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Abstract: Most transformer ﬁnite-element electromagnetic analysis is performed in the frequency domain (with an implicit
sinusoidal variation of ﬂux, current and voltage), since the calculation of the transient time-domain solution, particularly of
multiple cases or conditions, is currently restricted by the conventional computational power (especially in three dimensions).
At high levels of saturation, though, core ﬂux can be very non-sinusoidal. Where sinusoidal conditions do not hold, for
example ferroresonant currents, a time-domain solution is normally indicated; however, this article discusses an alternative
methodology for periodic modes of sustained ferroresonance, which can be facilitated in the frequency domain. Speciﬁcally,
the problem is approached by considering the ferroresonance excitation waveforms as a harmonic series. It is demonstrated
that the basic frequency of a sustained resonance condition not only contributes to the overall saturation but also controls the
way the core moves into and out of saturation. All the other frequencies contribute to the extreme of core saturation. The
proposed method is validated through ferroresonance ﬁeld test recordings.

1

Introduction

Ferroresonance is attributed to the interaction between the nonlinear characteristics of the transformer core and the system’s
capacitance. It is a low-frequency phenomenon 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 energised line
through capacitive coupling into the de-energised line can
excite the unloaded transformer. Ferroresonance is primarily
assessed by simulation practices based on analytical techniques,
and which describe the interaction of the power system
components with the transformer model. A comprehensive
overview of the ferroresonance phenomenon with the associated
simulation models is given in [1–3].
Over-ﬂuxing of the core may cause localised ﬂux leakage that
can lead to heating of the tank, clamping frame, tie rods and/or
ﬂux collectors of the transformer. Therefore the determination
of the susceptibility of transformers’ components towards
ferroresonance requires a detailed model that has the direct
beneﬁt of providing visually the excessive losses (quantitatively
and topologically) attributed to ﬂux redistribution during core
saturation. Certainly, the heating of any component has to be
considered when addressing ferroresonance-related effects in
power transformers.
The ﬁnite element (FE) method is applicable to this type of
calculation and steady progress has been made over the years
in its application to problems of practical complexity [4].
One concern when dealing with FE modelling is that there is
no way of satisfactorily representing all the leakage and stray
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ﬁelds within a loaded transformer in 2D (at least, not without
making many, difﬁcult to calibrate, approximations). This is
because the ﬂux in a 2D model can only be in the plane of
the model and this is not a realistic scenario. Nevertheless, a
combination of 2D models can be adequate to assess a
pessimistic scenario in terms of component relative losses
because of ferroresonance, as presented in [5].
However, it is widely accepted that only three-dimensional
(3D) models can represent realistically the detailed topological
arrangement of transformer components and consequently
their electromagnetic behaviour. Such 3D models can be
built within FEA softwares, but the calculation of the
transient time-domain solution, particularly of multiple cases
or conditions, is restricted by the current computational
power (although 2D calculations are made routinely for
simulations of normal operation).
Bearing in mind the restrictions imposed by the complexity
of time-domain simulations in three dimensions, a solution
in the frequency domain is generally preferred; particularly
in the case where the excitation waveform is sinusoidal and
the variation of core saturation through the time cycle is
small [6, 7]. However, where sinusoidal conditions do not
hold, for example ferroresonant currents, a set of modelling
approximations need to be incorporated if the frequency
domain is to realistically assess the ferroresonant conditions.
The ultimate aim of our programme of work is to show that
the leakage ﬂuxes calculated from a 3D frequency-domain
solution can be used to ﬁnd the proﬁle and distribution of
the consequent losses in components such as the tank,
frames, tie rods and collectors under ferroresonance
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conditions. The purpose of the work reported here is more
restricted: to verify that a frequency-domain solution can
accurately model the terminal voltage of a transformer
undergoing ferroresonance. This is a calculation that can be
performed with reasonable accuracy in two dimensions,
since it principally concerns the core where the ﬁeld is,
essentially, 2D.

2

Transformer description

The modelling is based on a 400/275/13 kV autotransformer,
for which ferroresonance ﬁeld test recordings are available.
The core is made out of Unisil steel 27M4. Fig. 1 illustrates
the FE mesh used and Table 1 gives the principal core
dimensions.

4

Core dimensions

core diameter
distance between phase centres
unwound phase centres
leg length
yoke diameter
outer yoke diameter

800 mm
1694 mm
1115 mm
2720 mm
480 mm
320 mm

FE modelling and solver

This paper has utilised the SLIM FEA software [8]. Sturgess
[9] discusses the state of the art of this modelling endeavour
with particular reference to power transformers. The main
analysis in this paper uses the 2D frequency-domain solver,
slim-ne, which models time-varying magnetic ﬁelds using
the complex magnetic vector potential (A) in Cartesian
coordinates. The relationship between winding ﬂux linkage
and average vector potential is given in [10]. All currents,
potentials and ﬁelds are assumed to vary sinusoidally in time.
As the analysis is limited to 2D, the transverse view model
(Fig. 1) is used as it can establish the level of core saturation
under ferroresonance conditions. This is because the
transverse view can correctly represent the ﬂow of ﬂux
from limb to limb and from phase to phase. The 2D model
incorporates the ‘core depth’ factor (deﬁned as the ratio of
the core’s area to its diameter), to ensure that there is the
correct amount of ﬂux in the model. The core depth is used
as a multiplying factor in the voltage calculation. (The FE
calculation in 2D gives ﬂux linkage in terms of volts per
metre in the third dimension. The core depth value is used
to convert the V/m to V.)
The windings of the transformer are treated as current
sources and are assumed to be sufﬁciently ﬁnely stranded
and transposed so that no eddy currents are induced in
them. Directional anisotropy and the laminated nature of the
core are modelled via stacking factors [11].

3

Table 1

Ferroresonance currents imposed

A number of switching tests have been performed on a circuit
conﬁguration which was known to exhibit ferroresonance.
These tests have yielded ﬁeld recordings of two periodic
sustained modes of ferroresonance [12], namely, the

fundamental (50 Hz) and the sub-harmonic (162/3 Hz).
Existing experience suggests that the sustained fundamental
mode (50 Hz) of ferroresonance is considered the more
severe case because of the continuous high energy
transferred to the transformer. With a sub-harmonic
resonance of 162/3 Hz, the induced voltages and currents
are relatively low and therefore the consequent risk to the
transformer is reduced, but not eliminated. The speciﬁc
details of the tests and the subsequent modelling work are
given in [13].
Typical waveforms of the three-phase ferroresonant current
have been selected; Fig. 2 illustrates snapshots (two periods)
of the ﬁeld current recordings of fundamental mode and subharmonic mode ferroresonance, respectively. It should be
noted that these currents are not balanced, that is they do
not sum to zero at every instant in time.
Inspection of the snapshots also shows that the waveforms
are not truly periodic. However, to enable a frequencydomain solution, it has been assumed that the currents
are periodic, which is valid since the magnitudes of the
additional harmonics that arise from the lack of periodicity
are negligible in comparison with the principal ones.

5

Problem

Speciﬁcally, the problem is approached by considering the
excitation (current) waveforms as formed by a harmonic
series, derived from the measured currents by Fourier
analysis. For each Fourier frequency, the harmonic current
at that frequency is applied to the FE model, taking account
of the phase of the current as well as the magnitude.
Following this, the harmonic voltage at each frequency
is calculated from the ﬂux linkages deduced from the FE
model, taking account of the phase of the voltage as well
as the magnitude. Finally, the overall voltage waveform is
reconstructed by summing the time-domain voltages for
each frequency. The overall waveform deduced is validated
against ﬁeld test recordings.
It is worth mentioning that, since ferroresonance is a lowfrequency effect, the iron losses in the laminations have only
a secondary effect in comparison to other losses present
during ferroresonance, such as eddy currents. In the ‘IEEE
Recommended Practice for Establishing Transformer
Capability When Supplying Non-sinusoidal Load Currents’
[14], iron losses are in essence ignored, because of their
relatively small magnitude in comparison to losses in the
coil windings.
5.1 Fourier decomposition of excitation
waveforms

Fig. 1 2D FE mesh for transformer
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Fourier decomposition has been performed on a single cycle
of each phase of the selected current waveforms of both the
fundamental and the sub-harmonic mode ferroresonance. As
far as the fundamental mode case is concerned the time
period chosen was 0.02 s (50 Hz), whereas the time period
641
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Fig. 2 Recorded three phase – ferroresonance currents
a Fundamental mode ferroresonance
b Sub-harmonic mode ferroresonance

chosen for the sub-harmonic case was 0.06 s (162/3 Hz). The
resulting harmonic series is given by
I = I1 cos(vt + w1 ) + I2 cos(2vt + w2 ) + · · ·
+ In cos(nvt + wn )

(1)

Similarly, both the magnetic ﬁeld (H ) waveform (arising
from the current) and the ﬂux density (B) waveform (giving
rise to the ﬂux linkage) can be described as harmonic series

as the ranking is concerned, it should be kept in mind that
ﬂux is proportional to current whereas the voltage is
proportional to the rate of change of ﬂux. Thus, in a
sinusoidally varying system, voltage is related to
the inductance by the product of frequency and current as
given by

V =−

dF
d(LI)
=−
= 2pfLI cos(2pft + g)
dt
dt

(4)

H = H1 cos(vt + a1 ) + H2 cos(2vt + a2 ) + · · ·
+ Hn cos(nvt + an )

(2)

B = m1 H1 cos(vt + a1 ) + m2 H2 cos(2vt + a2 ) + · · ·
+ mn Hn cos(nvt + an )

(3)

To reduce the number of calculations required, it is necessary
to determine the ranking of the harmonic orders so as to select
for computation only those frequencies that signiﬁcantly
contribute to the voltage calculation and the losses. As far
642
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The ranking order was deduced by multiplying the resultant
magnitude of the Fourier coefﬁcients of the current by the
harmonic order, as a surrogate for the frequency. The
ranking by harmonic order can be determined from Fig. 3,
which shows that all even harmonics and the odd
harmonics beyond the 41st and 21st (fundamental and
sub-harmonic, respectively) are negligible. The dominant
harmonics of the fundamental mode ferroresonance are,
in order, the odd harmonics 3rd (150 Hz), 5th (250 Hz),
fundamental (1st) (50 Hz), 7th (350 Hz) etc.
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Fig. 3 Fourier decomposition – resultant current coefﬁcients
a Fundamental mode
b Sub-harmonic mode

5.2 Degree of harmonic contribution to core
saturation
Fig. 4 illustrates one phase of the recorded voltage and current
waveforms for the fundamental mode (50 Hz) and subharmonic mode (162/3 Hz) ferroresonance. The subplots
show that there is a quadrature between the current and
voltage, a peak current occurring at a voltage zero, which is
also the time of maximum rate of change of voltage. Thus,
a peak in the current waveform is associated with a rapid
change in the polarity of the voltage.
For each frequency-domain solution, it is necessary to
specify the permeability distribution that will be used to
link the magnetic ﬁeld and the ﬂux density in the FE
calculation [i.e. the constants m1 to mn in (3)]. Following
the observations made, it was decided to perform a set of
non-linear time-domain tests to determine the degree of
each harmonic’s contribution to the core saturation. The
quantiﬁcation of their contribution, in the light of the core’s
non-linearity, is important.
Fig. 5 illustrates a number of time-domain current
waveforms reconstructed from the summation of speciﬁc
frequency-domain coefﬁcients as determined from the
IET Gener. Transm. Distrib., 2011, Vol. 5, Iss. 6, pp. 640– 649
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Fourier decomposition, see Fig. 3. These time-domain
waveforms, one for each of the three phases, were used as
inputs to the SLIM non-linear time-domain solver, utilising
the 2D transformer mesh, of Fig. 1. Magnetic non-linearity
was treated in the normal manner, through interpolation of
the B/H curve and a Newton– Raphson iterative scheme to
handle convergence to a solution at each time step [15].
The reconstructed time-domain waveforms have been
utilised to study the permeability distribution (m), thereby
enabling the assessment of the harmonic’s contribution
towards core saturation. To do this, the concept of the
space-averaged permeability was devised.
The space-averaged value of the core’s permeability at
each time step in the time-domain solution was found from
a simple average of the permeability of each element
representing the core in the 2D mesh at that particular
instant in time. The result is a convenient, single number
that can represent the degree of saturation of a core under
complex excitation conditions. For this calculation, the core
was excited by all three phase-currents simultaneously.
Fig. 6 illustrates how the space-averaged permeability
value of the transformer core varies over time. Obviously,
the space average permeability of the fundamental (1st)
643
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Fig. 4 Voltage and current ﬁeld recordings
a Fundamental mode – phase R
b Sub-harmonic mode – phase R

harmonic repeats at a frequency of 50 Hz. It is interesting
to note that the space-averaged permeability of the
superimposed waveforms of the fundamental (1st) and 7th
harmonics (Fig. 6b) is almost identical to the spaceaveraged permeability of the fundamental (1st) harmonic.
However, this distribution differs slightly in the maximum
permeability value reached; therefore it is suggested that the
odd harmonics (2n + 1 for n . 3) would mostly contribute
to the overall ferroresonance voltage response at the instants
where the core is out of peak saturation, that is at its
highest permeability.
Similarly, an almost identical average space permeability
at the lowest values can be observed for the superimposed
waveform of the fundamental (1st) and 13th harmonics and
that for the fundamental (1st) harmonic. This suggests that
the fundamental (1st) harmonic dominates the effects of the
13th harmonic on the permeability distribution, especially at
the lowest values that is when the core is at its peak
saturation. Therefore the contribution of any harmonic with
magnitude less than that of the 13th harmonic is practically
negligible. The same principle applies for the even
harmonics, which are of negligible magnitude.
644
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However, the contribution of the two most dominant
harmonics (for the fundamental mode case), that is the 3rd and
the 5th, is evident on the average space permeability of Fig. 6a.
Both cases show that there is a signiﬁcant contribution
of these dominant harmonics at the lower permeabilities,
corresponding to a signiﬁcant contribution to the core’s
maximum saturation. Moreover, both harmonics also
contribute to the maximum permeability that is contribute
to the time instants where the core is out of its peak saturation.
The preceding section analysed the phase R of the
fundamental mode ferroresonance case. Similar time-domain
waveforms were constructed for the other two phases. Fig. 3
illustrates the same pattern in the dominant harmonics of all
the three phases present following Fourier decomposition;
therefore as also veriﬁed, the same principles apply for all phases.
The analysis was also applied to the sub-harmonic mode
of ferroresonance. Fig. 2 illustrates that all three phases of
the sub-harmonic mode ferroresonance scenario are periodic
with a frequency of 162/3 Hz. In addition, Fig. 3b shows
the same pattern in the dominant harmonics of all three
phases present (following Fourier decomposition) for the
sub-harmonic mode as was found for the fundamental mode.
IET Gener. Transm. Distrib., 2011, Vol. 5, Iss. 6, pp. 640 –649
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Fig. 5 Equivalent time-domain waveforms for phase R reconstructed from their harmonics
a Effect of 3rd and 5th harmonic
b Effect of 7th and 13th harmonic

Therefore the time-domain waveforms for this particular
scenario utilise the 0.33rd harmonic (i.e. the mode that
characterises the response) and the superimposed harmonics
described by 0.33n (where n ¼ 3, 5, 7, 9 . . . etc.). The previous
conclusions for the fundamental mode scenario are the same as
the conclusions obtained for the sub-harmonic scenario.
5.3

Core permeability

As stated earlier, the objective of this study is to consider the
excitation waveforms as formed from a harmonic series, with
the non-linear characteristics of the core modelled by a series
of permeability coefﬁcients – the constants m1 to mn in (3).
The simplest choice of coefﬁcient is to make mm ¼ m1 for all
values of m. However, this would give a linear solution (i.e. the
core would have constant inductance), which is clearly not the
case. The next simplest approach is to use two coefﬁcients,
allocating them to different harmonics in some systematic
manner. The analysis performed earlier is now utilised.
Speciﬁcally, the important conclusion of Section 5.2 is
that the current harmonic that describes the mode of
ferroresonance [e.g. fundamental (1st) for the fundamental
case or 0.33rd for the sub-harmonic case], is correlated
IET Gener. Transm. Distrib., 2011, Vol. 5, Iss. 6, pp. 640– 649
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with the core moving into and out of peak saturation (see
Fig. 4). However the dominant harmonic (as determined by
the weighted Fourier decomposition) will contribute the
most to the maximum saturation of the core as well as
contributing to the sudden change of the voltage polarity.
These two effects need to be weighted accordingly (to
account for the conclusions documented in Section 5.2).
Consequently, one permeability coefﬁcient is assigned
to the harmonic that describes the mode of the periodic
sustained ferroresonance, whereas the other coefﬁcient is
associated with the dominant harmonic. It then remains to
be decided which of the two coefﬁcients to use for all the
remaining harmonics.
These harmonics principally contribute to the overall
maximum saturation, although their contribution is, to a
degree, overshadowed by the dominant harmonics. However,
at the point on wave where the dominant harmonic current is
(instantaneously) zero, the higher harmonics can have a
signiﬁcant inﬂuence on the core permeability. For this reason,
they are assigned the permeability of the dominant harmonic.
5.3.1 Calculation of permeability distribution: The
two permeability coefﬁcients are determined from the
645
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Fig. 6 Average space permeability resulting from the interaction of all three phases

equivalent non-linear 2D time-domain study [5, 16]. (The
ﬁeld test results cannot be used as they provide no
information on the core’s overall permeability.)
SLIM’s time-domain model can produce snapshots of
the distribution of permeability throughout the core at each
time step, from which is calculated the space-averaged
permeability of the core as a function of time. As expected,
this varies throughout the time cycle from maximum to
minimum values. Fig. 6 can, thus, be thought of as an
index of the state of the core saturation at any instant or,
alternatively, as a measure of the core’s saturating inductance.
The point in the time cycle when the space-averaged
permeability is a minimum is noted. This can be termed the
point of maximum saturation, and the space-averaged
permeability at this instant can be denoted as mmin . The
point of minimum saturation occurs a quarter of a cycle
later. The space-averaged permeability at this instant can be
denoted as mmax . Then, the model becomes
B = mmax H1 cos (vt + a1 ) + mmin H2 cos (2vt + a2 )
+ · · · + mmin Hn cos (nvt + an )
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(5)

It should be emphasised that this 2D time-domain study,
performed to establish the level of core saturation, would be
used even when the ultimate aim of the overall calculation
is 3D. This is justiﬁed because the variation of the
permeability in the core is, essentially, 2D even when the
leakage ﬁelds are very 3D.
Of course, mmax is a single, scalar value and the
permeability distribution from which it was derived was for
one particular instant in the time-domain solution. This
permeability distribution cannot be used directly in the
frequency domain, as the currents in the two solutions are
not the same, so an equivalent set of frequency domain
currents must be found that will give the same value of the
space-averaged permeability.
A magnetically non-linear, frequency-domain solution is
therefore performed using the fundamental-frequency
currents from the harmonic analysis (I1), and the space
average permeability is found for this condition: m1 . The
magnitudes of the individual phase currents in this
frequency-domain solution are then adjusted (by a common
factor, k) until the resulting space-averaged permeability is
the same as that found from the time-domain solution at the
point of minimum saturation, that is mmax = m1 (k I1 ). The
IET Gener. Transm. Distrib., 2011, Vol. 5, Iss. 6, pp. 640 –649
doi: 10.1049/iet-gtd.2010.0233

www.ietdl.org

Fig. 7 Relative permeability patterns
a Fundamental mode scenario
b Sub-harmonic mode scenario

core permeability distribution in this condition forms the
ﬁrst permeability coefﬁcient of (5); the corresponding
permeability pattern is shown in Fig. 7a (fundamental mode
scenario). For this calculation, the core is excited by the
fundamental Fourier components of the individual phase
currents (which are not balanced) and this gives rise to a
partly saturated core pattern.
It then remains to ensure that all remaining harmonics
contribute to the overall core saturation, by associating them
with the permeability distribution of a highly saturated core.
In order to do this, the exercise described above is repeated
(still with the fundamental-frequency components of
current) but this time, scaling the excitation of the
frequency-domain solution until the resulting space average
permeability is equal to mmin . The core permeability
distribution in this condition forms the second permeability
coefﬁcient of (5), the corresponding permeability pattern is
shown in Fig. 7a (fundamental mode scenario).
Consequently, Fig. 7 illustrates the core’s relative
permeability patterns corresponding to the non-linear
studies in the frequency domain, for fundamental and
sub-harmonic modes, respectively. For the sub-harmonic
scenario, the magnitude of the 0.33rd harmonic was used to
set the maximum permeability coefﬁcient, as described
above, that is mmax ,0.33 = m0.33 (k ′ I0.33 ).
IET Gener. Transm. Distrib., 2011, Vol. 5, Iss. 6, pp. 640– 649
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Fig. 8 Comparison – fundamental mode
a Phase R
b Phase Y
c Phase B

It is evident in subplots B in both fundamental and subharmonic scenarios that the core is highly saturated since
the permeability is mostly low. By contrast, subplots A of
both scenarios illustrate that the core is only partly
saturated. This is expected in the periodic ferroresonance
scenarios: when the line currents of each case of Fig. 2
are added up (borrowing the steady-state convention,
3I0 ¼ IR + IY + IB), the zero sequence current 3I0 is not
equal to zero. This zero sequence current in both scenarios
is signiﬁcantly larger than the magnetisation current and
drives the core into saturation, when the transformer is
unloaded.
By this means, the core of the frequency domain model is
calibrated using the space-averaged permeability, setting
the overall core impedance at an appropriate value for the
subsequent leakage ﬁeld calculation.
5.3.2 Implementation of the proposed method:
Having established the saturated permeability distribution
647
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Consequently, the periodic voltage waveform is constructed
from the summation of the individual frequency
components, each derived from a ﬁnite-element study in the
frequency domain.

6

Validation of the methodology

The validation of the principle described is achieved through
comparing the summation of the time-domain voltages for
each mode of resonance with the voltage ﬁeld recordings.
Fig. 8 illustrates a comparison between the ﬁeld test results
and the equivalent summed time-domain voltages derived
from their frequency-domain magnitude, frequency and
phase. The ﬁgures correspond to the three phases of the
fundamental mode ferroresonance. Fig. 9 illustrates the
same comparison for the three phases of the sub-harmonic
mode ferroresonance.
The calculated results show a slightly higher harmonic
content (3rd and 5th harmonics) in the voltage waveform
than the measured ones do. The harmonic voltages are
derived using the second permeability coefﬁcient mmin and
the results suggest that there could be modelling
uncertainties in the behaviour of the B/H curve at the highest
ﬂuxing levels. Unfortunately, there are no measurements at
these highly saturated regions, just extrapolations from lower
ﬂuxing, that we have to depend on. The similarity of the
calculated and measured voltages shows that, by using the
concept of the space-averaged permeability to select two
permeability distributions, the terminal voltage can be
accurately modelled. The ﬁrst permeability distribution is
related to the fact that the frequency that describes the
sustained resonance condition not only contributes to the
overall saturation but also controls the way the core moves
into and out of saturation. The second permeability
distribution is related to all the other frequencies which
contribute to the extreme of core saturation.

7

Fig. 9 Comparison – sub-harmonic mode
a Phase R
b Phase Y
c Phase B

using the fundamental-frequency currents, it is then employed
in a series of harmonic studies using each of the higher
harmonic currents (found in Section 5.1) in turn.
The terminal voltage of a transformer undergoing
ferroresonance is modelled by summing the weighted
contribution of each of the individual harmonic
components. As shown by (4), the voltage is proportional
to the rate of change of ﬂux. Thus, voltage is related to the
weighted inductance (which is a function of the weighted
permeability coefﬁcients) by the product of frequency,
which in essence, describes the core’s impedance. This is
illustrated by
V =

n


2p fk Lk Ik

(6)

k=1

V = Z1 IF1 cos (vt + w1 ) + Z2 IF2 cos (2 vt + w2 )
+ · · · + Zn IFn cos (n vt + wn )
648
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(7)

Conclusions

This paper discusses a means of facilitating a frequencydomain FE electromagnetic analysis of an autotransformer
experiencing sustained modes of ferroresonance. The need
to develop such a methodology arose from the fact that
the 3D time-domain solution that would normally be
considered to be necessary is currently not computationally
affordable because of the problem’s size and complexity.
In this paper, it has been shown that it is possible to use
the measured current waveform to establish two permeability
distributions that represent the states of maximum and
minimum saturation of the core during the sustained
ferroresonant condition. The current waveform is then
decomposed into its frequency components and they are
applied individually to the core, along with the appropriate
permeability distribution, in a series of frequency-domain
analyses. Finally, the frequency-domain solutions are
summed to give the corresponding ferroresonance voltage
response. This has been achieved through the fact that
the frequency of a sustained steady-state ferroresonance
condition not only contributes to the overall saturation but
also controls the way the core moves into and out of saturation.
The method was applied to two sustained modes of
ferroresonance, namely the fundamental (50 Hz) and
the sub-harmonic (162/3 Hz), and the calculated voltage
waveforms were found to be comparable with those
measured in ﬁeld tests. This clearly suggests that the ﬂux in
the model is correctly distributed within the transformer
IET Gener. Transm. Distrib., 2011, Vol. 5, Iss. 6, pp. 640 –649
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core, conﬁrming the validity of the model and the
assumptions made.
It is worth noting that the modelling/validation procedure
that has been described for the 2D case can, in principle,
work equally well without need for alteration for a 3D
calculation. Consequently, it is therefore possible to
construct a 3D frequency-domain model that can provide
information about the distribution of energy and losses
because of the high ﬂux leakage in a transformer
undergoing periodic ferroresonance, avoiding the need for
a very time-consuming time-domain analysis.
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6 Guérin, C., Meunier, G.: ‘Surface impedance for 3D non-linear eddy
current problems – application to loss computation in transformers’,
IEEE Trans. Magn., 1996, 32, (3), pp. 808–811
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