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Abstract The diagnostics of power transformers is a very of data presented usually as sine signal dampimmgal

fast developing branch, due to increasing averagega of

frequency spectrum in logarithmic scale. This cae

assets and changes in asset management strategiecompared to results recorded for given transforinetime
nowadays companies introduce asset management baseintervals, between phases, between twin or sistiés or with

on technical condition. One of important methods usd for
diagnostics of a transformer’'s active part is Freqgency

help of computer models. The first method is optirhat for
most of old transformers there is no fingerprintadavailable.

Response Analysis (FRA). It allows determination of The next two approaches are usually applied in sl

mechanical condition of windings, their displacemets,
deformations and electric faults, as well as somagblems
with internal leads and connections, core and bushgs.

For the aim of windings impedance modeling the
transmission-line models are applied. The idea of OM
was presented in [1]. While the length of transforrar
wires is comparable to wave length at high frequeng
such approach is reasonable. The paper presents ewxples
of models created for simple windings.

|. INTRODUCTION

The FRA method is based on the analysis of trarisfation
of windings. The winding can be described by addbcal
capacitances, self and mutual inductances andtapsés.
Every change in winding geometry leads to changthese
parameters, therefore the transfer function’s shapalso
changed. The analysis of FRA results is based ampadson

practice, however they are quite uncertain and teag to
misinterpretations. Each transformer can have rdiffees in
FRA curve compared between phases or, if comparether
units, due to constructional differences [2]. Help®sults can
be obtained from controlled deformations, but tisthod
cannot be applied in mass scale and generalized [3]

All above lead to introduction of computer modelghich

may be useful for interpreting changes in FRA chavtodels
are usually based on real physical dimensions aopepties
of transformers. However, it is still difficult t@onstruct
models having frequency response identical to wedk and
allowing to simulate various defects with simildfeet on the
FRA curve as real deformation in winding. There aagous
methods used for transformer modeling, based ompdairor

distributed parameters models, FEM methods etB].[3-

Fig. 1. Transmission line model of a simple winding
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Fig. 2. Voltages and currents in the transmissioa-$ystem.

Il. TRANSMISSION-LINE MODELS

TLM of a simple winding is shown in Fig.1. It costs
of three wires. Each of them is placed at one plmkis
replaced by one transmission line. The telegraptataons
read
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Z andY mean the matrices of own and mutual impedances
and admittances per unit length for the whole wigdiAs
long as (1) presents the system of coupled difteken
equation, the analytical solution is difficult owe: not
possible. The method proposed by de Gersem at fll]i

is based on decompositionofandY to diagonal form

Z=Q,%, 9", Y Q % Q& (@)

Authors of [1] propose calculation o€, from the
decomposition ofZ-Y, while Q, is obtained a®),=Z-Q.
The consequence of this assumption is always ynitar
matrix for Zy, becaus&y = Q,*-2-Q, = [1]. Our proposal is

to calculate bothQ, andQ, utilizing Schur’ decomposition
of:
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When taking into account uncoupled model, owing

matricesZ andY, which are from the beginning diagonal,
results in no corrections introduced to the botlrices.

This decomposition allows for decoupling of telggra
equations
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The solution of equations (4fcurs in the usual manner
and the chain matrix for one of transmission lilses
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The single wires should now to be interconnectedding
the whole winding. The matrix for the whole systén
assumed to be

Um _ An,uu Am,ui Um(o)
Im B Am,iu Am,ii Im(o) ,

where: A x are diagonal matrices containing appropriate
terms taken from single element matrix (5) ddgl(0),
Im(0) denote values at the beginning of wires. Stisig

the decomposed voltages and currents by its otfgina
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the equations system for the whole system is obthin
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According to Fig. 2 the voltages and currents are
subdivided on
U
U in U inter Ulnter
Uinter — Auu Aui Uout - Auu Au1 Ilout (9)
Iin Au Aii Iimer Aiu Aii Ljnter .
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For the calculation of transfer function orily, and Uy
are necessary. For this aim the equations (9) are
transformed to
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and finally to the system of linear equations tsbked:



Fig. 3. Structure of the matrices in equationsesystl0), (11)n — number of wires.

Fig. 4. FRA measurement system.
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Structure of the matrix in (10) and (11) is showrfig. 3.
lll. FRA MEASUREMENTS
At this stage of FRA development results of

measurements are given as damping of windingsrne si
signal in frequency range, according to formula:

FRAdB]=20log| K, ( )= 20IOJ% (12)
where: U;, — voltage signal applied to winding,

U, — Voltage signal measured.

The measurement can be taken either on two entiseof
winding (with secondary winding open or shortened a
grounded) or between windings of the same phase. Th
typical measuring system is shown in Fig. 4.

IV. EXEMPLARY SOLUTION

For the testing of described algorithms a simplé co
consisting of three wires is assumed. The coil di@mwas
23cm, and its electric parameters were calculatsdgu
approximate formulas. The following matrices were

received:
50 0 O 1000 -700 -300
R= 0 50 0 nW, C= -700 1000 -700 pl
0O 0 50 -300 -700 1000

(13)
0,1 0,09 0,05

L= 0,09 0,1 0,09 mH.
0,05 0,09 0,1



Fig. 5. Module of transfer function (in dB) verdusquency.

Fig. 6. Phase of transfer function (radians) vefseguency.

Due to the skin-effect the resistance of wiressisuaned to
be linear function increasing with frequency. Timguit
resistance of FRA-instruments is\&0

Test solution was carried out utilizing Mathcad |thin
functions for eigenvector evaluation in Schur’
decomposition (3). The solution of linear equati¢h&)
was also done by Mathcad.

The obtained transfer function in shown in Fig65]t
reveals characteristic resonances by 200kHz and 2ZMH
and less by higher frequencies.

IV. FUTURE WORK

The described method can be applied to the anaifsis
transformers with a large number of turns. There th
determination of the resistances, capacitancesctadces
and mutual inductances can be done using the finite
element method. In many cases, the circular-cyitiadr
symmetry allowing for 2D analysis can be used. Hewe
since the aim of future work is to analyze the defation
of the windings, it will need the full 3D analysis.
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