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Abstract
Purpose – This paper aims to propose a method of parametrizing topological transformer model at high
flux densities in the core.
Design/methodology/approach – The approach proposed is based on terminal voltages and
currents measured in a special purpose saturation test whose data are combined with typical
saturation curves of grain-oriented electrical steels; the modeling is carried out in the ATPDraw
program.
Findings – The authors corroborate experimentally the necessity of dividing the zero sequence
impedance between all transformer phases and propose a method of the individual representation of the
legs and yokes. This eliminates the use of nonexistent leakage inductances of primary and secondary
windings.
Practical implications – The presented modeling approach can be used for predicting inrush current
events and in the evaluation of the impact caused by geomagnetically induced currents (GICs).
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Originality/value – The proposed approach is completely original and will contribute to a better
understanding of the transients occurring in a transformer under abnormal conditions, such as inrush current
events andGICs.

Keywords Transformer model, Core saturation, Zero sequence representation

Paper type Research paper

1. Introduction
The ever-growing number of publications on transformer modeling under saturation
conditions, for instance, during inrush current events and geomagnetically induced currents
(GICs), shows that this problem remains far from being solved. Among the reasons for the
appearance of new papers is that any transformer model shows certain inrush currents. This
creates the illusion about the easiness of creating an appropriate transformer model and
often leads to hasty conclusions. It is not seldom when some developers uncritically adopt
well-known transformer models, which obviously do not reflect the physics of the
phenomena in transformers with saturated magnetic system. Typical errors here are the use
of individual (nonexistent) leakage inductances of individual windings and merging legs
and yokes into indivisible core branches (Fuchs and You, 2002; Pedra et al., 2004; Moses
et al., 2010). The latter implies the concentration of transformer zero sequence (ZS)
impedance at the center leg, which always leads to overestimated inrush currents, as will be
shown below.

It would seem that simulation errors should be detected experimentally, but
unfortunately, experiments related to inrush currents are not always trustworthy. This is
due to the influence of the residual core fluxes, the ohmic resistance of the excited winding
(especially in small and scaled-down transformers) and neglected parameters of the supply
network.

The objective of this paper is to extend the discussion of these issues in Zirka et al. (2022),
where a full-scale saturation test (Albert et al., 2021) on a three-phase 50 kVA transformer
was simulated using a catalog-based dynamic hysteresis model (DHM). The concept of the
composite DHM was proposed in (Zirka et al., 2014), while implementation details of the
model are documented in (Zirka et al., 2015a) and (Zirka et al., 2015b) for its static and
dynamic components.

Unlike the complicated modeling approach in Zirka et al. (2022), a direct use of the
saturation test results is proposed in this paper in combination with typical saturation
curves of conventional and high permeability grain-oriented electrical steels used in
transformers (Figure 1), denoted as T74 and T90, respectively, according to the years of
their manufacturing in 1974 and 1990.

2. Topological transformer models and their parameters
Since the models developed in this paper are intended to be used in transient network
simulators, it seems appropriate to create them in the form of electrical equivalent schemes
instead of using notoriously slow finite-element models (Bír�o et al., 2008; Chisepo et al., 2018).
The modeling approach developed in this study is based on the known topological models of
Martínez et al. (2005), Chiesa et al. (2010) and Zirka et al. (2018). Although these studies describe
in detail the structures of transformer models, some questions remain open regarding their
parameters, especially those determining transformer behavior under saturation conditions.

To make the paper self-consistent and explain the uncertainties in model parameters,
magnetic and electric models of a three-legged two-winding transformer are represented in
Figure 2. Hysteretic reluctances of the legs (<A, <B and <C) and yokes (<AB1, <AB2, <BC1
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and <BC2) are shown in the structural transformer model of Figure 2(a). In Figure 2(b),
nonlinear reluctances of the upper and lower yokes are joined into reluctances<AB (¼ <AB1 þ
<AB2) and <BC (¼ <BC1 þ <BC2). The rest of the model reluctances are elements representing
magnetic flux paths in air/oil. Among them, reluctances <12 characterize the leakage channels
between the windings, and each<01 represents the insulation clearance between the inner, low-
voltage (LV) winding and the core leg. Three individual per-phase reluctances <0, which
represent the ZS flux paths, separate the legs and yokes that make the model topological. When
approaching saturation, an increasing part of the core flux closes through <0, resulting in
substantially different magnetic fluxes in the legs and yokes.

In the schematic magnetic model of Figure 2(b), magneto-motive forces F1 and F2 (with
corresponding indexes) represent the inner and outer windings, respectively. Reluctances
<G takes into account the air gaps at core joints.

A duality-derived electric transformer model is shown by elements placed between six ideal
transformers (ITs) in Figure 2(c). The legs and yokes are represented here by the DHM-
inductors from the ATPDrawmenu (Høidalen et al., 2021), which are used in this study as static
hysteresis models (SHM). ResistorsRL are used to adjust the model to themeasured loss. Linear
inductances L of the model have the same subscripts as the linear reluctances < in the
magnetic model of Figure 2(b). Their values are linked by the relationship L ¼ N1

2 / <, where
N1 is the number of turns in the inner LV winding. The 1:1 turn ratio of three IT1 at LV
terminals means that the model parameters are referred to N1 turns. So, the turn ratio n of the
IT2 at the high voltage (HV) terminals isN1/N2, whereN2 is the number of turns in the outer HV
winding. Therefore, r1 and r2 are real (nonreferred) resistances of the LV andHVwindings.

As a part of the ZS flux is closed through the tank and structural parts, associated iron
losses are accounted for by resistors R0 connected in parallel with inductances L0. The
values of L0 and R0 are evaluated using active and reactive powers measured in the ZS test
(Martínez et al., 2005; Zirka et al., 2022).

Leakage inductance L12 is computed from the nameplate short-circuit reactance, then
inductance L01 can be supposed to be equal to 0.5L12 (Chiesa et al., 2010) as a first
approximation. Per phase capacitances C on the HV side are used to reproduce the cobra-
type hysteresis loops observed in the measurements, see Figure 3.

The increase of C rotates the calculated loop anticlockwise, whereas the increase of core
gaps (i.e. decreasing LG) has the opposite effect. The model fitting can be started with
arbitrarily large or absent LG.

Figure 1.
Tested andmodeled

50 kVA transformers:
T74 (left) and T90

(right)
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3. Core parts representations
3.1 Dynamic hysteresis model-based prerequisites for simplified transformer modeling
There are no direct methods for identifying c–i characteristics of the legs and yokes
individually. Therefore, most frequently, the outer legs and adjoining yokes are combined
into indivisible “limbs” whose magnetization curves can be measured using single-phase
techniques described in Fuchs and You (2002). The use of such obtained c–i curves implies
the usage of a transformer model, which has a single ZS branch placed at the center leg. As
shown in Zirka et al. (2022), this model becomes inaccurate as the core approaches
saturation. This is because the yokes are saturated to lower levels than those achieved by
deeply saturated legs. An important caveat made by Fuchs and You (2002) is that the

Figure 2.
Transformer models:
(a) physical structure;
(b) magnetic model;
(c) ATPDraw electric
model of the unloaded
YNyn0 transformer;
(d) electric model of
Phase A applicable to
the saturation test
(only)
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influence of the tank is neglected in the derivations. The latter means neglecting any ZS
paths that, in turn, supposes excitation levels insufficient for deep saturation of the core.

A saturation test with substantially increased single-phase voltages was recently
proposed in Albert et al., 2021. Its idea is to saturate the outer legs (A and C) of the unloaded
transformer by applying equal antiphase voltages (v1A and v1C) to the inner, LV windings of
these legs. To simulate the test in the model of Figure 2(c), switch SB should be open and v1C
(t)¼�v1A (t). In this case, the flux in the center leg B vanishes, which makes Phases A and C
of the core magnetically decoupled. This allows one to consider processes either in Phase A or
Phase C. Taking for definiteness Phase A, the model in Figure 2(c) is reduced to the circuit in
Figure 2(d) where IT1 is unnecessary. As compared to Phase A of the full model in Figure 2(c),
the model in Figure 2(d) produces exactly the same electric and magnetic outputs but is more
convenient for explaining the novel modeling approach.

Following Zirka et al. (2022), the quality of the model in Figure 2(d) is evaluated by its
ability to reproduce the terminal curves c1A–i1A obtained at increased (Vpeak ¼ 420 V) and
rated (Vpeak ¼ 325 V) sinusoidal voltage v1A. When building loops 1 and 3 in Figure 4, the
value c1A is calculated by integrating the difference (v1A–r1i1A), that is, the measured
voltage v1A minus the voltage drop across resistance r1.

In the absence of c–i characteristics of the legs and yokes, the model fitting in Zirka et al.
(2022) was made by using the DHM inductors, which use a list of predefined materials. Key
components of the DHM are a SHM combined with a single-valued saturation curve, which
ends at the level of technical saturation (near 2.0–2.03T). In addition to the brief description in
(Høidalen et al., 2021), it should be mentioned here that the DHM-inductor (Zirka–Moroz L (i)
hysteresis model) allows the users to create their own static loops and the saturation curves.
This makes this element a flexible tool for reproducing B–H curves of arbitrary shape. Other
distinguishing features and advantages of the SHM are described in (Zirka et al., 2014).

Here, a choice should be made between conventional grain-oriented (CGO) steels and high-
permeability grain-oriented (HGO) steels. Figure 5 shows saturation curves of typical HGO and
CGO steels extended beyond the points (1, 2 and 3) of their technical saturation. It can be seen in
Figure 5 that catalog saturation curves of CGO steels M4 and M5 are quite close to each other.
The same situation can be observed in Figure 4 of (Hern�andez et al., 2011), whereB–H curves of

Figure 3.
Measured and

calculated terminal
loops of transformers
T74 (a) and T90 (b)
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CGO steels M4, M5 and M6 are merged at B> 1.6 T. Therefore, for definiteness and due to the
year of manufacturing transformer T74 (1974), conventional grain-oriented (GO) steel M5 was
chosen in Zirka et al. (2022) as a core material.

To reproduce the “rounded” loop 1 in Figure 4 (i.e. the loop measured at Vpeak ¼ 420 V),
the concept of the variable core gap has been implemented in Zirka et al. (2022), where
variable inductances LG were used in the model of Figure 2(c). It was shown in Zirka et al.
(2022) that the flux-current curve of the nonlinear inductance LG has to be found anew for
each new value of the terminal capacitances C. This complicates the fitting of the model with

Figure 5.
Saturation curves of
HGO and CGO steels
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variable LG and makes it advisable to base the transformer model on the measured loop
c1A–i1A.

3.2 Transformer modeling based on the terminal loop c1A–i1A
The c–i curves deduced from voltage-current dependences measured on transformer
terminals are often taken as characteristics of some core parts or even considered as
saturation characteristics of the transformer as a whole, although this term is questionable
in the case of a topological transformer model where c–i characteristics seen from the LV
and HV sides are quite different.

With this in mind, we can still begin the modeling with a simple numerical experiment in
which the measured loop c1A–i1A (Curve 1 in Figure 4) is used to restore B–H loop of the
core material. Following Fuchs and You (2002), there is nothing left but to omit air
reluctances<0 in Phases A and C of the model in Figure 2(a). This merges reluctances of the
leg (<A) and yoke (<AB) into the equivalent reluctance<A-AB of limb A. Using length lA and
cross-section SA of the limb, the c1A–i1A loop is recalculated into the loop Bmeas–Hmeas using
the well-known relationships, Bmeas ¼ C1A/(N1SA) and Hmeas ¼ i1AN1/lA. Here the length of
limb A is the sum of lengths of the leg and yoke, lA¼ llegþ lyoke.

The thus-obtained loop Bmeas–Hmeas is shown in Figure 6(a) by the solid curve 1. It is
remarkable that its tip lies markedly higher than the saturation curve 2 of steel M5 used in
the accurate replication of the experimental c1A–i1A loop in Zirka et al. (2022). Besides, there
is uncertainty about the extension of loop 1 to large magnetic fields that can lead to mistakes
in evaluating inrush currents and GIC effects.

The raised position of loop 1 in Figure 6(a) means that the upper (saturation) part of this
curve represents not only the core steel but also linear inductances of the model. Indeed, if
the core is far from saturation, small inductances L0 and L01 in the model of Figure 2(d) are
invisible compared to large inductances of the leg and yoke. However, when loop 1
approaches its tip, and the magnetic field increases to 2,700 A/m, the relative permeability of
the core steel significantly drops, and inductances of the leg and yoke become comparable to
L0 and L01.

To eliminate the influence of inductances L0 and L01 at large magnetic fields and thus
approach the B–H loop of the core steel, different scalings of the measured loop 1 can be
used. A simplest one is a vertical shrinking of the parent loop 1 using a scale factor ks,
whereby B ¼ ks Bmeas. Here, the value of ks ¼ 0.991 was chosen so that the tip of the scaled

Figure 6.
(a) Measured and

scaled loops of
transformer T74; (b)
dynamic and static

loops
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loop 3 in Figure 6(a) would lie on the saturation curve 2, which is a static catalog curve. To
reduce the dynamic (50-Hz) loop 3 to the static loop Hstat(B), the width of loop 3 is decreased
proportionally to dB/dt, that is, proportionally to the measured voltage vA1. For example, the
ascending branch is formed as k(dB/dt)Hmeas, where the multiplayer k is chosen so that the
coercive field of the loop is equal to 6–8 A/m, which is typical for GO steels. In case the static
loop thus obtained exhibits negative slopes, corresponding segments are changed by
vertical ones. After such correction, the static loop of the core steel of transformer T74 takes
the shape shown in Figure 6(b).

When using the ATPDraw, the ascending branch of the static B–H loop is entered into
the DHM hysteretic inductors (Høidalen et al., 2021), which are reduced to the SHM-
inductors by nullifying coefficient Kloss responsible for classical eddy current and excess
losses. The choice of the user-defined material 0 allows one to use an arbitrary static loop
defined in an external file. One should not be embarrassed by almost vertical static loop in
Figure 6(b) and the slightly tilted dynamic loop in that figure. This inconsistency is then
eliminated by using appropriate capacitance C.

The loops c1A–i1A calculated using the model in Figures 2(c) and (d) are shown by curves
2 and 4 in Figure 4, where lower parts of the larger (420 V) loops are also depicted in the
inset. These loops are calculated for a capacitance C ¼ 0.18 nF, providing the desired slope
of the calculated loop in its middle part. At such a small C, inductances LG should be omitted
in the model. Resistances RL of 2 kX provide the needed width of the calculated terminal
loop in Figures 3(a) and 4. As the loops obtained are close to those calculated in Zirka et al.
(2022), the no-load and inrush currents of transformer T74 are also close to the measured
one.

3.3 The modeling of transformer T90
The core of a newer transformer, T90, was assembled from HGO laminations. Therefore, the
saturation curve of the HGO steel 27ZDKH85 in Figure 5 was used in the model. In principle,
the same technique as before was used for modeling transformer T90. It was found that
different pairs of LG and C provide the negative slope of terminal loop c1A–i1A measured in
the saturation test. It was observed that decreasing C and a corresponding increase in LG
results in increasing the frequency of oscillations superimposed on the calculated loop. The
loop in Figure 3(b) was found acceptable; it was calculated using C¼ 1.2 nF, LG ¼ 3,000mH
andRL¼ 4 kX.

4. The modeling of no-load and inrush currents
The no-load currents of transformer T74 calculated with the model in Figure 2(c) are shown
by solid lines in Figure 7(a). As specified in Subsection 3.2, no inductances LG are required in
the model to reproduce the saturation test results at C ¼ 0.18 nF. Overall, the calculated
currents A and C are close to the measured ones in Figure 7(b), which are asymmetric with
respect to abscissa due to experimental uncertainties. The underestimation of current B in
Figure 7(a) can be related to the fact that no information about behavior of leg B was
obtained in the saturation test (Albert et al., 2021). If the current B peaks have to be
increased, inductance LG of phase B can be introduced in the model. The corresponding
increase in current B obtained with LG ¼ 1,400mH is shown in Figure 7(a) by the dashed
line. The calculated no-load loss (181W) practically coincides with the nameplate loss
(178W).

The calculated inrush currents (solid curves in Figure 8) are in close agreement with
currents (dashed curves) drawn by the unloaded transformer T74 from a public grid. The
closest 315 kVA transformer of the grid and the feeding three-phase cable (200m length)
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were represented in the model by a per phase inductance of 0.09mH and by resistance of
0.137 X. Residual flux densities in legs A, B and C of the modeled transformer were
estimated as BA(0) ¼ �0.2T, BB(0) ¼ �0.1T and BC(0) ¼ þ0.3 T (Zirka et al., 2022). These
values were entered in the DHM-inductors of corresponding legs and yokes.

A smoothing influence of the grid can be seen when comparing the highest current peak
(692A) in Figure 8 with that (1,144A in Figure 9) calculated for the same conditions but
using an ideal, zero-impedance grid.

Another inaccuracy (it is illustrated by the increase of the current peak from 1,144 to
1,681A in Figure 9) is introduced by concentrating the ZS impedance Z0 of the transformer
at its center leg, as made in a wide range of transformer models. To show the fallacy of that
approach and justify the distribution of Z0 between three legs, the standard ZS test was

Figure 8.
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supplemented for the first time with measurements of currents i0A, i0B and i0C in all phase
windings, Figure 10(a). The practical coincidence of these currents in Figure 10(b) validates
the necessity of the even distribution of Z0 accepted in themodel proposed.

5. Conclusion
The presented modeling of two three-phase three-legged 50 kVA transformers is based on
terminal voltages and currents measured in a special purpose saturation test. The terminal
c–i loops are recalculated in effective B–H loops of the gapped core material, taking into
account a typical saturation curve of grain-oriented electrical steel. The B–H loops obtained
are then used in individual hysteretic inductors of the legs and yokes used in the
transformer topological model. The need for the equal distribution of the ZS elements
between all three legs was proven by almost equal ZS currents measured in each phase
winding. The presented measurement-based approach was successfully tested in steady
state and transient regimes of the modeled transformers whose cores are assembled from
CGO and HGO electrical steels. The use of the model proposed for predicting transformer
behavior under DC grid voltages will be demonstrated in subsequent papers.

Figure 9.
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