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Abstract — This paper presents the development and im-
plementation of a coupled electromagnetic transformer model
for the simulation of three-phase power and distribution
transformers affected by the presence of winding inter-turn
short-circuits. Generically, the wupled eectromagnetic
transformer model is based on the smultaneous consider ation
of both magnetic and eectric equivalent circuits. To incorpo-
rate the internal faults in this model a suitable eguivalent
circuit of the faulty winding is proposed. Both simulation and
laboratory tests results are presented in the paper, which
demonstrate the adequacy of the proposed model.

Index Terms — Transformers, modelling and smulation;
coupled dectromagnetic model; winding inter-turn short-
-circuit faults; Park's Vector Approach.

I. INTRODUCTION

The sweeping changes that have overtaken the eedric-
ity suppy industry during the closing decade of the 20th
century have aeaed a powerful new commercid climate.
Power utilities and supply companies must now compete in
increasingly open, de-regulated markets, on an increasngly
international scale. To ensure wmmercial survival in this
aggressvely competitive environment, it is esentia that
key items of power generation plants and power transmis-
sion and distribution networks not only operate dficiently,
but with maximum availability and with the lowest posshle
cost of ownership over — and frequently beyond — their
design life. Power and dstribution transformers have
formed an essential part of dedricity supdy networks snce
the dternating current system was adopted more than a
century ago [1]. Therefore it is quite obvious the neel for
the development of on-line diagnostic techniques, that
would aid in transformers maintenance A survey of the
most important methods, actudly in use, for condition
monitoring and diagnostics of power and distribution
transformers, presented in [2], stresss the neal for the
development of new diagnostic techniques, which can be
applied without taking transformers out of service and
which can also provide a fault severity criteria, in particular
for determining transformers winding faullts.

Preliminary experimental results, presented in [2], con-
cerning the use of the Park's Vedor Approach, have dem-
onstrated the effectiveness of this non-invasive technique
for diagnosing the occurrence of inter-turn short-circuits in
the windings of operating three-phase transformers.

In order to oltain a deegper knowledge in the study of
inter-turn short-circuits occurrence, and aso to acquire a

generalised perspedive of this phenomenon, it becwmmes
necessry to develop a digital model for internal fault
studies in threephase power and distribution transformers,
which isthe scope of this paper.

For this type of studies, an open-structure transformer
modd is necessry, i.e, a modd in which it would be
possible to manipulate the windings arrangement. The
coupled eledromagnetic modd [3-6], dlowing for the
moddling and smulation of the transformer in its natural
technology, so that the caise-and-effed reationships can
be dosely investigated [4], becomes the natural choice for
the analysis of transformer internal faults.

II. TRANSFORMER MODEL FOR NORMAL
OPERATING CONDITIONSANALYSIS[3]

The wupled dedromagnetic transformer mode
consists in the combination of both magnetic and eledrical
equivalent circuits, in order to oltain the flux-current
relationships. A typical flux distribution for a threephase,
threelimb, two-winding, core-type transformer is sketched
in Fig. 1(a). Taking advantage of the verticd symmetry of
the transformer, the magnetic equivalent circuit cen be
derived, as shown in Fig. 1(b), condsting of magnetomotive
forces (MMF), f;, and lumped (linear and non-linear)
permeances, P.. As a first approach, let's consider only the
excited windings and negled the leakage fluxes assciated
with each winding. In a smilar manner to that presented in
[3, 6], the flux-MMF non-linea reation (¢-f) can be
expresed as.
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Recognising that f =N4i and A =N;@, the main
linkage fluxes, which do not take into account the |eakage
fluxes, can be expressed, from (1), as:

in = NZAD (4)

The total linkage fluxes can now be cmputed, introducing
the leakage fluxes, as foll ows:

M =in+lgO=L0 ()

being L, the diagonal leakage inductance matrix. It is
asumed that there is an individua leakage inductance
associated with each winding, which is determined from the
conventional short-circuit test, where the per-unit primary
and secondary leakage inductances are egual, |g,= los= 142
(p.u.).

When the transformer's smndary-side is loaded, there
aretwo MMF's in each limb. It is now necessary to expand
(2), asfollows:

Op 0 yq a2 300Ngig+NoigC
O 0O 0

. . C
P2~ a2 @22 @3 12 +Nyis (6)

HisH Rus axs agsHHNiig+Naigh

which leads to a system of six equations
i =IOy ()

where:
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The winding connections are established, in the modd,
from the equivalent eectric circuit, which is shown in Fig.
2 for the case of an YnynO connection and a balanced
resistive load. The equations that describe the terminal
conditions at each winding can be expressed as:
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Fig. 1: (a) Flux digtribution in a three-phase, three-limb, two-winding,
core-type transformer, assuming a dightly greater magnetomotive
force intheinner windings, (b) equivalent magnetic circuit.
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Fig. 2: Simplified equivalent electric circuit for the case of
an YnynO connection and a balanced resistive load.

being R, and R the primary and secondary winding
resistances, respectively.

In order to maintain a trade off between complexity and
accuracy, an approximation was made to include the exci-
tation losses, by connecting three linear resistance branches
across the terminals of the excited windings.

The influence of the no-load losses conductances, G,
can now be introduced in (7):

i =T +Ge IV 14
being Gie @ 6x6 matrix, where only the first 3x3 diagonal
sub-matrix has non-zero values.

The eectromagnetic coupled transformer model is thus
based on the combination of (9) and (14), which takes into
account the asymmetry and saturation effects of the core.
The development, implementation and validation of the
transformer non-linear model, for normal operating
conditions analysis, was presented in a previous paper [3],
where a good agreement was achieved for both simulation
and experimental test results.



III. MODELLING WINDING INTER-TURN
SHORT-CIRCUIT FAULTS

To incorporate the interna faults in the aforementioned
modd, the faulty winding is divided into two parts. the
hedthy part (N, turns) and the faulty part (N, turns), as
shown in Fig. 3, for the case of a fault in the primary
winding (phase R), locali sed in the battom part of the ail.

The primary-side short-circuited turns will act as an
auto-transformer load an the primary winding [7], as shown
in Fig. 3, where Ry, represents the fault impedance The
resultant magnetic equivalent circuit is shown in Fig. 4,
leading to three magnetomotive forces in the limb o the
faulty phase. From the equivalent magnetic drcuit, the @-f
relationship becomes:
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from which the relation expressed by (7) can be computed,
using:
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Fig. 3: Equivalent circuit for a fault localised in the bottom
part of the primary winding (phase R).
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Fig. 4: Equivalent magnetic drcuit for the ase of a
primary-side faulty winding (phase R).

being Ly, and Ly, the leakage inductances associated with
the subwindings a and b, respedively.

For the same type of fault, the corresponding eedric
equivalent circuit is shown in Fig. 5. The generic
differential equation (9) still holds, but now with the fluxes
vector of (17), the arrents vedor of (18) and:
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where R, and R, are the resistances of the subwindings a
and b, respedively.

With this approach, the only additional datarequired for
moddling winding inter-turn short-circuit faults, as com-
pared to the hedthy transformer model, are the leakage
inductances and the resistances of the subwindingsa and b.

Several short-circuit tests and analytical studies were
conducted to determine Ly, and Lgy. It seems, however, that
a good approximation is obtained, for a generic k
subwinding, by using:

N
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Fig. 5: Equivalent eectric circuit for the ase of a
primary-side faulty winding (phase R).

Additionally, the leskage inductances do not change sig-
nificantly with the fault position a ong the affected winding.
The subwindings resistances are aso determined by a

linea relationship based on the crresponding turnsratio:
Nk

Rk :—Rp

Ny (27)

If the fault is localised in the upper part of the ail, the
same methodology applies.

For a fault location in the middle part of the primary
winding, although two healthy subwindings (N, and Ny
turns) and one faulty subwinding (N, turns) have to be
considered (Fig. 6), the same methodology can also be

applied, asuming N,=N.+ Ng. With the approximations of
(26) and (27), which results in Lg=LgtLgg and in
R.=R.+ Ry, respedively, the relations (17) to (25) remain
valid.

IV. MODEL VALIDATION

For the mode validation, a threephase, threelimb
transformer, of 6 KVA, 220/127 V, was used. The
transformer has two windings per phase on the primary and
on the secondary side, having, one of each, been modified
by the addition of a number of tappings conneded to the
coils, for each of the three phases, dlowing for the
introduction of different percentages of shorted turns at
several locations in the winding, as shown in Fig. 7 for the
phase R of the transformer primary winding [2].

A shorting resistor was conneded at the terminals of the
faulty subwinding, whose value was chosen so as to create
an effect strong enough to be esily visualised, but
simultaneoudy big enough to limit the short-circuit current
and thus proteding the test transformer from complete
fail ure when the short is introduced.

Both harmonic magnitudes and harmonic phase angles
of the supply voltages were taken into account in the
conducted simulation study.

For the @ase of the YnynO connedion, a balanced resis-
tor load and 10% of shorted turns in the phase R of the
transformer primary winding, both experimental and simu-
lated primary-side airrents waveforms are shown in Fig
8(a) and 8(b), respedively, which are in relatively good
agreement.

The ocaurrence of primary-side inter-turn short-circuits
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Fig. 6: Equivalent circuit of afault in the middle part
of the primary winding (phase R).
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Fig. 7: Location of the tappings for transformer
primary winding (phase R).

leads to an increment in the magnitude of the airrent in the
affeded winding, as compared to an healthy condition,
which results in an unbalanced system of primary currents.
For this reason, the magnitude of the primary neutra
current (i,1=i+iotis) isaso affected.

In the presence of the primary winding inter-turn short-
-circuits, the seandary side airrrents do not present any
relevant change as compared to the transformer’'s healthy
operation, remaining an approximately balanced three
-phase system (Fig. 9).

For the same aforementioned conditions, the experi-
mental and simulated fault related currents waveforms are
shown in Fig. 10(@ and 10(b). The faulty subwinding
current, i,, is approximately in phase opposition with i,
(Lenz law). The aurrent in the short-circuit auxiliary
resistor, i,, has a higher magnitude than i,, Sincei,=i,- 1.

For the same load conditions and transformer winding
connedions mentioned above, Fig. 11 presents the experi-
menta primary side arrent Park's Vedor patterns, for
several percentages of shorted turns in the primary
windings and for different faulty phases. The primary side
current Park's Vedor pattern, corresponding to the hedthy
operation, differs dightly from the circular locus expeded
for ideal conditions, due to, among ahers, the suppy
voltage harmonic content and the minor reluctance seen
from the central limb, with resped to the lateral limbs[2].

The ocaurrence of primary-side inter-turn short-circuits
manifests itself in the deformation of the supdy current
Park's Vedor pattern corresponding to a hedthy conditi on,
leading to an dliptic representation, whose dlipticity
increases with the severity of the fault and whose major
axis orientation is associated to the faulty phase [2].

The smulated primary-side arrent Park's Vedor
patterns are presented in Fig. 12, which are in close
agreament with the experimenta results of Fig. 11.
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Fig. 8: Primary-side currents waveforms for the ase of an YnynO connec-
tion, a pureresistive balanced load and 10% of shorted turnsin the
primary winding (phase R): (a) experimental; (b) smulated.
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Fig. 9: Secondary-side arrents waveformsfor the ase of an YnynO con-

nedion, a pure resistive balanced |oad and 10% of shorted turnsin the
primary winding (phase R): (a) experimental; (b) s mulated.
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Fig. 10: Fault related currents waveforms for the ase of an YnynO connec-

tion, a pureresistive balanced load and 10% of shorted turnsin the
primary winding (phase R): (a) experimental; (b) smulated.

V. CONCLUSIONS

This paper describes the development and implementa-
tion of a coupled e edromagnetic transformer mode for the
analysis of winding inter-turn short-circuits. The model is
based on the combination of both magnetic and eedric
lumped-parameters equivalents circuits, which allows the
moddling and simulation of the transformer in its natural
tedhnol ogy.

The faults are introduced in the model by dividing the
affeded winding in two parts, which represents the hedthy
subwinding and the faulty subwinding. With this approach,
the primary-side short-circuited turns will act as an
auto-transformer load on the primary winding. The open
structure of the wupled eledromagnetic model is perfedly
compatible with the fault auto-transformer equivalent
circuit, which allows to study these phenomena from a
physical perspedive. Both simulation and experimental
tests results demonstrate the adequacy of the model, under
hedthy and faulty operating conditions.

With the supply current Park's Vedor pattern, it is
posdble to diagnose primary winding inter-turn short-
-circuits faults. The on-line diagnosis is based on
identifying the appeaance of an dliptic pattern, corre-
sponding to the transformer supply current Park's Vedor
representation, whose dlipticity increases with the severity
of the fault and whose major axis orientation is asciated
to the faulty phase.
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Fig. 11: Experimental primary-side airrent Park's Vector patterns for the case of an YnynO connection and a balanced resigtiveload, with several
percentages of shorted turnsin the primary windings and for different faulty phases: (a) phase R; (b) phase S, (c) phase T.
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Fig. 12: Simulated primary-side airrent Park's Vector patterns for the ase of an YnynO connection and a balanced resistive load, with several
percentages of shorted turnsin the primary windings and for different faulty phases: (a) phase R; (b) phase S, (c) phase T.

Further work is currently in progress concerning the
modeling and simulation of the behaviour of threephase
transformers, under the influence of the simultaneous
occurrence of winding faults, unbalanced supply voltages,
unbalanced loads, or even the surroundng presence of
power e edronics equipment. Additiondly, a more accurate
method to determine the subwindings leakage inductances
will be also investigated.
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