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Abstract

The paper describes capabilities of a topological model of three-phase, five-limb transformer to

accurately re-present its response when subjected to geomagnetically induced currents. The model

is validated by close agreement of the predicted values and waveforms of the currents, voltages,

and reactive power with those measured in tests performed on two 400 MVA transformers
connected back-to-back and to the Fingrid power network. Results demonstrate the importance of
incorporating the network representation and dispel some misconceptions about the influence of

the hysteretic properties of the core and tank in modeling five-limb transformers.
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1. Introduction

To reduce the height of large three-phase transformers and to avoid
tank heating problems due to zero sequence flux, the five-limb core
design can be preferable over the three-leg construction. At the same
time, the latter advantage makes the five-limb transformers more vul-
nerable to geomagnetically induced current (GIC) than their three-limb
counterparts [1,2]. This explains the attention continuously paid to
studying five-limb transformers under GIC impact by means of circuital
and finite-element models [3-7]. While all these works have con-
tributed to understanding transformer operation under the dc bias,
most of them do not contain sufficient or any information about ex-
perimental details and the model verification. In this regard, the
widely-referenced experimental study in Ref. [8] remains among the
most informative data source, waiting for explanatory model.

An attempt to duplicate the experimental results of Ref. [8] has been
recently undertaken in Ref. [9], however with the use of an unnecessary
complicated model and with deviations from the experimental condi-
tions in Ref. [8].

The aim of the present paper is to show the capabilities of a duality-
derived electrical model created on the basis of conventional magnetic
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circuits [10-14]. A particular emphasize is made on the model behavior
in saturation, where the validation of topological models remains a key
issue and further research is needed [15]. When filling this gap, we also
show that the model quality can be improved by accounting for the
experimental conditions, which were not properly analyzed in previous
studies.

The fact that under the GIC conditions all core legs and yokes reach
saturation, makes the five-limb transformer a convenient object for
studying the off-core flux paths and tank influence. An earlier discus-
sion on this issue can be found in Ref. [10, p. 206]. So the present study
may be useful in choosing the tank representation in many other ap-
plications of five-limb transformers with saturated core. We also dispel
some misconceptions about the influence of hysteretic properties of the
core in modeling transformer behavior under GIC conditions.

2. The back-to-back GIC test

The experimental setup in Fig. 1 consists of two similar YNynOd11
400/400/125 MVA full transformers, T1 and T2, with rated voltages
410/120/21kV. The medium-voltage (MV) 120-kV windings are
nearest to the core, the HV 410-kV windings are in the middle, and the
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Network
V=410 kV

Fig. 1. Scheme of the GIC test in Ref. [8] referred to below as Configuration 1.
The arrows show the reference directions of the measured currents.

outermost are the low-voltage (LV) 21-kV delta-connected windings.
The turn numbers Ny;, Ny, and Ny, in these windings of transformer T2
are 224, 766, and 68. The core geometry of this unit is given in Table 1
of the Appendix where the length of the end (outer) limb includes the
lengths of the end leg and two end yokes. Transformer T1 has 11 per-
cent less cross sections and, respectively, larger turn numbers.

The no-load active and apparent power of the older transformer T1
are: P; = 172kW and S; = 585kVA. The newer unit T2 is character-
ized by P, = 100 kW and S, = 120 kVA.

The important elements of the setup are grounding capacitors C,
which ensure a parallel connection of the high voltage (HV) windings of
both transformers to the power network and their series connection
with the dc voltage source (welding generator G). The welding gen-
erator G serves to inject the dc biasing current I4. into the HV neutrals
of both T1 and T2, thus providing the dc currents I4./3 in each of the
HV windings. The shunt capacitors C form the ac earthing of the
transformers and isolate the generator G from earth. Two voltage di-
viders and three current transformers are to monitor the variables de-
signated in Fig. 1. A summary of other transformer data and measure-
ments can be found in Ref. [8].

A distinguishing feature of the field tests at the Toivila substation
[8] is a high dc current (I4. = 200 A) attained in the neutrals of both
transformers when each of them consumed reactive power of 55 Mvar.
So, in this paper, we mainly consider the records made in this very
regime [8]. Their representative examples are the waveforms in
Figs. 2(a) and 3(a), which show the currents in the HV windings of
transformer T2 (currents it in Fig. 1) and the total currents drawn by
both transformers from the network (currents iy, in Fig. 1).

For comparison, Figs. 2(b) and 3(b) show the corresponding wa-
veforms calculated with the model described in Section 5.3. The paper
outlines the way to obtaining these realistic results. In particular, in
Sections 3 and 4 we detail the transformer model, and then in Section 5
we explain the importance of accounting for the experimental en-
vironment.

3. Topological transformer model

The magnetic circuit of the transformers considered is shown in
Fig. 4. Each element of the circuit can be found in the models of three-
and five-limb transformers with two- and tree windings [10-14].

Specifically, the MMFs Fy;, Fy, and F;, represent the MV, HV, and LV
windings. The innermost channel Leg-MV and the equivalent leakage
channels MV - HV and HV - LV are characterized by the linear re-
luctances Ro1, Ri2, and Ro3 respectively. The negative (fictitious) re-
luctances R;, are added to match all three leakage impedances [11].

Linear reluctances Ry3 represent the flux paths from yoke to yoke,
which are beyond the windings. Reluctances Ro4 are for fringing flux
paths in parallel to the yokes. Reluctances Ry = g/(HoSieg) take into
account the air gaps g at the core joints, which are related to the legs
with cross-section Seq.

The magnetic flux paths in the core are shown as solid rectangles,
which represent the legs (elements R,, Ry, R.), yokes (R, and Ry,.) and
the end limbs (R4 and Ry).

The electrical (duality-derived) equivalent of the model is shown in
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Fig. 2. (a) Measured and (b) calculated phase currents of transformer T2.
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Fig. 3. (a) Measured and (b) calculated currents in the network.

Fig. 5 between the nine ideal transformers (ITs). The linear inductances
L in Fig. 5 are indexed with the same symbols as the linear reluctances R
in Fig. 4, and L = Nj/R. The seven hysteretic elements are the ATP-
Draw implementations of the dynamic hysteresis model (DHM) [16]. In
the comparative study in Section 6, the core branches will also be
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Fig. 5. Electrical model of the three-winding, five-limb transformer.

represented by nonlinear lossless inductors.

The 1:1 turn ratio of three ITs at HV terminals points out that the
model parameters are referred to Ny turns. So, the turn ratios n of the
ITs at MV and LV terminals are Ny/Ny and Ny/N, respectively.

The star-connected inductances Lq», L3, and L, are used to re-
present the short circuit reactances of T2 provided in Ref. [8]. The
percentage reactances [8] yield the following leakage inductances re-
ferred to the HV side: Lg;» = 263.5 mH (between HV and MV wind-
ings), Lsa3 = 540.4 mH (between HV and LV), and Ls;3 = 877.5 mH
(between MV and LV). To match these three values, the negative in-
ductance L, is calculated as (Lsi2 + Lsas — Ls13)/2 [13], then
Ly = Ls12 — Ly and La3 = Lgp3 — Ly,

The winding resistances r;, rp, and r3 are brought outside the in-
ductive part of the model in Fig. 5. Their values in T2 are 0.34 Q,
28 mQ, and 16 mQ respectively. Resistances of T1 are 30% greater.
Resistances Ry = 10°Q make the MV windings effectively open-
circuited and the delta LV windings unloaded [8].

In the absence of winding design, inductance Ly; of the innermost
channel Leg-MV can be related to the leakage inductance Lg;, of the
next channel MV-HV. Following Ref. [12], the ratio kg; = Lo;/Ls12 can
be evaluated by the insulating clearances of these channels, which are
proportional to the voltages across the channels. Taking into account
the zero potential of the core, ko; = Viy/(Vyg — V) = 0.413.

The role of inductances Ly4 was explained in Ref. [13]. Since the
modeled five-limb transformers have reinforced yokes (Ayoke = 0.6 Ajeg),

the variation of Lo4 in the range [0, Ls;o] does not affect the model
behavior, and Ly, was set equal to Lg;». The elimination of L4 does not
visibly alter Figs. 2(b) and 3(b), and the change in Q, is less than
0.18%.

So, the value of Los is the only fitting parameter of the model.
Similarly to Lo; and Lo, it is related to Lg;5 by the ratio kg3 = Lgz/Lsi2-
In general, all three inductances Lo3 can be chosen individually, but for
simplicity, they are assumed to be the same. It should be noted that the
off-core fluxes, characterized by Los, have complicated paths and
cannot be evaluated analytically. The only consideration on a rough
estimation of Los (expressed as koz X Lg;2) is that the off-core part of the
zero-sequence flux is distributed over the whole tank volume. This
volume has much greater “cross-section area” than the leakage channel
HV-MV and hence much lesser reluctance Rgs. As Ly = ]g /Ry3, in-
ductance L3 is expected to be an order of magnitude larger than Lg;5.
The iterative choice of ko3 = 14 for transformer T2 and ko3 = 10 for T1
is explained in Section 5.3.

As in many practical cases, it was not possible to determine the
material of the core, so it was first assumed that the cores of both
transformers are assembled from grain-oriented (GO) steel 27ZDKHS85.
Then it was observed that the same results (the ones presented in the
paper) are obtained when using AK steel H1 in transformer T1 and steel
27ZDKHS85 in the T2 unit (the DHM-inductors of both these steels can
be taken at Ref. [17] or in the current version of EMTP-ATP [18]).

The lengths and cross-sections of the core legs and yokes are listed
in the Appendix. At the rated voltage, peak flux densities in the legs,
yokes, and the end limbs of both the transformers are 1.674 T, 1.636 T
and 1.443 T respectively.

4. Modeling technique

The initial stage of the modeling is the fit of the transformer models
to the values of P;, S; and Ps, S, specified in Section 2. As proposed in
Ref. [14], the model fitting to the measured no-load losses (P; and Ps) is
carried out by choosing the coefficient Kj,ss of the DHM, which controls
the classical and excess losses of the steel employed. The reactive and
hence apparent power in the no-load regime and in the absence of GIC,
is fitted by changing the core air gaps g and, if necessary, by introducing
transformer capacitances. We do not dwell on these details, because, as
shall be shown below, the losses of the nominal regime do not practi-
cally influence the transformer behavior under large GICs.

Regardless of the network configuration considered in Section 5, a
three-phase voltage with ramped amplitude is initially applied to the
model to perform its accurate initialization. As a result, symmetrical
flux densities are established in the legs of both the transformers.

To observe dynamics of GIC events, it is supposed that a step voltage
of the generator G in Fig. 1 is switched on at t = 2s. The following
transient is illustrated in Fig. 6, which shows a growth in winding
currents and the reactive power Q, consumed by transformer T2,
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Fig. 6. Calculated RMS currents in phases B and C of transformer T2 and the

reactive power Q, consumed by T2 during the transient.



calculated for two values of the internal resistance R; of the generator.

The curves in Fig. 6 are obtained for transformer T2 using the model
Configuration 3 described in Section 5.3. It should be noted that it was
not difficult to reproduce only the reactive power Q. It was more dif-
ficult to reach simultaneously the measured (i) reactive power Q
(55 Mvar), (ii) the RMS currents, (iii) the current waveforms in trans-
formers and grid, and (iv) the on-site bus voltages (their average value
was about 404 kV). To explain the difficulties and describe the way to a
proper model, three model configurations are considered successively
in Section 5.

5. Model configurations
5.1. Configuration 1

The first model configuration attempted in the modeling was
Configuration 1 shown in Fig. 1. The power network in Fig. 1 is re-
presented by an ideal voltage source, and transformers T1 and T2 are
modeled by the circuit in Fig. 5 used through the whole paper.

The nominal value of the shunt capacitors C has not been docu-
mented, but this is not an influencing parameter if C > 100 pF. The
value of I4. is determined by the e.m.f. E4. of the generator G, its in-
ternal resistance R;, and resistances ry; and rp; of the HV windings of
transformers T1 and T2: Ig. = Eq./(R; + r11/3 + 121/3).

The typical current waveforms in Transformer T2 calculated with
the use of Configuration 1 are shown in Fig. 7. They are similar to those
in Ref. [3-5], but are qualitatively different from the measured currents
in Fig. 2(a).

5.2. Configuration 2

A pragmatic measure to obtain plausible currents drawn from the
idealized power network was found by one of the co-authors (D.B.) and
then used independently in [9]. This artificial measure is to substitute
capacitors C in the scheme of Fig. 1 with large resistances, which only
serve to avoid the floating circuit. The current waveforms calculated in
the absence of capacitors C and for the idealized 410-kV network are
shown in Fig. 8.

The currents in Fig. 8 and similar waveforms in [9] outwardly re-
semble the measured currents in Fig. 2(a), but we should stress that
they were obtained using the model configuration different from that in
the actual test [8].

All attempts to improve the waveforms in Fig. 7 when keeping the
idealized network and grounding capacitances were unsuccessful. In
particular, no effect was observed from introducing submodels of the
tank and shields proposed in Refs. [14,19]. This pointed out that the
accurate modeling of the experiment in [8] requires not only a reliable
transformer representation, but also a suitable model of the feeding
network. This also follows from the fact that the voltages measured
across the phases A and C of the transformers are some 0.5 percent
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Fig. 7. Phase currents of transformer T2 calculated for Configuration 1.
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Fig. 8. Phase currents of T2 calculated in the absence of grounding capacitors.

lower than the phase voltage B. This fact can be explained by the higher
line currents A and C, seen in Fig. 3, and thus higher voltage drops
across the corresponding network impedances.

5.3. Configuration 3

A way to improve the modeled waveforms was found in using the
model Configuration 3 (Fig. 9), which takes into account the positive
(Z1) and zero-sequence (Z,) impedances of the network. It can be seen
in Fig. 3 that the fundamental frequency of each of the network currents
is 50 Hz. In addition, in accordance with Fingrid evaluations at the time
of the test [8], the per phase impedance Z; rises (up to the 5th har-
monic) almost linearly and can be represented by R; = 10.54 Q and
L, = 181.3mH.

To specify Ry and Ly, the current in these elements should be ex-
amined. It was observed that irrespectively of the presence of Ry and
Ly, i.e. in both Configuration 1 and Configuration 3, the third (150 Hz)
harmonic is dominant in the neutral current of the power network. That
is because, in the back-to-back configuration considered, the current
returning to the remote generator is the sum of currents in the neutrals
of T1 and T2, and both of them are sums of three strongly asymmetrical
(phase) currents shifted by 120 degrees. This causes three positive and
three negative peaks in the neutral current waveform over a period, as
illustrated in Fig. 10, showing the current during two periods of supply
voltage (0.04s).

The dominance of the third harmonic is also corroborated by a
Fourier analysis, and can be seen in Fig. 10 at both 100 and 200 A dc
currents in the transformers’ neutrals. This points out that the zero-
sequence impedance Zgs) of the network at the third harmonic should
be used in evaluating Ry and Ly. According to the mentioned Fingrid
evaluations, Zos) = 748.7 exp(j66.3°) = Ro(s)y + j2nf3 Locs). This means
that Ro(g) =300.7Q and Lo(g) =727.5mH should be wused at
f3 = 150 Hz. Using the generic formula for ground-return impedance,
Zn = (Zo — Z1)/3 [20], the following network parameters can be used
in Fig. 9: Ry = 96.7 Q and Ly = 182.1 mH.

If the solver employed has a standard s-equivalent of the network,
the values of Ry, L1, Rocs), and Loy are entered directly into the window
of this component, and the elements Ry and Ly are omitted in the model
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Fig. 9. Model Configuration 3 seen from Toivila substation. The boxes T1 and
T2 contain transformer model within the dashed box of Fig. 5.
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Fig. 11. Influence of parameter ko3 on the phase currents and the reactive
power Q, of transformer T2 calculated for the model Configuration 3.

Configuration 3.

The elevated source voltage (V = 416 kV) is to compensate for the
voltage drops over the network and provide the voltage (=404kV)
measured across the modeled transformers at 200-A GIC.

The choice of factor kg3 entering the relation Loz = ko3 Lg12 is illu-
strated in Fig. 11, which shows the current of phase B and current peaks
of phases A and C of transformer T2. The first point to note is the fact
[7] that neglecting inductances Los (at ko3 = 0) leads to substantial
underestimation of the actual currents. The ko3 = 14 chosen for T2
provides a trade-off between the required (measured) reactive power
Q- and somewhat overestimated negative peaks in the calculated cur-
rents in Fig. 2(b).

It should be noted that the waveforms of the three-phase currents
it1, that flowed in the HV windings of T1, were not recorded in the
experiments [8]. Therefore, the value of kg3 for transformer T1 was
chosen relying on the waveforms of the measured network currents,
Isum = i1 + it9, designated in Fig. 9. A close examination of Fig. 3(a)
reveals a small asymmetry in the measured currents ig,,: the magni-
tudes of all the negative peaks are somewhat greater than those of the
positive ones. To reproduce this asymmetry in the calculated wave-
forms of Fig. 3(b), the ko3 = 10 was used in transformer T1.

The waveforms of the currents iy, and ig,, calculated for these
parameters of Configuration 3 were shown in Figs. 2(b) and 3(b), which
agree quite well with the measured currents in Figs. 2(a) and 3(a).

The found values of ko3 for T1 and T2 correspond to 2.0 and 2.8 per
unit (pu) inductances Loz on the transformer base ratings. It is re-
markable that these pu values are in accordance with Lyz = 2.7 pu (or
500 mH per phase) in the model of a 300 MVA five-limb transformer in
Ref. [7]. So the value of Lys in the range of 2-3 pu may be used in the
absence of any data measured at high flux densities in the core.

The growth of the RMS currents in the HV windings B and C of
transformer T2, as well as the reactive power Q,(t) consumed by this
unit, are shown in Fig. 6 in which three upper curves are calculated
supposing that the resistance R; of the generator G is 0.1 Q. To show the

240
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Fig. 12. RMS phase voltages of the HV bus calculated with Configuration 3.

influence of R;, the lower curve Q- in Fig. 6 is calculated at R; = 0.01 Q.
The visible delay in rising Q, at smaller R; is also repeated in the rise of
all voltages and currents of the model. Qualitatively the same effect
takes place when decreasing resistance r3 of the tertiary winding [21].

Irrespective of R; and r3, the calculated RMS currents in Fig. 6 reach
108 and 124 A, which are close to the measured values of 110 and
125 A (for phases B and C respectively). The steady state reactive power
Q. is 54 Mvar that is also close to the measured 55 Mvar.

The transient phase voltages of the HV bus, calculated with
Configuration 3, are shown in Fig. 11. After a drop between approxi-
mately 10th and 40th seconds, the RMS voltages of phases A, B, and C
are leveled off at the values of 232.5, 235.4, and 232.3 kV, approaching
the voltages (232.8, 234.3, and 233.1 kV) measured by divider D1 in
Fig. 1.

The changes in behaviors of the voltages, currents, and reactive
power Q after t = 10 s (they can be seen in Figs. 6 and 12) indicate that
the core legs begin to saturate as shown in Fig. 13(a). It is better to
describe the saturation process in terms of flux densities and B-H curve
for which the value of 2 T is a saturation level typical for majority of GO
steels.

Figs. 13-15 show that flux densities in the core legs and yokes have
substantially different waveforms. It is remarkable that the end limbs D
and F are saturated non-simultaneously, and there is no point of time at
which flux densities Bp and Br in these limbs drop below —2T si-
multaneously. This shows that the zero-sequence flux closes its path
mainly within the core and explains why there is no need for a detailed
tank model when the five-limb transformer is considered as network
element.

Fig. 16 illustrates the behavior of the model Configuration 3 at half
of the dc currents in the neutrals of T1 and T2 (I3, = 100 A). In ac-
cordance with Fig. 6 in Ref. [8], the reactive power and all the current
values are also about half the values calculated at I3, = 200 A. In par-
ticular, the RMS values of the currents in Fig. 16(a) are 66.5, 56.4, and
67.0 A; the reactive power Q. reaches 27.8 Mvar at the end of the
transient.

6. Analysis of modeled results

In the beginning of this section, we use the model Configuration 3
(Fig. 9) to check the calculated “hysteresis loop” in Fig. 10 of Ref. [8],
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Fig. 13. (a) Transient and (b) steady-state flux densities B, in the legs C of
transformers T1 and T2 calculated with Configuration 3.
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transformer T2 calculated with Configuration 3.
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Fig. 16. (a) Steady-state phase currents of transformer T2 and (b) the reactive
power Q, consumed by T2 during the transient calculated for 100-A dc current
in HV neutrals.

which was calculated for transformer T1. That loop was built in co-
ordinates B. — NI where flux density B, was calculated by integration of
the voltage across the open-circuited terminals of the innermost
(120 kV) winding C of T1 (with subsequent dividing by the leg cross
section), while NI is the sum of instantaneous ampere-turns of the
middle (410kV) winding of phase C (Ny i».) and the outermost (delta-
connected) winding of T1 (Ny, i3). So, NI = Ny ip. + Ny is.

It can be seen in Fig. 17(b) that the peak-to-peak swing AB. of this
“peculiar” loop is overestimated in Ref. [8] where the difference be-
tween its highest and lowest points is approximately 4.2 T. This is ap-
preciably larger than the swing AB typical for large transformers, in
which the peak induction in the legs, B, is usually chosen between
1.65 and 1.7 T.

As said in Section 3, the modeling in this paper was carried out at
B, = 1.674 T. During the transient represented in Fig. 13(a), the leg
flux densities in transformers T1 and T2 are changed in opposite di-
rections starting at t = 2s. Immediately before this instant, the GIC is
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Fig. 17. (a) Initial and (b) steady-state “hysteresis loops” of phase C in T1.

absent and the loop B.-NI for transformer T1 is symmetrical and rela-
tively narrow; the ampere-turns are used for the abscissa in Fig. 17(a),
which shows this initial dynamic loop. At the end of the transient, that is
in the presence of 200-A dc currents in the HV neutrals, flux density
B.(t) is shifted upwards in T1 and downward in T2, as shown in Fig. 13.
The part-cycle saturation of the leg C results in a highly asymmetrical
loop in Fig. 17(b), the tip of which reaches 300 kilo-ampere-turns.

During the current peaks in the HV winding, there are large voltage
drops across resistance r; and inductance L, in Fig. 5. This reduces the
magnetizing voltage of the leg and results in a visibly flattening of the
waveforms B(t) in Fig. 13(b) when they exceed the level of +2T (or
drop below — 2T as is the case in T2). As a result, the swing AB, is
reduced to 3.037 T which is markedly less than its initial value, 3.347 T.

As seen in Figs. 14 and 15, the yokes and the end limbs also ap-
proach saturation, though in different manners and depths (maximum
flux densities in the yoke do not exceed 2 T). This is because a part of
the magnetic flux returns through the air (through the linear re-
luctances Ry in Fig. 4) when the yokes approach saturation.

At this point, we can consider the influence of hysteretic properties
of the core material. With this purpose, each of the DHM-inductors in
the model of Fig. 5 was replaced by a lossless non-hysteretic inductance
(type-98 inductor of ATP). The flux-current relationships of these in-
ductances (different for legs and yokes) were obtained from the
“middle” (anhysteretic) curves of steel 27ZDKHS85 (for transformer T2)
and AK steel H1 used in modeling T1. The middle curve in Fig. 18(a)
was constructed for the static B-H loop of AK steel H1 available in
catalogs or in the Downloads of Refs. [17,18].

As seen in Fig. 17(a), the initial loop calculated with non-hysteresis
transformer model has much lesser area than that calculated with the
DHM-based transformer model. In contrast, the steady-state loops in
Fig. 17(b) calculated with non-hysteresis and hysteresis models almost
coincide. The same coincidence takes place in the waveforms of the
currents in the windings and grid, as well in the reactive power con-
sumed by transformers at 200-A dc current in their neutrals. This
confirms the supposition [21] that excitation losses have scarcely any
effect on transformer behavior under the GIC.

The reason can be seen when considering the whole magnetization
curve including the saturation region. On the scale of Fig. 18(b), the
static hysteresis loop becomes almost indistinguishable from its middle
curve. So, the “hysteresis loops” in Fig. 17(b), as well as that in Fig. 10
of Ref. [8], are not caused by hysteresis properties of the core material.

To explain the “hysteretic behavior” of the non-hysteresis model, it
is expedient to open its delta winding thereby allowing the currents to
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flow only in the HV phase windings. The calculated transient curve
B.(i1c) in Fig. 19(a) can be called terminal curve (or loop if in the steady
state) since i;. is the current flowing trough the terminals of HV
winding C, and B, is obtained by integrating the voltage across these
terminals.

Quite different is the transient magnetization curve B.(imc) in
Fig. 19(b) determined by the magnetization current iy, (it flows trough
the inductance Lo, of phase C in Fig. 5). The “anomalous” shape of the
terminal loop is explained by the fact that the current drawn by each
phase winding (here i;.) is determined by flux densities in all the core
branches [22]. So, the terminal loop is a kind of Lissajous figure oc-
curred due to the phase shift between the flux density of the leg and
corresponding terminal current.

In concluding this section, it can be noted that we did not use the
notions of the “core knee-point” and the “saturation inductances” of
individual coils. As was pointed out in Ref. [23], the notions of sa-
turation and knee are somewhat ambiguous. For example, the knee of
the curves in Fig. 18(a) seems located below the “saturation point” S.
On the contrary, the same point S lies well below the blurred knee in
Fig. 18(b).

It is important to note that B-H curves of all materials in Ref.

Appendix A

See Table 1.

[17,18] have the final slope, dB/dH = . So, the saturation inductance
of the legs, irrespective of its definition, is determined by the in-
ductance of the innermost duct Leg-MV, which can be set here between
the chosen value 0.413 Lg;5 and the “standard” value 0.5 Lg;5 [12].

When the modeling of GIC events had been completed, it turned out
that the model also predicts accurately the zero sequence impedances of
the transformers measured from both HV and MV sides (they are 40.1%
and 65.2% respectively).

7. Conclusion

This paper has considered the capabilities of the conventional to-
pological model of five-limb transformer in simulating transformer
behavior under GIC conditions. To fit and verify the model, we used
field test results from two 400 MVA transformers with 200-A dc cur-
rents entering their neutrals. It was found that accurate modeling of the
back-to-back transformer arrangement in Ref. [8] requires the network
impedances to be taken into account.

Having started with hysteretic transformer model, we have ended
up with a simplified non-hysteretic model, which reproduces trans-
former currents, voltages, and reactive power with the same good ac-
curacy. To use the non-hysteretic version of the model, the DHM-in-
ductors of the model in Fig. 5 can be replaced by the lossless nonlinear
inductances. The A~i curves for the legs and yokes of both transformers
can be calculated using the data provided in Table 1.

We have corroborated the assumption in Refs. [3,7,10] that in five-
limb transformers, the presence of the tank can be effectively accounted
for by linear inductances representing the off-core fluxes from yoke to
yoke. It should be noted that this finding is not unexpected because the
same conclusion was recently drawn in the course of the accurate
modeling of three-limb transformer [14], which is more sensitive to the
tank influence than its five-limb counterpart.

This means that in its anhysteretic form and with the simplified
accounting for the tank, the model can be implemented in any com-
puting environment, and the data provided in the paper is sufficient to
repeat the calculated results with the use of any circuit simulator.

In the general-purpose modeling of five-limb transformers, the users
of ATPDraw may also employ the hysteretic version of the model. In
this case, the dynamic hysteresis model (DHM) included in the current
version of ATP [18] can be used. The catalog data of several trans-
former steels are also available in the library of the DHM [17].

It is not recommended to start with flux-current (A—i) curves, the use
of which is fraught with inappropriate saturation level and the knee
point position. So, following Ref. [14], we propose to begin the mod-
eling with B-H curves, which are characterized by the same saturation
flux density (about 2.0 T) irrespective of steel grade, specific loss or
laser scribing [22].

In general, the model proposed does not require detailed design
information, and the preliminary modeling was carried out using the
core geometry different from that in Table 1. In the absence of any
measured data, the linear inductances L3 in the model of Fig. 5 may be
set 10-15 times the short-circuit transformer inductance or 2-3 pu.

In our view, the modeling carried out in the paper is a first suc-
cessful attempt to portray the transformer response to large GIC ob-
served in the unique tests in Ref. [8]. The use of the topological model
also allowed us to shed light on the processes in the core limbs and
yokes at high saturation conditions. The model is mainly a tool for
power system studies, in which the application of FEM is limited by
computational cost and by presence of several transformers in the
studied network.



Table 1
Core section geometry of transformer T2.

Core section Length [m] Cross-section [cm?]
Legs 3.340 8309
Yokes 2.421 4959
End limbs 6.257 4155
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