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2-D Finite-Element Electromagnetic Analysis of an
Autotransformer Experiencing Ferroresonance
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Mark Osborne

Abstract—The key concern for transformers experiencing fer-
roresonance is whether the energy transferred into the transformer
body during core saturation by the nonsinusoidal currents is dam-
aging. Saturation and the consequent incompetency of the core to
contain the flux manifests itself as current induced in parts of the
transformer body not foreseen to conduct current. Sustained fer-
roresonance may last for minutes (or even hours), when no inter-
vening operations are carried out, and may cause local overheating
and thermally degrade surrounding insulation. In this paper, tran-
sient electromagnetic analysis was conducted by using 2-D finite-el-
ement models of a 240-M VA 400/132/13-kV autotransformer. As a
continuing effort, the main objective of modeling is to visualize the
flux flow in parts where transformer designers have not anticipated
its presence. A quantitative assessment of the flux, the induced cur-
rents, and the power dissipated in these parts has been carried out
to determine the degree of risk imposed on a transformer under
ferroresonance.

Index Terms—Failure mechanisms, ferroresonance, finite ele-
ments, transformers.

1. INTRODUCTION

ERRORESONANCE is a low-frequency phenomenon
F that may occur in a power transformer when one side of
a double-circuit transmission line connected to the transformer
is switched out. The transfer of power from the adjacent en-
ergized line through capacitive coupling into the de-energized
line could excite the unloaded transformer. As a result, the
overfluxing of the transformer leads to lasting ferroresonant
voltages and currents, stressing the disconnector during iso-
lation and more typically affecting control and protection
functions. The worst-case scenario associated with ferrores-
onance would be to prevent circuit operations and possibly
require unplanned double-circuit outages to safely isolate the
distressed transformer [1], [2].

The mitigation of ferroresonance has been a subject of re-
search in the past decades [3]-[5]. Specifically, in the U.K., the
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relay for ferroresonance detection looks for a voltage ratio of
2:1:1 (fundamental mode—50 Hz), as would be theoretically
expected for the worse case [6]. However, in some situations, the
voltage ratio may vary away from 2:1:1, especially for the sub-
harmonic mode case of 16 2/3 Hz. This may lead to the detection
system failing to recognize ferroresonance and consequently,
the transformer core could stay in saturation for a long period of
time; increasing the thermal duty of the transformer insulation.
Alternatively, evidence of the ferroresonance occurrence could
be the Bucholtz alarm/relay, which indicates oil gassing/faults.
However, the Bucholtz alarm, following transformer ferroreso-
nance, would indicate that damage had already occurred in the
transformer and, therefore, it is not acceptable as a preferred de-
tection method.

Over the years, ferroresonance research activities, besides
establishing mitigation measures, have also concentrated their
efforts to predict or confirm ferroresonance occurrence in
susceptible networks. The latter primarily pertains to mathe-
matically adequate transformer models for computer transient
simulations [7], [8]. Nevertheless, the complexity of a trans-
former’s geometrical structure still poses a challenge for
researchers to understand the flux redistribution during core
saturation and the consequent transformer failure mechanism.
It is the authors’ understanding and experience that sustained,
periodic, and high-magnitude ferroresonant currents give rise
to a high magnetomotive force (MMF) which not only corre-
sponds to core saturation but also causes flux to escape from
the core and penetrate other structural parts which are either
normally shielded by the core steel or separated by an insulating
gap sufficient to ensure that the leakage fields under normal
excitation decay to a negligible level.

While a number of wound voltage transformers have
failed due to ferroresonance [1], power transformers directly
associated with ferroresonance have reportedly not failed.
Nonetheless, it is still believed that ferroresonance is a con-
tributing factor to the eventual failure modes by exposing
the transformer’s components to electromagnetic (EM) and
thermal stresses. The impact on these components could mainly
be attributed to accelerated aging and can be estimated through
the power dissipated through ohmic heating.

For the purpose of this paper, the authors have quantified
ferroresonant currents for a 240-MVA 400/132/13-kV auto-
transformer, based on their work conducted in the past [9], [10].
These ferroresonant currents were used as excitation inputs to
2-D finite-element transient EM models of the transformer. The
main objective of this paper rests in the continuing efforts to
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Fig. 1. Electrical steel unisil 35M6 characteristic.

TABLE I
DIMENSIONS AND MATERIAL PROPERTIES OF PARTS
Parts | Dimensions Material | Properties
Tank | Thickness 12mm for
wall and 20 mm for lid
160 mm

R
T- 200 B-H curve
Core m I 30 mm Mild steel | (material defined)
frame 6=6.0 MS/m

-~

40 mm
Core .
bolts 25 mm diameter
Flux Unisil B
shunt 50mm (H)x400mm (W) 35M6 6 =2.0833 MS/m

visualize the flux escape, during core saturation, into the regions
and components other than the core. The losses induced in these
parts (i.e., core bolts, flux shunts, and core frames) are calculated.

II. CHARACTERISTICS OF 240-MVA AUTOTRANSFORMERS

The 240-MVA 400/132/13-kV autotransformer of the Na-
tional Grid has a five-limb core manufactured from transformer
steel Unisil 35M6 with a stacking factor of 0.97. Fig. 1 illustrates
the material’s characteristic curve on a semilog plot. The oper-
ating flux density is designated to be 1.61 T. In the test report,
it is stated that under nominal voltage, the magnetizing current
is measured at the 400-kV side as 0.3 A rms.

The transformer is physically constructed with four concen-
tric windings for each phase (i.e., tertiary, tap, common, and
series windings, taken outwards from the core). The physical
dimensions of the structure (i.e., core limb and yoke, winding,
insulation clearance, and other structural parts) were available
from the manufacturer’s design data. The dimensions of the
parts under specific study in this paper and their relevant ma-
terial properties are tabulated in Table 1.

III. QUANTIFICATION OF FERRORESONANT CURRENTS

Power transformer ferroresonance conditions are illustrated
diagrammatically in Fig. 2. An energized adjacent line (on a
double-circuit tower) is capable of supporting an established fer-
roresonance condition, which may arise between the nonlinear
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Fig. 3. Fundamental mode ferroresonance—phase voltages and line currents.

inductance of the transformer and the de-energized line-circuit
capacitance to ground.

References [11]-[14] have proposed a variety of nonlinear
transformer core models for ferroresonant studies. Nonetheless,
model validations using real-scale test results during switching
operations at 400-kV system networks are rarely reported, ex-
cept in [1], [9], and [10].

Fig. 3 shows the line currents and the phase voltages pro-
duced by simulation under the sustained fundamental mode
ferroresonance. It is noted that from the time of circuit-breaker
(CB) opening to the time steady-state ferroresonance voltages
become sustained, there is a transition period where switching
transient and oscillatory voltages occur. The occurrence of
the sustained fundamental mode or the sustained subhar-
monic-mode ferroresonance is highly sensitive to the switching
times and the losses of the circuit.

National Grid experience suggests that the sustained funda-
mental mode of ferroresonance is the most severe case due to the
high energy transferred to the transformer. For the purpose of
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this study, various switching operations were simulated to quan-
tify the maximum sustained ferroresonant voltages and currents
of the transformer.

In the finite-element simulation, a small time step is neces-
sary in order to accurately model the rapidly changing wave-
form. Unfortunately, the field measurements of voltage and cur-
rent were made only every 1 ms, too crude for use directly in
the finite-element calculation. Instead, they were used to vali-
date an equivalent-circuit-based simulation of a ferroresonance
condition whose output was fine enough to be suitable for use
in the finite-element calculation.

IV. FINITE-ELEMENT MODELING

A. Approximations When Using a 2-D Model

A literature survey reveals that 2-D finite-element models
have been extensively used in assessing fault conditions in elec-
trical machines [16]-[18] and in assessing the effects of geo-
magnetically induced currents (GICs) on power transformers
[19]. However, it should be kept in mind that 2-D models require
some approximations to represent the EM behavior of the trans-
former components. In fact, only 3-D models can accurately
represent the topological arrangement of transformer compo-
nents and consequently their EM behaviours. Although these
3-D models can be built within the slim FEA software [20] of
AREVA T&D, the calculation of the transient time-domain so-
lution, particularly multiple cases or conditions, is restricted by
the current computational power. Therefore, presently, any tran-
sient time-domain analysis is limited to 2-D models.

The authors have utilized a combination of two 2-D models,
namely, the axisymmetric model (Fig. 4) and the transverse view
model (Fig. 5), to carry out their analysis. The fundamental
logic of this approach is that these two 2-D models can respec-
tively complement each other’s limitations, as will be further
discussed, enabling a combined 2-D analysis. Specifically, the
transverse view model is used to establish the level of core sat-
uration under ferroresonance conditions. This information (en-
capsulated in the value of the core permeability) is then trans-
ferred to the axisymmetric model, in which the effects of the
leakage field are calculated.

Bearing in mind that one of the objectives of this study is
to determine the losses induced during core saturation in parts
other than the core, an axisymmetric model is considered to be
an appropriate choice. Fig. 4 illustrates the top quadrant of the
2-D axisymmetric view of one main limb of the five-limb core.
The core, winding, tank, core bolts, flux shunts, and core frames
are topologically accurately represented. However, a disadvan-
tage of this model is that it cannot represent the other two phases
of winding and the other four limbs of the core (five limbs in
total) and, hence, cannot introduce the flux flow perpendicular
to the model—along the yoke or along the flux shunt or core
frame from limb to limb. The model also assumes that all of the
components are cylindrical, which is particularly true for wind-
ings and core limbs but deviates from reality for the tank, core
frames, and flux shunts.

Since the problem is approached in 2-D, an alternative view,
such as the 2-D transverse view, can be introduced in conjunc-
tion with the axisymmetric model. Fig. 5 illustrates the top half
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Fig. 4. Axisymmetric view of the transformer FEM.
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Fig. 5. Transverse view of the transformer FEM.

of the transverse view of the five-limb three-phase transformer.
The transverse view can accurately represent the flow of flux
from limb to limb and from phase to phase. There is, however,
no mechanism for including the core frames or shunts, nor the
tank at its closest proximity to the windings in front of and be-
hind the view of Fig. 5.

The magnetostatic and transient studies on the transverse
view model, as will be presented in Section V, have formed the
means to understand the flux distribution under ferroresonance.
The conclusions from these studies will therefore facilitate the
transient solution of the 2-D axisymmetric model as will be
further discussed.

B. Boundary Conditions

In both models, symmetry conditions were implied on the
bottom half (Fig. 5) and the other three quadrants (Fig. 4) to
reduce the mesh size and solution time. When symmetry condi-
tions are applied [21], various boundary conditions can be con-
sidered. The lower horizontal boundary edge of the models in
Figs. 4 and 5 were left unconstrained. In a magnetic vector po-
tential solution, the unconstrained boundary edge implies mirror
symmetry across this edge. In this way, the equipotential con-
tours of magnetic vector potential will cross the unconstrained
edge perpendicularly. This will ensure continuity of the flux in
the limb. Furthermore, the other edges of models in Figs. 4 and
5 were constrained to a value of zero magnetic potential, im-
plying that no flux will cross those boundary edges.
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C. Finite-Element Mesh

The discretization of the meshes needs to be consistent with a
reasonable solution time, with smaller elements at the inner sur-
face of the components where the field changes most rapidly. In
particular, with reference to Fig. 4, the skin effect was modelled
by subdividing the mesh at the tank inner and core bolt outer
surfaces to 0.25 mm (the skin effect for steel is approximately
1 mm). The discretization of the mesh was designed to enable
the elemental loss (concentrated at the inner tank surface due to
skin effect) to be modelled as accurately as possible.

D. 2-D Finite-Element Model Calculations

The software calculates the winding flux linkage by uti-
lizing the vector magnetic potential, expressed in webers per
meter—flux divided by the length in the direction of the vector
component considered and the current component producing it.
The windings are treated as current sources and are assumed to
be sufficiently finely stranded and transposed so that no eddy
currents are induced in them. The relationship between the
winding flux linkage and average vector potential is given in
[23]. The magnetic vector potential A (in webers per meter) is
related to the flux density by

VxA=B. ey
This expands to
BX:[aAZ_aAy} :{BAI_aAZ} :[aAy_aAI]
dy 0z Y 0z oz i oz dy
2

where A, is then a measure of flux circulating in the z—y plane
per unit length in the z direction.

Although A is a vector quantity in 3-D, it can be conveniently
reduced to a scalar quantity in the 2-D models since a current,
which is assumed to only flow in the z-direction, produces A
(vector potential) in z direction, and x and y components of the
B-flux density.

That is
J=FkJ, and A=FkA,. 3)
From
0B, 0B, 0B,
VxH=J and V.B=0— T4 L 4)

ox Jdy 0z

the Poisson equation in 2-D for the magnetic vector potential in
terms of the source current density, the material properties, and
the variation through space are derived. This equation is solved
in numerical form by the finite-element method
1 [0%A.  0%A,
fhoftr [ dx?  Oy? } '

J. = 4)

Furthermore, within the 2-D magnetic-field solvers em-
ployed, stacking factors are utilized to modify permeability
values in the three Cartesian directions. The user specifies
values of relative permeability for linear materials or BH data
files for nonlinear materials. Consequently, the directional
anisotropy in the core is modeled via stacking factors [24]. For
the purpose of this study, the stack factors utilized are sfy = 1,
sfy = 1, and sf, = 0.97 for the z—y—=z directions, respectively.
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It should be noted, however, that the directional permeabilities
will not significantly influence the leakage flux and in the case
they are ignored, this will give a pessimistic result.

In high-frequency power transformer modeling, more specif-
ically in [25], the authors have used a complex permeability
for representing transformer steels. However, they show that
for a M6 lamination, at low frequencies, the ratio between
real (inductance) and imaginary (resistance) of the equivalent
complex permeabilities is significantly higher than that at high
frequencies. It should be reiterated at this point that ferrores-
onance is a low-frequency phenomenon and most important,
this case study predominantly deals with 50-Hz ferroresonance
waveforms. Since ferroresonance is a low-frequency effect,
iron losses in the laminations can be modeled satisfactorily by
using the manufacturer’s curves, as this paper suggests, and the
effect that they will have on the flux distribution can be ignored.

E. Solution Mechanism

The time-domain magnetic 2-D solver works by performing
a transient solution at each point in time, utilizing the excitation
data corresponding to that specific time instant.

The induced currents are calculated from the differences be-
tween the magnetic vector potentials of the present time step and
the previous time step. If there were no conducting materials,
this process would reduce to a series of magnetostatic solutions
without mechanism or necessity to link them. It is the presence
of induced currents which causes the transient behavior and re-
quires the current solution to depend on the previous ones.

V. STUDIES ON 2-D TRANSVERSE VIEW MODEL

A. Magnetostatic Studies

As a mean to explore the flux in the core under the extreme
excitation conditions, the transverse view transformer model in
Fig. 5 was first calibrated under the normal magnetizing condi-
tion by performing magnetostatic studies. For these magneto-
static studies, the tank was not modeled explicitly, but instead
was represented by a constrained (flux line) boundary. This con-
straint boundary would not allow any flux to escape beyond the
tank inner surface; this is an important approximation when con-
sidering the magnetic conditions in the core.

The 50-Hz magnetising current of 0.3 A rms at the 400-kV
side would produce a peak flux density of 1.61 T, according to
the test reports. The finite-element model produced a peak flux
density of 1.71 T instead of 1.61 T. This discrepancy was due to
the fact that the model ignored all of the small gaps at the joints
of the core laminations, which are unavoidable during core man-
ufacture. To align the model with the practical condition of the
manufactured core, a modelling trick was applied. The magnetic
field strength—H values of the B—H characteristics of Unisil
35M6 were scaled by 1.375 times. Stretching the B—H curve
in this way incorporates the effect of the air gaps (equivalent
to step-lapped joint) inserted across the yokes and outer limbs,
and is one way of calibrating the overall reluctance of the core
model.

Fig. 6 illustrates the time modulus of the flux density dis-
tribution in the five-limb core model at the zero phase angle
under normal magnetizing conditions. Phase R is the reference
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Fig. 6. Flux density (Tesla) in the model under normal magnetizing currents—
magnetostatic study.
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Fig. 7. Flux density in the model under ferroresonant currents—transient
magnetic studies. (a) Flux density—transient magnetic study —1 ms. (b) Flux
density—transient magnetic study —5 ms. (c) Flux density—transient magnetic
study —10 ms.

phase. It is noted that the core flux density was further verified
by performing a time domain solution—injecting a time domain
three-phase magnetizing current (0.3 A).

B. Transient Studies

For Y -connected 400-kV windings, the line current is the
same as the phase current; the ferroresonant current waveforms
of Fig. 3 were used to provide excitation, the amp-turn product
on the 400-kV winding, for the transient studies of the model in
Fig. 5.

Fig. 7 illustrates the core flux density distribution at different
instants of ferroresonance. In all cases, the core limbs and yokes
have high flux densities and tend to saturate partly or wholly.
Specifically, at 10 ms, where all three phases’ ferroresonant cur-
rents are at their peak values as shown in Fig. 3, all five limbs

%j: (W p ) ]
S AT L
LA

Time (ms)

Fig. 8. Zero-sequence currents during ferroresonance 31y = Ig + Iy + I.

of the core are highly saturated as shown in Fig. 7(c). The sub-
plots A and B of Fig. 7 also illustrate evidence of saturation at
the majority of the core limbs. The calculated core flux density
indicates that the highest value of the core flux density is 2.15 T
during transformer ferroresonance.

Referring back to Fig. 3, an approximate ratio of 2:1:1 exists
for the voltages and currents of the three phases, where phases B
and Y are in antiphase with phase R, suggesting that all of the
three-phase limbs would become highly saturated at the same
instant. Moreover, when the line currents of the transformer are
added up, borrowing the steady-state convention 3y = Ig +
Iy + Ip, the zero-sequence current 3l is not equal to zero, as
shown in Fig. 8. This current flows through the neutral as a sev-
enth harmonic with a maximum peak value of 28 A. Acting as
the MMEF, the flux produced by the three phases’ zero-sequence
currents would be in the same direction; this can only mean that
the common flux paths would be either the sidelimbs or the tank.

It is worth noting that the transient studies carried out on
the transverse view model of Fig. 5 describe the core satura-
tion state. When studying Fig. 7, it is a reasonable approxima-
tion to assume that a combination of these conditions applies
to the single-limb model of Fig. 4 (2-D axisymmetric model),
implying that no significant mutual flux exists and that the limb
permeability is mostly low. More specifically, the space average
permeability value for each element of the core at each instant
has been determined; it was deduced that the lowest value of
core limb permeability is 35 at those instants when the ferrores-
onant currents are at their peak values.

VI. TRANSIENT STUDIES ON THE AXISYMMETRIC MODEL

It should be noted that with a heavily saturated core, ne-
glecting the flux returning via the yokes will give a pessimisti-
cally large leakage flux and, thus, a pessimistic value of losses.
The axisymmetric model does not attempt to represent the flux
in the winding window—it is modeling a section at right angles
to the window.

The relative permeability value of 35, deduced from the tran-
sient studies in the 2-D transverse view model, has been sub-
sequently employed to set the core permeability in the axisym-
metric model. This implies that the core is now linearized at the
permeability value corresponding to the highest value of the fer-
roresonance current, determined in the transverse view model.
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Moreover, this axisymmetric model has also been excited by
the amp-turn produced on the 400-kV winding’s ferroresonant
currents of Fig. 3, corresponding to the fundamental sustained
mode of ferroresonance.

The tank was modelled to imply that the current induced in
it could circulate in other parts of the tank not present in the
mesh. This is known as a “global eddy current region” [22]. By
contrast, the core frame and the bolts were assumed to carry
induced currents which were forced to flow entirely in the com-
ponent modelled in the mesh. This is true for the core frame,
since it has no electrical connection to the corresponding frame
on the other side of the yoke. It is also true for the bolts, since
they are individual components and electrically insulated from
other components.

A quantity of air was modeled between the tank and the mesh
boundaries in Fig. 4, to allow for leakage of flux beyond the tank
into the surrounding space. The return path for the core flux is
through the tank and by leakage paths through the air.

By a way of example, a core bolt was modeled at the centre
of the limb, since old transformer designs utilized core bolts in-
stead of insulated bands on the core limb to hold laminations
together. Furthermore a bolt structure exists in the gap between
the tank lid and the tank wall, spaced at certain intervals in prac-
tice. However the 2-D axisymmetric model implies that they are
continuous in the third dimension; therefore, a drastically lower
value for relative permeability p, = 100 was assigned to this
bolt to compensate the approximation imposed on the 3-D struc-
ture in the 2-D model.

It is noted that no conductivity was assigned to either the core
or the flux shunt in the finite-element analysis, since they are
laminated, not bulk materials. However, in order to calculate the
losses in the flux shunt, a conductivity of 2.08 MS/m was used
for the flux shunt at the stage of postprocessing as will be further
detailed.

A. Quantification of Losses

Fig. 9 illustrates the flux paths at different instants of ferrores-
onance. At 1 ms and 5 ms, where the ferroresonant current is
not at its peak value, the flux escaping from the core mostly
passes through the tank. However at 10 ms, when the ferrores-
onant current is at its peak value, a significant amount of flux
escapes from the core and passes through the nonmagnetic re-
gions, where the T-section core clamping frame, the flux shunt
beam, and the tanks tend to have flux concentrations. As far as
the flux shunt is concerned, the magnetizing flux leaving the
core passes through the laminations in the nonpreferred direc-
tion, posing the risk of increased heating.

The finite-element analysis solution was carried out for five
cycles (0-0.1 s) to take the average values and to take into
account the lower harmonics present in ferroresonant current
waveforms. It should be noted that in the simulation, the induced
losses in solid (not-laminated) components were calculated at
each element in Watts per meter (the length in the third direc-
tion), and the total losses were calculated in the postprocessing
by integrating the volume losses over the element area and mul-
tiplying the assumed peripheral length. In the cylindrical (ax-
isymmetric) solution, this is the average element radius multi-
plied by 2.
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COMPONENTS’ LOSSES ENCOUNTERED DURING FERRORESONANCE ACTIVITY

Apparent volumetric

Parts l\’(l\e;:ti(s))s s loss density

(Watts /cm3)
Tank 33563 10
Core frame 3861 36
Tank bolt 17 1.3
Core bolt 420 60

TABLE III

HARMONIC COMPONENTS OF FLUX DENSITY IN FLUX SHUNT

Frequency By (mT) B, (mT)
50 Hz 150 5.5
100 Hz 67 1.5
150 Hz 9.8 0.91
200 Hz 7 0.54
250 Hz 2.9 0.34

Fig. 10 illustrates the variation of the total loss with time and
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TABLE IV
HARMONIC COMPONENTS OF LOSSES IN FLUX SHUNT
Frequency Loss (kW)
50 Hz 9.3
100 Hz 1.86
150 Hz 0.04
200 Hz 0.021
250 Hz 0.0035

Fig. 11 illustrates the loss in the core bolt. The variations of loss
with time on the core frame and tank bolt are similar to the ones
shown in Figs. 10 and 11.

As seen in Figs. 10 and 11, the peak loss occurs for a short
duration corresponding to the peaky ferroresonant current. The
overall loss effect may be better assessed through Table II where
the mean losses and the apparent volumetric loss density for the
components under study are given. “Apparent volumetric loss
density” is calculated by using the mean loss divided by the
volume of the component.

Although apparent volumetric loss density indicates the
overall severity of heating, it is more instructive for any supple-
mentary tangible temperature assessment to utilize the instant
loss density (and its variation with time) in each component
and, in particular, its distribution when considering skin effect.

B. Loss Calculation in the Shunt

Due to the fact that the shunt is a laminated structure, the cal-
culation of the ohmic loss directly in the finite-element solution
is restricted, unless each lamination is modelled explicitly. This
is not possible with the present computational power.

To calculate the losses in a practical manner, it is assumed
that any current induced in the shunt laminations would have
a negligible effect on the flux density around them. The loss
calculation can then be carried out in the postprocessing and
based on the magnitude of the flux density impinging on the
shunt [26].

Table III tabulates magnitudes of the flux density harmonics
obtained by Fourier analyzing the curves of Fig. 12. It is noted
that the y-component of the flux density is the component par-
allel to the laminations, and the loss resulting from this compo-
nent is theoretically available from manufacture’s loss curves.
However, the data available from the manufacturer typically
start at a flux density of 0.5 T. Therefore, it is assumed that the
loss resulting from the flux densities of the order of 5 mT would
be negligible.

As far as the losses resulting from flux density By (which is
the perpendicular component to the lamination) are concerned,
(6) was utilized [26]

2 b .B2WALF
W, = = x 0D, w1

3 ; (W/m?). (6)

W, describes the loss per unit area (W /m?>) per lamination,
b is half of the lamination width (in meters), B, is the root mean
square (rms) value of flux density (T), w is the angular frequency
(in radians per second), p is the material resistivity (in ohms per
meter), and F' is a multiplying factor.

It is noted that the multiplying factor F' is based on the re-
lationship between lamination thickness and skin depth. This
factor is always less than or equal to 1, so by taking it as 1, a
pessimistic estimate would be obtained.

In the case of this, transformer b is 0.025 m and the number
of laminations in the shunt is about 1110. Table I'V tabulates the
losses produced at all harmonic frequencies of By. This results
in a shunt mean loss of 11.4 kW and an apparent volumetric loss
density of 51.7 W/cm3.

C. Discussion and Interpretation of Losses

With reference to Table II, a special note should be provided
for the core bolt, which has the largest apparent volumetric den-
sity; constituting itself the most critically affected part. The rel-
ative small size of the bolt allows the assessment to be based
confidently on just the average losses calculated. It should be
kept in mind that in older transformer designs, the main limbs,
yokes, and any fourth and fifth limbs are held together with core
tie bolts which pass through the whole core stack. These core
bolts can pose a particular danger during core saturation events.
Heat will be transferred to nearby insulating materials by con-
duction and convection, increasing the risk of accelerating insu-
lation aging.
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Nonetheless, asset-management policies should be aware that
if the total energy dissipated in the transformer during ferrores-
onance is low, then this would have to be very concentrated on a
particular part in order to do any damage, whereas a high value
of energy would be a major problem wherever the energy is dis-
tributed in the flux leakage path during core saturation. It should
be reiterated that the figures tabulated in Tables II and III are
based on the losses averaged over the whole component and,
therefore, cannot provide the exact location of the losses’ oc-
currence. An anatomy map that will reveal regions with concen-
trated losses can only be achieved either by field measurements
or by 3-D finite-element modeling.

Finally, it is highlighted that the results obtained for this case
study are very dependent on the accuracy of the B—H curve
employed at high flux densities. There are rarely if ever any
measurements at these highly saturated regions, just extrapola-
tions from lower fluxing. Therefore, the losses deduced in this
paper provide a comparison of the relative losses in the compo-
nents, but as absolute values, they must be interpreted with care,
bearing in mind the effective length of the components (which
can vary for different transformer manufacturers) and the accu-
racy of the B—H curve at high flux densities.

VII. CONCLUSION

This paper presented a 2-D FE transient magnetic study to
evaluate the effects of ferroresonance currents on the ohmic
losses in structural components of the transformer. The sus-
tained fundamental-mode ferroresonance of a 240-MVA 400/
132-kV autotransformer in a double-circuit transmission-line
configuration was used in this study.

Even though no 2-D models are adequate to represent EM
behaviors of transformer components under transient studies,
a set of reasonable approximations has been made in the slim
FEA software to allow modeling of the flux distribution and
part losses in 2-D transformer models, thus assessing the risk
imposed on a transformer due to ferroresonance.

Although ferroresonance is not immediately destructive, the
impact on transformers is mainly due to accelerated aging and
may be estimated through the power dissipated through ohmic
heating during ferroresonance. The losses deduced serve to pro-
vide the scope of relative losses in the parts, as for the absolute
values, they must be interpreted with care, bearing in mind the
effective length of the components.

This paper forms the foundation for more detailed finite-ele-
ment studies to estimate accompanying temperature rises of the
core, structural components, and windings, and eventually to as-
sess the consequential dielectric and thermal impacts on trans-
former insulation.
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