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. Introduction

The design of the magnetic circuit of a transformminly involves analysis of electromagnetic,
thermal and acoustic engineering aspects. Advancederical computations need to be used for
achieving its desired performance attributes, l0sses, temperature rise and noise. However, in
addition to sound design practices, state-of-theranufacturing tools and processes are esseatial t
meet the objective [1]. The performance parametérthe core depend on both its material and
design. The design of the core-joints and cornassahsignificant impact on its performance. Thecor
losses are lower in step lap joints. Multi-stemisihave been shown to give excellent performance
[2]. A precise modeling of the core is always aliemge to its designers and researchers. The core
performance is dependent on both its structurenaaghetic characteristics. However, the difficulties
in the core modeling arise due to its complex s$tméc and material characteristics. Numerical
techniques such as Finite Element Method (FEM)lmamnised for the purpose [1, 3]. Furthermore, a
power transformer which operates at a low (powejdency in a network is sometimes exposed to
high frequency transients such as switching artddiging overvoltages. A few diagnostic techniques
require an application of wideband frequency signal the transformer under investigation [4].
Modeling of a transformer, for various ranges ogdfrencies, inevitably requires accurate
representation of its core characteristics. Swepgliency Response Analysis (SFRA) is a technique
which can be used for the core diagnostics. Thefteguency region of the frequency response can
be used to diagnose the core condition.

This paper discusses recent trends in design awni@ling of the magnetic circuit in a power
transformer. A 2D FEM analysis with nonlinear, dyia@aand hysteretic core characteristics is given
in the paper. It is particularly useful for detenation of performance characteristics of the core
analysis is useful in determining local field distitions in joints. An alternative approach for twe
modeling is also discussed; it is based on the @mpermeability representation of the core
characteristics. The approach can be useful fandistics purposes while assessing the response of a
transformer over a wide frequency range. Effectsvafious manufacturing processes are also
highlighted in the paper. Various quality checkattbhould be done during the core building process
are elaborated.

[I. Performance Parameters

No load current: The no-load current is an important parameter ithgenerally used to assess the

condition of the core. It is usually less than 0.6£4he full load current in large power transforsie

It depends on the characteristics and design ottine. For a sine wave flux density, the no load
current will be distorted due to a nonlinear andtagetic B-H curve of core materials used in

transformers. The level of distortion and corregtiog harmonics can be a good indicator of the
guality of design and manufacturing practices & tlore. The type of core-joints also affects the
current magnitude. Since FEM based computationg@ite cumbersome, designers usually calculate
it using VA/kg versus flux density curves basedest data [1].

Corelosses: The performance of the core of a transformer isllgassessed by the losses occurring
in it. They depend on its design, material char&ttes and manufacturing practices. The classical



loss theory, which divides the losses into eddy laysteresis components, generally underestimates
them [1]. According to the Bertotti's approache tlosses are divided into static hysteresis loss,
classical eddy current loss and anomalous lossT&¢. first two components are well-known; the
anomalous losses result from domain wall motionnduthe magnetization process [6]. The static or
DC hysteresis curve widens in the presence ofdddg and anomalous losses as evident in Fig. 1(a).

The core materials also exhibit strong anisotrapegnetic characteristics owing to their
crystalline and textured structure. They genersitigw different magnetic characteristics in différen
directions. Typical rolling direction (RD) and tswrerse direction (TD) curves for grain-oriented
(GO) laminations are shown in Fig. 1(b). Modelingtlzese characteristics using a modified Jiles-
Atherton (JA) model is reported in [7].
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Fig. 1(a) Hysteresis loops Fig. 1(b) Computed RD and TD lyssis curves

Additional losses, called rotational core lossexuo in T-joints of the middle limb of a 3-
phase 3-limb transformer construction [8, 9] duedtation of B and H vectors in the plane of the
laminations. Due to sequential magnetization ofttitee-phases, the vectors rotate in these regions.
There is time-phase as well as space lag betweetwih vectors resulting in additional losses. The
phenomenon is explained through a field plot in [1]

Core vibrations and noise: The two types of forces which can occur in the aufra transformer are
magnetostriction and magnetization forces [10]. Thee vibrates due to magnetizing forces that act
between laminations and magnetostriction forcesrégult in changes in dimensions of laminations.
The magnetostriction force is usually the main sewf the core noise. Usually, the magnetization
and magnetostrictive forces are determined uswigw@al work approach and a Maxwell stress tensor
approach, respectively [1]. The core noise prealicts a complex coupled problem involving four
fields, viz. electromagnetic, fluid, structural aacbustic. However, the problem is usually simedfi

by analyzing the core in open air without the tankl estimating magnetostrictive displacements as a
function of flux density using a numerical techreda].

[11.  Modern Trendsin Design, Modeling and Analysis of the Core

A. FEM modeling of the core with consideration of dynamic hysteresis

An accurate prediction of nonlinear, hysteretial agnamic core characteristics and their numerical
implementation is still a challenging task to resbars. Various hysteresis models have been
proposed in literature to characterize the corgemies. Among the existing hysteresis models, the
Jiles-Atherton (JA) model and the Preisach modelnaost widely used [11-12]. The Preisach model
considers superposition of infinite hysteresis apes with rectangular characteristics correspandin
to an assumed assembly of magnetic particles [Although the Preisach model is accurate, its
complex mathematical formulation is the main resitsh in numerical implementations. On the other
hand, the JA model is based on the physical pragfassgnetization through the domain wall motion
with pinning effects [12]. The model can be repnésd by a first-order differential equation and is



amenable to FEM implementation. The static JA hgsie model is defined in terms of five
parameters which can be determined from a measwme@ using a hybrid identification technique
[13]. The other two losses, the classical eddyesrfosses and anomalous losses can be taken into
account by using dynamic hysteresis curves thrabghJA model [14]. The model can be coupled
with Maxwell's equations and the resulting govegniequation in terms of the magnetic vector
potential @) is [3, 15],

DXLDXA:J (1)

#(B)

where,J is the source current density vector gadis the flux density B) dependent permeability

variable. In a time-stepping FEM formulation, tHeoee equation can be solved using a fixed-point
iterative algorithm incorporating the dynamic JA deb Using the details of a transformer given in
[15], analysis has been carried out for a singl@sphexcitation conditioThe field plot is shown in
Fig. 2a. The computed no-load current, which actodor dynamic hysteresis characteristics, is
shown in Fig. 2b.
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Fig. 2 FEM analysis (a) Flux lines (b) Computedoad current

B. Coremodeing: Complex per meability approach

The complex permeability approach is basically ber@ative way to represent magnetic properties
which are usually expressed in terms of permegbéditd losses. The major advantages of this
representation are viz. it is possible to repreflemtcore by a simple equivalent electric circthie
core losses are expressed as a function of freguand the problem becomes effectively linear.

The complex permeability approach can also inclieeddy current losses. If hysteresis
losses are not considered, the complex permeabdityoe represented as [1, 4],

—e . tanh
TN ESY) =/JT(Vm 2)

where, i is the permeability of the lamination as measuwsthg an Epstein tester andis the
propagation constant, anth & the thickness of laminations. For a built cahe real and imaginary
components of the relative complex permeabilita &éisnction of frequency are shown in Fig. 3.
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Effects of the core joints with air gaps can bestdered using this effective complex permeability
based approach. Anisotropic properties and lamihateucture of the core can also be taken into
account by introducing its stacking factor [4]. Tégproach is useful for a correct modeling of the
core while analysing frequency response of thestcamer.

V. Effects of Manufacturing Practices on the Core Performance

Core materials are very sensitive to manufactugracesses such as handling, cutting and slitting.
They should be handled with care while storing pratessing; otherwise elastic and plastic stresses
can be induced in them and the losses will be higlé: 17].

Fig. 4 (a) Improper storage/handling .Bigb) A stack of laminations after cutting anitisig

Measured losses in the oval coil shown in Fig. ¥nf@y be about 3-5 % higher than a
properly stored coil. Laminations are subjectectutting and slitting operations (Fig. 4(b)) which
produce stresses and burrs. Bending of CRGO sttsdsproduces stresses that can affect magnetic
properties. Prevention of stresses, due to eitlastie or plastic deformations that might occur hehi
handling CRGO sheets, is essential. The magnitfideamping pressure has a significant impact on
the core performance. Effects of the applied clagmpressure on the losses and sound level of & buil
core depend on several factors: its magnitude asiditdition throughout the core, thickness and
flatness of sheets, magnetostrictive strains, degiglamping structure, etc. Insulation layers rgay
detached during handling resulting in non-insulaedaces; such surfaces can lead to short circuits
and local heating. There should be no detachmenbatings; this aspect can be tested according to
IEC60404-12. The surface insulation resistance dfarmaination can be checked according to
IEC60404-11 (Franklin test). A typical value of thenimum allowable surface insulation resistance
(SIR) is 15 ohm-crh Bolt-holes in yokes lead to local flux deviatiomdich can be a cause of



increased noise levels and losses. These unfaroedfécts can be avoided by development of
boltless yokes. The boltless yokes are generalty together by peripheral bands [18].

Burrs on sheared and punched laminations dragticetiuce effectiveness of insulation
coatings. During the assembly procedure, burrscogaite short-circuits at lamination edges. Herice, i
is necessary to ensure that burrs on laminationsldtbe as small as possiblEne measured burr
height should not exceed 0.025 mm according to @8@04-8-7 and EN 10107. Burrs may also
decrease the stacking factor; they can be moreage ®f manual production processes without
tungsten carbide blades. Local overheating dudréy flux or main magnetic flux can occur due to
burrs. Faults caused by closed loops, between ejdaminations, linked by the main flux are
dangerous.

V. Case Studies

Two representative case studies are now reportbithvelearly highlight the importance of having
excellent processes and quality checks during tweufacture of the core in power transformers [16-
17]. Specifically, the benevolent effect of usirgripheral guard plate for stacking lamination radls
discussed. Impact of bad quality of surface insuhatesistance on core losses is also exemplified.

1. Useof inner peripheral guard plate

This case study shows the effect of handing presees CRGO materials. The core loss increases
when the inner peripheral guard plate is not usdaéep coils of CRGO laminations.

(b)

Fig. 5 Coil handling (a) with an inner guard plé without an inner guard plate

Losses are measured using Single Sheet Tester (83Wp cases — one with an inner peripheral
guard plate and the other without it, as shownigs.F5(a) and 5(b), respectively. The results are
given in table | for the two cases for an M5 coratenial with 0.3 mm thickness. The performance
figures are better with the guard plate.

TABLE |
Sr. No. Max. With Without
Flux guard guard
Density plate plate
(M) Hmax Ss Ps Hmax Ss Ps
(Aim) (VAKkg)  (W/kg)  (A/m)  (VAkg) (W/kg)
1 15 41.12 1.11 0.8306 45.66 1.20 0.8678

2 1.7 128.49 2.56 1.1817 136.85 2.75 1.2352




2. Effect of surfaceinsulation on no-load losses

Losses are higher in core materials with lower aeefinsulation resistance. Higher losses can be
attributed to occurrences of short circuits onaceb of sheets. Two core materials with low and hig
SIR values are shown in Figs. 6(a) and 6(b), raspedy.

—

(b)
Fig. 6 Core material (a) with a low SIR value (8rebnf) (b) with a high SIR value (60 ohm-ém

A no-load test is performed on two 400 kVA trangfers built with these two types of materials. The
transformer with better core material has about 1®f&r loss as evident from table Il.

TABLE Il
Sr. No. Max. Flux  Surface Power
Density  Insulation Loss
(m Resistance  (watt)
(ohm-cnd)
1 1.75 8 585
2 1.75 60 525

VI. Conclusions

Recent trends in design and manufacture of mago#tuaits in power transformers are discussed in
this paper. It is a challenging task to model amalyse behaviour of the core in a transformer due t
nonlinear, hysteretic and dynamic characteristdedeling of the characteristics using the JA
approach and the corresponding numerical implertienthas been enumerated. A 2D FEM analysis
of a single-phase transformer with the above misdgiven. The approach can be used to analyze and
design core joints that are confronted with localugation problems. Another method based on a
complex permeability approach is also elaboratdd¢chivcan be used while assessing swept frequency
response of transformers.

Effects of various manufacturing processes on tire performance are subsequently elaborated.
Important quality checks such agrface insulation tesindadhesion tesshould be performed. Core
materials must be handled with care during stoaing processing; elastic and plastic stresses can be
induced, which can be detrimental. Two case studies given at the end to demonstrate the
importance of proper manufacturing practices. Tin&t tase study shows that approximately 5%
higher losses occur without the use of an innerdypéate while storing a coil. In the second case,
higher surface insulation resistance value is shiowgive 10% lower loss.
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