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A B S T R A C T   

It is commonly recognized that correct transformer model (particularly topological one) is a key element for any 
ferroresonance simulations. This paper represents a line of reasoning by which a reliable model of a voltage 
transformer (VT) can be constructed given substantial uncertainties in its parameters and characteristics. Starting 
with catalog data for electric steels and typical leakage inductances of 6-kV VTs, a model of an isolated neutral 
network with three inductive VTs is initially fitted to reproduce in detail its ferroresonant behavior for a chosen 
network capacitance. Then, validity of the network model is verified by accurate predictions of ferroresonance 
processes for all other capacitance values available and thus different ferroresonance modes recorded during full- 
scale factory tests. Possibilities to simplify the VT model by neglecting dynamic, and then entire core losses and 
hysteresis are also shown.   

1. Introduction 

The list of network configurations and excitation scenarios fraught 
with ferroresonance phenomena seems almost endless [1]. Accordingly, 
there is an extensive literature on the subject [1–5], and there are no 
signs of its waning. A good literature review can be found in the multi- 
authored CIGRE brochure [3], which is a brief encyclopedia of the 
considered field. The continuing studies in this area corroborate the 
conclusions that “ferroresonance has never been well-understood“ [1] 
and that “some unexplained breakdowns can be ascribed to this non- 
linear phenomenon” [5]. This causes interest in further ferroresonant 
studies, especially in those where the modeling is combined with careful 
experimentation. This paper falls into this category. 

This work is devoted to modeling ferroresonance (FR) phenomena in 
ungrounded networks, which are in use, together with other network 
configurations, in China, Finland, Italy, Russia, Ukraine, etc. [6,7]. Their 
advantage is that the line-to-line voltages do not change during single 
line-to-ground (SLG) faults, which reach 80 percent of all faults in 
medium-voltage distribution networks. Because of this, no danger arises 
for the loads connected to the network, and its operation can be main-
tained for several hours under fault conditions. 

The known disadvantage of the isolated neutral networks is ferror-
esonance overvoltages and overcurrents in electromagnetic voltage 
transformers (VTs), which can eventually result in their failures. 
Changes to other types of earthing are possible, but often have serious 
financial implications [6]. Therefore, attention is paid to the construc-
tion and operation of VTs, which, according to the valid standard [8], 
must withstand 8  h of continuous operation at 1.9 times the rated 
voltage. 

During a short transient period following the fault occurrence (at, 
say, instant t1 in Fig. 1), the voltages of the healthy phases increase to the 
line-to-line voltage level and remain at this level until the fault is cleared 
(at t  =  t2). 

Starting with instant t2, voltage transformers of the network can 
resonate with its capacitances in certain, often unpredictable ways. In 
isolated neutral networks, most typical FR modes are the unbalanced 
fundamental mode and the quasi-periodic subharmonic 1/2 mode (QP- 
1/2) [4]. The latter is illustrated by the voltage waveforms in Fig. 1(a) 
and its magnified time window (TW) in Fig. 1(b). A close examination of 
Fig. 1(b) reveals an aperiodicity of the FR processes, so its 25-Hz 
designation is only used for convenience. 

Transformer overcurrent in the mode QP-1/2 is illustrated by Fig. 2, 
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which shows the primary current in only one of the three VTs to avoid 
overloading the graph. During normal operation (at t  <  t1), only a small 
magnetization current is drawn from the network. During the fault (at 
t1  <  t  <  t2), the current amplitude is approximately tripled (after a 
short transient). Finally, when the resonance develops starting at t  =  t2, 
the current takes the form of complex 25-Hz oscillations characterized 
by a low-frequency beat envelope seen in Fig. 2. Instant tfin in Figs. 1 and 
2 as well as in all the tests considered in the paper is the moment when 
the test bench is deenergized by its personnel. 

Frequent SLG faults and economic losses brought on by subsequent 
FR processes gave rise to in-depth studies devoted to conditions of the 
parallel FR occurrence [5,7,10,11] and even larger literature on its 
prevention [12,13]. Nevertheless, a need in accurate full-scale experi-
ments and their modeling are of utmost importance for understanding 
FR mechanisms and validating transformer model. To our knowledge, 
the experimental study reported in [9], is among the most thorough on 
the subject to date. The multiple intermittent SLG faults in [9] were 
carried out on a 6  kV experimental test bench operated by Ramensky 
Electrotechnical Plant Energy (RETZ Energy), Moscow Region, Russia. 
For completeness, several metallic faults at different network capaci-
tances were also performed in the test bench. In the cases considered, the 
experimental test bench was equipped with a three-phase bank of single- 
phase three-winding VTs. 

The fact that the ferroresonance can occur at different capacitance 
values of the same network points out that its reason lies in the magnetic 
nonlinearities of the transformer core. Therefore, the need for a reliable 
VT model is emphasized in many publications, starting with [2]. Even 
with detailed knowledge of transformer design and usual test results, an 
accurate modeling of all the FR modes observed in [9] would be a 
challenge. The modeling undertaken in this study was complicated by 
the absence of those data and by the fact that only fragmentary design 
information on the VTs employed was available. In particular, no in-
formation on the core material, leakage inductance or magnetization 
curve was provided. Besides, the variation of the total network capaci-
tance was carried out by using different capacitors introduced into the 
network through an earthing transformer (ET) [14], which plays the role 

of a zero-sequence filter [15]. Therefore, this electromagnetic apparatus 
should also be included in the test bench model. 

Two model features, often mentioned in studying resonance phe-
nomena, is the involvement of hysteresis [16–20] and the influence of 
nonlinear core loss dependencies on voltage and frequency [21,22]. It 
should be noted, however, that the role of these factors is mainly dis-
cussed when simulating series ferroresonant circuits [1,23], in which the 
transformer is fed through a series capacitor [21]. 

In the parallel mid-voltage circuits, such as that considered in this 
paper, the role of core loss is evaluated differently. For example, it is 
concluded in [24] that computed results are closer to experimental ob-
servations if core losses are included in the model. On the contrary, the 
impact of a large (megaohm) loss resistance, placed in parallel with the 

Fig. 1. a) Three-phase (VA, VB, VC) and the zero-sequence (V0) voltages measured in the presence of VTs and under FR conditions [9]; b) magnified time win-
dow (TW). 

Fig. 2. Measured [9] and modeled currents of VT1 (phase A).  

Fig. 3. Experimental setup arrangement.  
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magnetizing inductance, seems insignificant. That led to the conclusion 
about a negligible effect of core losses on the ferroresonance damping 
[5]. The impact of hysteresis was not studied at all, as applied to parallel 
ferroresonant circuits. This situation requires clarification and suggests 
performing physical and numerical experiments, in which the core to-
pology would also be taken into account, as suggested in [1]. 

First, a full (lossy and hysteretic) VT model is developed, which 

Fig. 4. ET model used in short circuit analysis.  

Fig. 5. Short circuit current in the ET neutral.  

Fig. 6. Voltage transformer arrangement.  

Fig. 7. Magnetic circuit of the VT in Fig. 6.  

Fig. 8. Reduced magnetic model of the VT.  

Fig. 9. Electric π model of the VT employed.  
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reproduces accurately all the experimental FR modes recorded in [9]. 
Then, the VT model is simplified sequentially by removing dynamic and, 
finally, its quasi-static (hysteretic) component. Comparative results of 
this study are discussed in Section 5 of the paper. 

2. Test bench and its elements 

2.1. Test bench arrangement 

The experimental setup in Fig. 3 is fed from a step-up Yyn0 630 kVA 
transformer, which increases the voltage of the local utility grid (0.4  kV, 
50  Hz) to 6  kV. The isolated network condition of the test bench is 
caused by ungrounded transformer neutral on its 6  kV side. 

The primary rated voltage V1 of three epoxy-cast VTs is 6000/√3 V. 
The main secondary windings (used for metering and protection pur-
poses) are open-circuited and their effects are ignored when considering 
ferroresonance. The auxiliary secondary windings (aa-xa) with voltage 
V2  =  100/3 V are connected in the broken delta and can be optionally 
loaded with a damping resistor of 25  Ω. 

Single-phase faults are carried out by switching a vacuum circuit 
breaker (CB) directly to the test bench grounding grid (metallic fault) or 
by multiple touching/detouching a grounding rod (GR) when imitating 
arcing faults [9]. 

The digital oscilloscope registers signals from capacitive-resistive 
dividers (CRDs). Current transformers (CTs) are used extensively for 
monitoring the operation of the test bench. 

Three capacitors with capacitances CA  =  0.25 µF and 

Fig. 10. Saturation curve and loss characteristics of Steel M5.  

Fig. 11. Model of the test bench.  

Table 1 
Metallic faults recorded/modeled.  

Test C0 [µF] Delta FR mode 

1 2.19 Broken ≈ 25  Hz 
2 2.19 With 25  Ω ≈ 25  Hz 
3 1.44 Broken Chaotic 
4 1.44 With 25  Ω No FR  

Fig. 12. Primary current in VT1 predicted with an untuned model.  

Table 2 
Inductances of VT models.  

Core model L12 [H] L02 [H] Lgap [H] 

DHM-based 2.3 1.15 550 
SHM-based 2.4 1.20 400 
Lossless 2.5 1.25 400  

Fig. 13. Replicated low-frequency beats.  
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CB  =  CC  =  0.24 µF form minimum capacitance, 
Cmin  =  CA  +  CB  +  CC  =  0.73 µF, which is an irreducible (perma-
nent) capacitance, involved in all the tests analyzed below. When the 
total capacitance should be increased above Cmin, an additional capac-
itance CG is connected between the ungrounded ET neutral and the 
grounding grid of the setup. In this case, the zero-sequence capacitance 
of the test bench is determined as C0  =  Cmin  +  CG. To enable obser-
vation of all possible FR modes, the fuses were removed from all VTs and 
the experimental timings were chosen so as to prevent damage to the 
transformers. 

2.2. Topological model of the earthing transformer 

The ET in Fig. 3 is an earthing transformer [14], which is usually 
employed for creating a neutral point in ungrounded, three-phase sys-
tems. The ET is a zig-zag, core-type apparatus having three legs similar 
to those of a power transformer [15]. Each leg is wound with two 
equally-spaced concentric windings (half-windings) connected to 
different lines. So, the leg is magnetized by a vector sum of two 120-de-
grees phase-shifted voltages. The upper dotted terminals of the ET in 

Fig. 3 are starts of the outer windings, while the dotted starts of the inner 
windings form the ET neutral point 0. 

The close design similarity between the ET and a usual core-type 
transformer, allows one to use existing topological models of two- 
winding, three-phase transformer, for example, the electric trans-
former model detailed in [25]. The presence of six ideal transformers 
(ITs) in such a model makes it universal in the sense that delta, wye, or 
zig-zag winding connection can be made outside of the model of the core 
equivalent. A properly simplified transformer model from [25] with the 
windings configured to reproduce the ET operation is shown in Fig. 4. 

Five hysteretic inductors represent magnetic paths in the legs and 
yokes, and users of ATP and ATPDraw can employ, starting from 2020, 
the library Type-96 DHM inductors, which implement a dynamic hys-
teresis model (DHM) [26]. Linear inductances L01 (=0.2 mH) take into 
account the non-magnetic gap between the inner windings and legs; 
resistors (0.95  Ω) represent resistances of half-windings, and 19 mH are 
their leakage inductances. Inductances Lgap (=15.8 H) represent the core 
gaps between the legs and yokes assumed to be 0.25  mm. Inductances 
L0 (=0.4 mH) characterize off-core zero-sequence paths. A three-phase 
ramped voltage is initially applied to the ET model to perform its ac-
curate initialization. 

According to [27], maximum currents will flow through ET windings 
when its neutral and one of the phase terminals are grounded simulta-
neously. This special “short circuit“ mode can be reproduced in the 
scheme of Fig. 4 by closing switch S. Fig. 5 shows the current in the 
neutral (with a negligibly small resistance RL) computed for the case 
when switch S is closed at t  =  0.7  s and opened at t  =  0.8  s. It can be 
seen in the magnified inset that prior to closing switch S, that is, at 
t  <  0.7  s, the 150-Hz neutral current of the ET is quite small, despite 
the grounded neutral. The RMS and peak current values obtained with 
the model in Fig. 4 are close to those provided by the manufacturer [27]. 

2.3. Topological model of voltage transformer 

It was recognized from the very beginning that the model of voltage 

Fig. 14. Calculated waveforms of phase voltages VA, VB, and VC (colored lines) superimposed on the measured ones (black lines).  

Fig. 15. Flux densities in the leg and yoke of VT1.  
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transformer can be crucial in ferroresonance studies [28]. Similar to 
inrush current events, the most influential feature of the VT’s behavior 
under ferroresonant conditions is the saturation of its core (a part of the 
core). Although appropriate transformer models were recently discussed 
in [29], it is still worthwhile to return here to modeling a single-phase, 
core type transformer. 

To make the discussion concrete, assume that three-winding VT has a 
construction shown in Fig. 6 where the auxiliary low voltage (LV) 
winding is the inner one, the three-layer high voltage (HV) winding is 
the outermost, and the empty space between them is the place occupied 
by the main LV winding and necessary interwinding insulation. As this 
“middle“ winding is open-circuited, it is not shown in Fig. 6 and is not a 
matter of consideration. 

Following [30,31], it is assumed that the modeled core can be 
divided in two parts. Taking into account the space position of the 
windings in Fig. 6, it is natural to place the nodes 1 and 2 of the magnetic 
circuit on the axis of the leg. This subdivides the core into the leg and the 
return yoke, where the latter covers two horizontal branches and the end 
limb, as shown in Fig. 6. In the transformer magnetic model of Fig. 7 
these core parts are represented by hysteretic reluctances of the leg (Rleg) 

and yoke (Ryoke). 
The mentioned core subdivision is in accordance with that employed 

for decades in the inrush current evaluation [30] where the current peak 
in a single phase transformer is estimated using its saturation inductance 

Lsat =
μ0N2

h
×

πd2
eq

4
(1) 

Here h is the height of the exited winding or core window, while the 
equivalent diameter deq is determined by the diameter of its mean turn 
[32] or is found as deq  =  din  +  2b1/3 [33] where din is the inner 
diameter of the winding and b1 is its thickness. 

Although somewhat different values of h and deq have been reported 
in the literature (see [32] for details), there is nothing mention about the 
yokes in (1). This means that (1) refers to the winding encircling a 
completely saturated leg, which is positioned between two unsaturated 
(or much less saturated) yokes [30]. 

The saturation of the yoke is restrained by the presence of the off- 
core flux paths (characterized collectively by reluctance R01) which, 
compared to the yokes, have shorter lengths and larger cross sections. 
Unlike relatively “flat“ flux paths in the leg and yoke, reluctance R01 is 

Fig. 16. Measured (a, b, c, d) and computed (e, f, g, h) waveforms at C0  =  2.19 µF and closed delta connection.  
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distributed in space. To stress this feature, it is represented in Fig. 7 by 
two (of many) parallel branches (R’01 and R’’01). In the same manner, 
Fig. 7 shows the distributed reluctance R12 of the leakage channel and 
reluctance R02 of the channel between the LV winding and the leg. 
Finally, the sources of magneto-motive force (MMF) FHV and FLV in Fig. 7 
represent the HV (outer) and LV (inner) windings, respectively. 

Usually, the scheme in Fig. 7 is depicted in its normal “flat“ config-
uration shown in Fig. 8, which can be supplemented with a linear 
reluctance Rgap representing the air gap(s) in the core. 

A strict (duality derived) electric equivalent of this magnetic model is 
shown in Fig. 9 where DHM-inductors represent the leg and yoke. The 
subscripts of the linear inductances L in Fig. 9 are the same as those of 
the linear reluctances R in Fig. 8. These values are linked by the rela-
tionship L = N2

1/R where N1 is number of turns in the outer HV winding. 
To link the model to LV circuits, it is supplemented by an ideal trans-
former with a turns ratio n  =  V1/V2 (=104). Therefore, r1 and r2 are 
real (non-referred) resistances of the primary and secondary windings. 

Except for resistivity r1 (=385  Ω), no other electromagnetic pa-
rameters were measured on the stand-alone VT. Partial VT disassembly 
allowed estimating the lengths of the leg and yoke as 0.17 and 0.476  m, 
respectively. Cross sectional area of the core was assessed to be 
0.002475  m2, and the number of turns in the auxiliary inner winding is 
64. So the HV winding should contain about 6650 turns and the flux 
density in the core is near 1.0  T under normal operating conditions. The 
gap in the core was chosen to be 0.25  mm that yields inductance Lgap of 
550H. 

In the absence of any magnetization curves, the core material may be 
chosen from catalogs or among 12 grain-oriented (GO) steels, both 
conventional and high permeability (HiB), contained in the catalog- 
based DHM library. Numerical experiments carried out using these 
steels have inclined us to think that core material is a conventional GO 
steel similar to M4 or M5. For definiteness, and to reduce the number of 
unknown parameters, the latter steel was chosen to be used in the VT 

model. 
In addition to hysteretic characteristics, an important element of any 

dataset of the DHM library is its saturation curve. Fig. 10 shows such a 
curve T-Y-S-F taken from Armco catalog [34] for GO steel M5. This 
single-valued curve is an extension of the static major loop (SML) to the 
level of “technical saturation“, which is estimated, depending on the 
steel, in the range of 1.96 to 2.06  T. The slope of the last segment S-F of 
curve T-Y-S-F is equal to the vacuum permeability µ0. This fact requires 
introducing inductances L01 and L02 in the leg and yoke branches of the 
model in Fig. 9. Among them, inductance L02 is the main element con-
trolling the final slope of the magnetization curve, which is widely used 
in inrush current estimations. 

It is remarkable that ascending and descending branches of the SML 
are indistinguishable in the scale of Fig. 10. The interested reader can 
find hysteresis loops of steel M5 in [26]. 

The inset of Fig. 10 shows catalog (dots) and modeled (lines) loss 
curves of steel M5 evaluated at sinusoidal flux densities for 50 and 
60  Hz. The shape of these curves illustrates the nonlinear dependencies 
of specific loss on voltage and frequency mentioned in advanced fer-
roresonance literature. 

In terms of the model in Fig. 9, a lesser saturation of the yoke is due to 
the fact that inductance L01 is appreciably greater than both the leakage 
inductance L12 and the small inductance L02 of the innermost channel. 
For this reason, the feeble-current branch L01 – Yoke is often omitted in 
VT representations, and simplified Г-type transformer models are 
mainly used in ferroresonant studies [5,35]. 

These black-box models can be acceptable when their parameters are 
fitted to measurements covering high flux densities in the core. How-
ever, remembering different saturation levels of the leg and yoke, there 
is no definite answer as to determining parameters of the single 
magnetization branch of these Г-models starting from B-H curves of a 
given material. Therefore, it was decided to use the π-type model rep-
resented in Fig. 9. Relying on results provided in [29,30] the ratio L01/ 
L12 can be chosen in the range of 10 to 20 for the applied small VT. The 
choice L12 and L02 is explained in Section 3.1. 

3. Fitting the test bench model to measurement data 

With the use of the VT model in Fig. 9, the model of the test bench as 
a whole takes the form shown in Fig. 11. 

It was pointed out in [28] that the source representation is not 

Fig. 17. Measured (a, b) and modeled (c, d) waveforms at C0  =  1.44 µF.  

Table 3 
Arching faults recorded/modeled.  

Test C0 [µF] FR mode Probability 

5 4.8 ≈ 25  Hz 17/21 
6 2.2 ≈ 25  Hz 18/23 
7 0.73 50  Hz 4/20  

S.E. Zirka et al.                                                                                                                                                                                                                                 



International Journal of Electrical Power and Energy Systems 133 (2021) 107275

8

critical, unless the source contains nonlinearities. Although the 630 kVA 
supply transformer does contain magnetically nonlinear elements, it was 
found that both its topological DHM-based model (similar to that in 
[25]) and the XFMR model [36], shown in the compact form in Fig. 11, 
yield the same results. The 630 kVA transformer employed in the model 
is characterized by per-phase leakage inductance of 8.6 mH and short- 
circuit resistance of 0.76 Ohm, both referred to the 6  kV side. Be-
sides, the referred per-phase inductance LN of the 0.4-kV network was 
estimated to be 10 mH. 

The zero-sequence voltage, V0 = (VA  +  VB  +  VC)/3, is calculated 
by consecutive summation of the line-to-ground voltages (VA, VB, and 
VC), and then by multiplying the sum by 1/3 using the TACS component 
K. 

When the 25-Ω resistor should be excluded, all three ideal trans-
formers are omitted in the model. In this case, inductances L12 and L02 in 
each of VT models are merged in a single inductor L0, which is the main 
fitting parameter of the model. 

It was found advisable to start the VT modeling by replicating fer-
roresonance phenomena caused by removing metallic SLG faults. As a 
first step, FR processes recorded at the broken delta winding (Test 1 in 

Table 1) were to be modeled with pinpoint accuracy. The same accuracy 
should then be maintained when the delta winding is closed with the 25- 
Ω resistor provided (Test 2) and another network capacitance is 
employed (Tests 3 and 4). In Section 4, the model is further verified 
against experimental data recorded during repetitive arching SLG faults. 

3.1 A single SLG metallic fault with C0  =  2.19 µF and broken delta 
secondary (Test 1) 

As explained previously, inductances L12 and L02 are merged, in this 
case, into a single inductance L0, which is the main adjustable parameter 
of the model. Its order of magnitude can be estimated by orienting to-
wards the range of short-circuit voltages of 6-kV VTs [37], which vary 
from around 3% to 5%. For the VT with a maximum rating of 630 VA, 
this yields the leakage inductance L12 in the range between 1.3 and 
2.2H. To evaluate L0, this value should be increased to take into account 
the thickness of the LV winding and the width of the innermost gap. This 
gap is not negligible because it includes a large empty space between the 
circular LV winding and a non-circular (staircase) shape of the leg’s 
cross section. So the value of L0 could be expected in the range of 

Fig. 18. Measured (a, b, c, d) and modeled (e, f, g, h) waveforms at C0  =  4.8 µF.  

S.E. Zirka et al.                                                                                                                                                                                                                                 



International Journal of Electrical Power and Energy Systems 133 (2021) 107275

9

approximately 3.1 H–4.1 H. The value of L01 can be taken equal to 20 H 
to be one order of magnitude larger than L12. A small number of steps in 
the core cross section, typical of low-voltage VTs, increases, as 
mentioned, the gap between the inner winding and the leg. This allows 
us to set the ratio L02/L12 (that is the proportionality factor K) equal to its 
typical value of 0.5 [36]. 

The test discussed in this sub-section was made for CG  =  1.46 µF 
placed in the neutral of the ET. The primary current of transformer VT1 
calculated with the model for L0  =  4.1 H, i.e. for the upper boundary of 
the mentioned interval [3.1, 4.1] H, is shown in Fig. 12. 

As seen from Fig. 12, the current peaks calculated for L0  =  4.1 H are 
markedly lower than the measured ones. This means that inductance 
Lsat, determined by (1), should be decreased, which is achieved by 
decreasing diameter deq. In the physical meaning, this decreases the 
leakage inductance L12, and hence the sought inductance L0. Using the 
try-and-error approach, it can be found that the calculated peaks become 
close to measured ones at L0  =  3.45 H, as shown in Fig. 2. With the 
chosen value of K (=0.5), this gives L12  =  2.3 H and L02  =  1.15 H 
entered in the first row of Table 2. 

It is remarkable that, in this case, the beat frequency of the computed 
current is in reasonable agreement with the measured value. The same 
agreement is observed between the computed voltages shown in Fig. 13 
and the measured voltages in Fig. 1(a), which have the same number of 
peaks in their envelopes (6 ½) and are of exactly the same shape 
(coloration). 

The complex voltage waveforms in Fig. 13 can only be examined in 
sufficient detail within an extended time window. In the one-second 
time interval of Fig. 14, the calculated waveforms of phase voltages A, 
B, and C are superimposed on the measured ones. By taking into account 
some distortions (nonsinusoidality) of the mains voltage waveforms, the 
coincidence of the curves in Fig. 14 is almost perfect. 

An additional indicator of the model validity is the practical coin-
cidence of the computed (24.850  Hz) and measured (24.851  Hz) fre-
quencies of the zero sequence voltage V0, which were found using 
subsequent Fourier analysis. 

In concluding this subsection, it is instructive to compare, in Fig. 15, 
flux density waveforms in the yoke (BY) and leg (BL) of, say, transformer 
VT1. Their close examination reveals that crests of BY never exceed the 
value of 1.985  T, which is marked by point Y in Fig. 10. By contrast, the 
maxim value of BL (=2.216  T) lies far to the right of point F, as could be 
expected. 

As shown in [38] and [39, Section 6.6.2], different flux densities in 
the yoke and leg are observed experimentally in transformers of 
different types and ratings. Together with the indivisibility of the 
leakage inductance, this necessitates the use of the π equivalent circuit 
employed in this study. 

3.2. A single SLG metallic fault at C0  =  2.19 µF (CG  =  1.46 µF) and 
25-Ω resistor completing the broken delta circuit (Test 2) 

A widely used method of preventing FR in isolated neutral network is 
to close the broken delta through a resistor (typically of 25  Ω). The 
measured and computed waveforms provided in Fig. 16 show that this 
method is not effective, contrary to what could be initially expected. 

Regarding the modeled waveforms, Fig. 16 shows their good agree-
ment with the measured curves. This relates to both the voltage and 
current waveforms. Paying attention to both is important because the 
medium voltage VTs can be damaged from both overvoltages and, more 
often, current overheating [9]. Besides, the modeling reveals that the 
current waveforms are more sensitive to changes in model parameters 
than the voltage curves. 

Fig. 19. Measured (a, b, c) and modeled (d, e, f) waveforms at C0  =  2.2 µF.  
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3.3. A single SLG metallic faults with C0  =  1.44 µF (Tests 3 and 4) 

The case with the broken delta secondary is characterized by chaotic 
FR oscillations, Fig. 17(a), which die out into the normal operating mode 
at unpredictable instant. In the modeling, such an instant was chosen so 
that the computed waveforms in Fig. 17(c) and (d) were similar to those 
in Fig. 17(a) and (b). 

Regarding comparison of the calculated and measured processes in 
Fig. 17, it should be noted that chaotic modes are characterized by a 
highly irregular behavior, so it is difficult to expect that any model 
would predict chaotic oscillations in smallest details. 

When the delta is closed through the provided 25-Ω resistor (Test 4), 
the model does not predict any noticeable resonance despite a short- 
term saturation of all three VTs can sometimes occur immediately 
after opening the CB. 

4. Testing the model at multiple repetitive SLGs 

To imitate intermittent arcing faults, three tests with repetitive SLGs 
were performed using the test bench with the broken delta secondary 
and network capacitances pointed out in Table 3. From 20 to 23 faults on 
phase C to ground were applied and removed during approximately 40  s 
using the grounding rod, GR, designated in Fig. 3. The probability of the 
predominant FR mode in Table 3 is the ratio of its occurrences to the 
total number of SLG in a given test. 

Because of the unpredictable nature and drastic changes in the arc 
behavior [40], we suspended attempts of its accurate modeling. Instead, 
it was found acceptable to use a resistance (0.1  Ω) in series with switch 
S, as shown in Fig. 11. 

4.1. Test with 21 consecutive SLG faults with C0  =  4.8 µF (Test 5) 

When a capacitor with CG  =  4.075 µF is included in the neutral of 
the ET then, taking into account the permanent capacitances CA, CB, CC 
of the test bench, its zero sequence capacitance is 4.8 µF. It was observed 
in the test detailed in [9, Fig. 7] that out of 21 consecutive events (when 
the SLG is applied and removed), 17 were followed by quasi-periodic 
subharmonic oscillations with a frequency slightly less than 25  Hz (1/ 
2 mode). Three events were accompanied by fast resonance decay and 
recovery to the normal steady-state operation, and only a single event 
has led to the 1/4 resonance mode of 12.5  Hz. So, the 1/2 mode FR is 
obviously dominant at C0  =  4.8 µF. This is consistent with the early 
observation in [2] that “dividing lines between distinct modes of 
instability are not very clear-cut.“ The blurring of these lines can be 
explained by various point-on-wave switching operations and thus 
various remanent flux densities in the cores of all three VTs. 

A first third of the entire process, measured in [9], is shown in Fig. 18 
(a). Two time windows (TW-1 and TW-2) are chosen to show in more 
detail the single 1/4 mode (in Fig. 18(b)) and the predominant 1/2 mode 
in Fig. 18(c) and (d). 

The same behavior is exhibited by the model in Fig. 11. From six SLG 
events represented in Fig. 18(e) four were followed by the 1/2 mode FR, 
and only a single one initiated the 1/4 resonance mode. It should be 
noted that lots of attempts were required to capture this unrepresenta-
tive mode by varying the instant of the SLG clearance after the fourth 
fault in Fig. 18(e). 

As can be seen in Fig. 18(f), (g), (h), the modeled processes in time 
windows TW-3 and TW-4 show a good correspondence with those in 
windows TW-1 and TW-2. 

Fig. 20. Measured (a, b, c) and modeled (d, e, f) waveforms at C0  =  0.73 µF.  
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4.2 Test with 23 consecutive faults with C0  =  2.2 µF (Test 6) 

With a capacitor CG  =  1.475 µF included in the neutral of the ET, 
the zero sequence capacitance of the network is 2.2 µF. It was reported in 
[9, Fig. 9] that 18 out of 23 consecutive SLG events, were followed by 
quasi-periodic subharmonic oscillation of 25  Hz (1/2 mode), and five 
events were accompanied by the recovery to the normal steady-state 
condition. A first third of the process, measured in [9], is shown in 
Fig. 19(a) where time window TW-1 is used to show the prevalent FR 
mode in detail. Both these behaviors were easily reproduced in the 
modeling of five successive SLG, as shown in Fig. 19(d). This fact and the 
probability of 18/23 (in Table 3) show that the 25-Hz oscillations are 
typical for this network capacitance. 

4.3. Test with consecutive faults with the minimum network capacitance, 
C0  =  0.73 µF (Test 7) 

At a minimum network capacitance (C0  =  0.73 µF), 20 consecutive 
SLG events were carried out. Two of them were followed by sustained 
chaotic FR processes, 14 events have led to quenched oscillations, and 
only after four events a stable 50-Hz FR was observed with a small 
current in the primary of the VT of phase B. A part of the measured 
events is shown in Fig. 20(a) with enlarged voltages and currents 
recorded during time window TW-1, see Fig. 20(b) and (c). 

Because of its low probability, it was difficult to catch a sustained 
ferroresonance at C0  =  0.73 µF. In Fig. 20(d) a 50-Hz FR process has 
appeared after the second event and was interrupted by the third SLG. 
All other computed events were followed by chaotic processes, some of 
which evolved into normal oscillations. 

The measured and computed processes in Fig. 20 illustrate the fact 
that, with everything else being equal, the type of FR oscillations de-
pends on the fault clearance instant and may be different. Small dis-
crepancies between modeled and measured waveforms in Figs. 18 to 20 
may be ascribed to non-ideal voltage waveforms of the three-phase 
source employed in experiments and, probably, to non-identities of 
the used VTs. 

5. Possibilities of simplified VT models 

The use of the composite DHM facilitates the assessment of the ef-
fects of core losses and static hysteresis. By nullifying the dynamic loss 
coefficient of the DHM, this model is reduced to a static hysteresis model 
(SHM), and the full (DHM-based) VT model developed is reduced to a 
SHM-based model. The result of this simplification is that the number of 
envelope peaks becomes slightly less than that observed in the experi-
ment (see Figs. 1(a) and 13). To restore the calculated picture, the values 
of L12 and L02 should be slightly increased. Corresponding values are 
indicated in the row “SHM-based“ of Table 2. 

The next simplification is to represent the core material by only a 
single-valued (anhysteretic) curve with no loss resistances in parallel to 
static nonlinear inductors of the leg and yoke. In order to maintain the 
accuracy achieved by the DHM-based model, inductances L12 and L02 of 
VT models have to be increased a little more. Their values are indicated 
in row “Lossless“ of Table 2. 

Such a lossless core representation is highly idealized, but the cor-
responding VT model is the easiest for implementation and computa-
tion. Using inductance values provided in Table 2, the network 
behaviors predicted by the SHM-based and lossless VT models practi-
cally coincide with those computed with the full DHM-based model. 

6. Concluding remarks 

The voltage transformer is always considered to be an element, 
whose model is crucial for studying network resonance behavior. In 
spite of trustworthy analytical tools developed to date, impacts of 
several transformer characteristics are studied numerically in different 

combinations in the growing ferroresonance literature. Among them, 
the core saturation is recognized as the most important factor. In addi-
tion, hysteretic properties of the core material and nonlinear de-
pendencies of transformer losses on the operation frequency and the 
instant flux density are also identified as influential characteristics. 
When modeling complex ferroresonance transients recorded in dedi-
cated experiments [9], it would be difficult to study the influence of 
these factors in isolation from each other. So, the authors decided to use 
first a Dynamic Hysteresis Model (DHM) recently included into the ATP/ 
ATPDraw library. In addition to its quasi-static properties and dynamic 
extension, this catalog-based model is capable of reproducing B-H tra-
jectories of typical grain-oriented steels in deep saturation. After fitting 
the network model for one of its capacitances, predictive validity of the 
model was confirmed for all other capacitances and thus ferroresonance 
modes observed in experiments. 

It is shown that networks prone to parallel ferroresonance can be 
initially examined with the simplified lossless model, while the full VT 
model should be used for verification purposes. 

The precision achieved in the modeling can help reduce costly 
mandatory measurements carried out over a wide range of the network’s 
zero sequence capacitances [9]. Since with a known transformer design, 
the calculation of leakage parameters (inductances L12 and L02) is a well- 
developed procedure, the proposed approach can be extended to cover 
other types of voltage transformers, in particular, new anti- 
ferroresonance measuring VTs, which are of primary consumer needs. 
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