. It has been
nioticed ttat the ragnitude of norreal flus density high
at the butt-joint and decrease as the distance away fom
the joint.

4. Conclusion

Fromtheresult o fthis investigation, the norrral flus
distritnztion in the cores assemhled with 45° T-joint was
found waries along overlap area ofthe staggered at the
T-joint. High normal flux distributions ocour in the
corner edge of the centre litmh that is 0.158T and
gradually decrease as it trawvels far away from the joint
area.

The flux transfer mechamsm between yoke and
limh in the T-joint fray occur smultaneously at the
same instart in tirre. The magnitude of normal flus
density 1z high at the bultjoint and decrease as the
distance away fomthe joimnt.
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Figure 7 Flux transfer between laminations of
staggered yoke limb arrangement at the T-joint.



10.

]

]

=]

(]

[l

[5]

7]

E]

=]

oo

References

C. Hemmamdez, M.A. Anons, amd Slho-Hai Dong, "Object-
Oriemted Encrladze-Based Sywstem for Trars faamer Design ™
JEEE Trasacfions On Magnetics, wol Mag-44, Ho. 10,
Oetcher 2002,

04 Mohanered, Fellow, [EEE, HY. Abed and 5. L,
"Investigation of the Hammome Behavior of Thwee FPhase
Tramwfonmer Urnder Homspmsoidal Operation Usimg Fomte
Element ard Wavelet Packets "

J. Moses, T. Meydan, ard H. F. Lan, "Domain S buctares
Sibvorlronm the Stress Tmmsihon?s tage," JIFFF Mrarsactions
O Magnetios, wol 31, Ho. &, Howvenber 15995,

Hiao Guang Yao, Moses, 4. T and Fath dmayi "Hormal Fhax
Distibubiors m a Tleee Phase Tmmformer Core Under
Simsoidal and FWM Excitation" [EEF Drowadtions Ok
Magnetios, vol Mag-43 Ho. &, Tune 2007,

Moses & T, B. Thones, and 1. E Thonpson, "Power Lioss ard
Fhix Demsty Dstbutiorws m the T-Jomt of 2 Thiree Phase
Tramwfoamer Cow," IEFF IMrowactions On Magnefics, wol.
Maz-2 Ho 4, Decenber 1971,

Jores, &, T, Moses, &, I, Compartson of the Locali=ed Power
Less and Fhax Dishibution in the Butt and Lap and Mibed
Overlap Comer Configurations, JEEE Taps, O MAG, FOL
MAG-T0 Ho. 2, une 1574

Marsel & Jores and Artory J. Moses, Conparson of the
Localmed Power Loss ard Flux Distrbuton in the Butt and
Lap armd Mibe Overlap Correr Configuratiors, JEEF Trans. Ok
Mag, Fol MAG-IQ Ha X, ure 1974

Danat, T axd Moses, 47, Some Effects Of Cor Building On
Localsed Losses And Fhix Distrbuton In 4 Tlwee-Phase
Tramfomer Cor Assermbld From Powercore Stnp TEEF
Traps. O Mag, Vol MAG-20 Ho 5, pp. 2002, S ept 15990
Daat, [ Fneseation of Flun aed Loss Distibution in
Trawsformer Coves Assermbled From Amerphous Fowercore
Material®, 1992, PhD Thes s Tmverstyrof Walks

Beckley P, Eleatrical JSeels for rotating machines, The
Irnstitution of Ekctical Ensineers, 2007,



