Indonesian Journal of Electrical Engineering and Computer Science
Vol. 42, No. 2, May 2026, pp. 318~336
ISSN: 2502-4752, DOI: 10.11591/ijeecs.v42.i2.pp318-336 a 318

Parametric analysis and mitigation of Ferroresonance in
ungrounded power transformers: Algeria power plant approach

Mohammed Boukaf, Saliha Boutora?, Hamid Bentarzi?
!Department of Electrical Engineering, Faculty of Electrical Engineering and Computer Science, University Mouloud Mammeri,

Tizi Ouzou, Algeria

2Laboratory Signals and Systems, Institute of Electrical and Electronic Engineering, University M’hamed Bougara, Boumerdes, Algeria

Article Info

ABSTRACT

Article history:

Received Jul 28, 2025
Revised Mar 18, 2026
Accepted Mar 26, 2026

Keywords:

Ferroresonance

Grading capacitance
MATLAB/Simulink

Shunt capacitance

Ungrounded power transformer
Zigzag transformer

Ferroresonance in ungrounded power transformers is extremely dangerous
for electric systems, causing serious overvoltage, equipment damage, and
system instability. Until now, there have been fewer quantitative, parametric
analytical studies and verified mitigation methods for real power systems.
Although there has been a qualitative study of Ferroresonance, few have
provided rigorous parametric assessments and validated mitigation actions
for modern power plants at utility scale. This work fills these gaps through
in-depth parametric analysis of the so-measured and so-calculated values
and a validation of zigzag transformer grounding for the Ras Djinet 1131
MW power plant, serving as a case study in Algeria. This paper establishes a
nonlinear mathematical model that reflects transformer saturation
characteristics, grading capacitance (Cg), shunt capacitance (Csh), and
magnetization resistance (Rm), and implements it in MATLAB/Simulink.
Fundamental and chaotic Ferroresonance modes are identified using
parametric sweeps spectral analysis (FFT). Act two: Modeling and validating

zigzag grounding transformer mitigation. The study finds Cg (0.5-7 uF)
increases strengthen Ferroresonance overvoltage, while Csh (0.3_7uF) and Rm
(1500-65860€2) reduce it, offering a damping effect, reducing peak voltages.
Spectral analysis reveals the fundamental mode (dominated by 50 Hz), the
Quasi-Periodic Mode, and the chaotic mode (multiple frequency components).
With a zero-sequence current path, a zigzag grounding implementation
completely removes Ferroresonance in all tested cases.
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1. INTRODUCTION

Ferroresonance is a complex nonlinear phenomenon in power systems that arises when the saturable
inductance of a transformer forms a series resonance circuit with the network capacitances, typically due to
cable capacitances. Cable grading capacitors, or stray capacitances [1]. This phenomenon is particularly
common in ungrounded or isolated neutral systems, where single-phase switching actions can energize the
transformer windings via capacitive coupling [2]. The nonlinear magnetization characteristic of transformer
cores supports stable sustained oscillations at fundamental, sub-harmonic, or quasi-periodic frequencies, with
severe overvoltages (2-5 pu), overcurrents, and indeed even catastrophic equipment damage [3], [4]. Butin a
power network that does not connect the neutral wire to ground (not specifically referring to this, but rather
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home circuits), ferroresonance can occur during switching transitions. This condition often occurs when
capacitor banks are switched out or when sequences are run to clear faults [5].

The modelling of ferroresonance has moved from simple analytical rough methods to the more
sophisticated electromagnetic transient simulations (EMT). The basic representation of a series LC circuit
with nonlinear magnetisation curves, modelled after transformer test data [6]. Recently, for classifying
ferroresonance regimes. Time-domain simulations are extensively performed on platforms such as
MATLAB/Simulink and ATP- EMTP [7], [8]. But most studies are conducted on simplified networks or
common transformer models and do not use practical cases with measured parameters. A crucial shortcoming
lies in models that have been validated with actual power plant data and provide thorough parameter
verification.

The effects of system parameters on ferroresonance properties have been studied by several
scholars. The studies reported by [9], [10] showed that grading capacitance (Cg) plays a major role in VT
ferroresonance, where higher values of Cg contribute to the continuation of oscillations. The effects of shunt
capacitance (Csh) were studied, which indicated damping in some regions. The magnetization resistance
(Rm), which is equivalent to core losses, was investigated with [11], [12].

Ferroresonance appears in different modes of operation: basic (periodic at system frequency),
subharmonic (periodic at a fraction of the system frequency), quasi-periodic (multi-frequency—
incommensurate), and chaotic (aperiodic) [13]. Detection methods comprise FFT spectral analysis [14].
However, despite these achievements, time-domain-based model classification remains challenging in
practical cases due to the lack of systematic analysis of frequency- or nonlinear dynamical characteristics
[15]. It is a limitation in the understanding of mode transitions and parameter sensitivity.

Many mitigation methods have been proposed and tested. Passive methods are the use of (1)
resistive damping in series or parallel with transformer windings [16] effective, but they cause continuous
losses; (2) neutral grounding via resistors or reactors [17] provide zero-sequence paths and (3) zigzag
grounding transformers [18], [19] artificial neutrals in delta-connected systems. Active methods use solid-
state ferroresonance suppression circuits (SSFSC) [20] and protection relays with commutated loads [21],
which can efficiently detect and suppress the same. Although the principle of zigzag grounding appears to be
beneficial in theory, there are few design details, validation of simulation models, or comparisons of
effectiveness under large-power transformer operating conditions in real power plant arrangements. Few
mitigation analyses have evolved into practical applications.

From the literature review, four critical gaps are found: (1) little work employs complete real power
plant data with measured transformer characteristics and system parameters; (2) statistical correlation
technique and reasonable parameter selection method (like Rudenberg's one etc.,), are still limited or do not
exist at all; (3) joint spectral, and nonlinear analysis is rarely used in case studies; and (4) lossy design
specifications for large power transformers are also insufficient. These deficiencies limit the direct
application of ferroresonance studies to practical absolute protection and system design.

The need for the new study is to fill these gaps, and this will be achieved by conducting a
comprehensive investigation of ferroresonance in the ungrounded transformers at Ras Djinet 1131 MW. The
specific aims and contributions are:

Develop and test a nonlinear ferroresonance model that includes measured transformer
magnetisation, standing capacitances obtained from graphical methods, and guaranteed distribution system
parameters from Djinet plant data sheets. Use mathematical parameter scanning of Cg: 0.5-7 pF, Csh: 0.3-7
pF, and Rm: 1500-65860 Q) with statistical correlation analysis to quantify parameter effects. Use the FFT
spectral analysis and frequency domain characterisation to distinguish quantitatively between fundamental
and quasi-periodic ferroresonance modes by determining transition boundaries. Design modelling and
validation of zigzag grounding transformer configuration for ferroresonance suppression and comparative
effectiveness analysis.

Recommend evidence-based techniques for transformer protection, system designs, and operational
practices in ungrounded power systems. The novelty of this study is the introduction of a validated
mathematical model and quantified parametric correlations for rigorous mode classification, as well as a
successful mitigation method for a comprehensive case study in an actual power plant, which can advance
the potential dissemination from theory to application.

The rest of this paper is organised as follows: Section 2 describes the mathematical modelling
framework, comprising circuit equations, a representation of transformer nonlinearity, and a parameter-
determination approach. Section 3 presents a case study of the Djinet power plant, and the simulation setup
and validation are described. Parametric studies, statistical quantification, and mode classification are
presented in section 4. Section 5 describes the zigzag grounding transformer configuration and mitigation
validation. Section 6 concludes with a physical interpretation, comparative analysis. Concluding remarks
with main findings, limitations, and future research directions are given in section 7.
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2. MATHEMATICAL MODELING AND PARAMETER SELECTION
2.1. Ferroresonance circuit representation
2.1.1. Circuit topology and components
The base Ferroresonance presented in Figure 1 contains a voltage source, a series capacitance, a
modeling cable, Cg, and a nonlinear transformer magnetizing branch.

o2 %
1

Figure 1. Ferroresonance circuit topology

Physical components:

Vsource: Power system voltage (distribution system, generally 22 kV)

Csh - Shunt capacitance: 0.3-10 pF.

Cg — grading capacitance: capacitive voltage transformers or bushing capacitance, (0.5 -7 pF)

Nonlinear Inductor / L (i): Transformer magnetizing inductance with saturable core

Core Loss Resistance (Rm): Symbolises hysteresis and eddy current losses (usually between 1500-65860 )

2.1.2. Governing equations
We refer here to a sequential cascade of coupled, nonlinear differential equations that determine the
system's behavior based on fundamental circuit laws.
In (1): Kirchhoff's Law
Ve (8) = ve(t) + v,(1) + i (R, €y
In (2): Capacitor Current-Voltage Relationship
: dvc
i =Cc3= 2
In (3): Nonlinear Inductor Flux-Current Relationship

v, == [day)] ©)

In (3a): Arctangent Saturation Model

q)(iL) = Qyar * = arctan( 2(1)::: (4)

Alternative: Polynomial Saturation Model
ey = ayiy, + ayif + azif + a,if (5)

2.1.3. State-space formulation
The system is reformulated into state-space form for numerical simulation as follows, with state
variables:
Ve

X =[%] (®)

iL
In (4): State-Space Representation

dx

= fx0) @
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In (4a): Capacitor Voltage Derivative
dvC 1.
w =k ©
In (4b): Magnetizing Current Derivative
diL 1 .
T el [Ve(t) — vC — iLRm] 9)
In (5): Incremental Inductance
. pary _ d@(il)
Linc(iL) = L
(10)
For the arctangent model:
L
Linc(il) = —2 11
(iL) " ZL(;:;;L)Z 11)

2.2. Transformer magnetization characteristic

The ability of the nonlinear magnetization curve V(I) is the key ingredient that allows
Ferroresonance to occur. The magnetization characteristics of the Djinet power plant transformer were
obtained from manufacturer data and validated through no-load tests for the purposes of this study. The
transformer saturation characteristic is derived from the data presented in Figure 2. The saturable 3-phase
transformer model in MATLAB/Simulink requires that saturation curve data be represented as pairs of points
(magnetizing flux, magnetizing current); thus, a series of sample points is extracted from Figure 2 and

documented in Table 1, as shown in Figure 3.
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Figure 2. Plot of V vs | showing linear, knee, and saturation regions with measured data points

Table 1. Sample points of the ® -1 saturation curve

Peak flux @ (V-s)

0
89.13
99.03
103.99
108.94
113.89

4.17
5.06
6.37
11.14
26.40

Peak phase current | (A)
0
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2.3. Parameters selection methodology
Cg, Csh, and Rm values to be varied for parametric analysis were determined using standard
graphical and analytical techniques.

2.3.1. Grading capacitance selection

The transformer is not completely “dead” when a high-voltage circuit breaker opens. As most
modern circuit breakers contain grading capacitors (connected in parallel with the breaker contacts to achieve
uniform voltage across the contacts during short-circuit), a small amount of current still flows through these
grading capacitors in the direction towards the transformer. This forms a parallel circuit comprising a linear
capacitor (the grading capacitors and stray-winding capacitance) and a nonlinear inductor (the transformer
core) [22]. These capacitance values were selected using Rudenberg’s the graphical method [23], [24], taking
into account the transformer magnetization parameters and the desired voltage division ratio.

The problem can be easily solved graphically using Rudenberg's method. As shown in Figure 4, the
voltage 'VL' across the saturated inductance must always equal the constant system voltage 'E', and the
capacitor. The voltage is expressed as 'VC = /oC', where @ = 2xnf, with f indicating the frequency of the
source voltage and C signifying a value of capacitance. The nonlinear characteristic of inductor voltage (VL)
intersects the capacitor voltage (VC) line at specific points, with the intersection occurring at a point on the
voltage axis that intersects the supply voltage (E) line [25]. Two or more different steady states may exist in
the circuit depending on its initial conditions, its characteristics, and the instant in which the voltage source is
applied; in the typical ferroresonant state, although the gyration amplitudes are heavily distorted, the first
quadrant conveys both fundamental periodic and normal conditions of the circuit, plot in this quadrant a
horizontal line, parallel to voltage Vc through the rated voltage of the transformer; it represents an ascending
tangent to its magnetic characteristic curve; it only intersects it again in point A thus defining the stable
operating point at which Ferroresonance takes the transformer into saturation, inducing overvoltage across the
capacitor and the rest of the circuit; Ccr corresponds to the value calculated at the fundamental frequency under
this condition and at point A the circuit shows capacitive line reactance with a large current magnitude [26].

For a high capacitance, an important charging current is close to the input voltage VS. A decrease in
the capacitance displaces the operating point from the magnetic properties to higher voltages. Nevertheless,
there exists a junction point at which the capacitor line no longer overlaps the characteristics and becomes
tangentially in contact with them in the first quadrant. For even smaller capacitance values, circuit operation
in the first quadrant becomes impossible; however, a second point is reached in the third quadrant. The
current in the circuit transitions from a lagging magnetizing current to a leading charging current, whose
magnitude increases significantly. As the capacitance decreases, the operating point moves upward along the
negative portion of the characteristics, as shown in Figure 5. The voltages across the inductance and the
capacitance decrease, and, ultimately, for a minimum capacitance value, the inductive voltage becomes zero,
causing the capacitor voltage to align with the applied voltage [27]. From Figure 4 of the Djanet system,
Rudenberg's analysis indicated that the Cg critical value is 2.11 pF.

2.3.2. Shunt capacitance selection
For the Djinet plant, the Csh is 0.3 pF, as provided by the measured data, as shown in Figure 6. This
capacitance represents the capacitance to ground placed between the transformer and the GIS. To facilitate
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the analysis of the impact of Csh, the series non-linear resonance circuit depicted in Figure 6 can be
transformed into the equivalent circuit illustrated in Figure 7.

Higher capacitance results in a lower slope of the “E + Vc” line, with E defined as the equivalent
source voltage and “Vc” as the voltage across the capacitance “Cg + Csh”. As the source voltage decreases,
the “E + Vc” line falls too [28]. From the graphical solution, it is indeed intuitive that larger capacitances
reduce the occurrence of Ferroresonance, as shown in Figure 8.
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Figure 4. Rudenberg’s graphical method for coil and capacitor characteristics
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Figure 7. Equivalent circuit of series non-linear resonance circuit

1ot Rudsnberg graphloal method

sk =D SUF

E-+vc
L ?
2 Y

Phese vollage V0
T

I i i i I
-40 -20 -20 =10 o 10 20 20
Current | (A

Figure 8. Effect of increasing Csh

2.3.3. Magnetization resistance selection

Rm represents transformer core losses and varies with the transformer's saturation level. The Rm
value is calculated from transformer no-load loss data:

— Vrzated

Rm - Pro-load/3 (12)

Core losses in a transformer significantly contribute to Ferroresonance. An extensive investigation
of numerous simulation outcomes indicates that the likelihood of Ferroresonance increases as the
transformer's applied core losses decrease [29]. Therefore, we will select the Rm of three classes:
High-loss: R, = 0.5R, nom
Nominal: R, nom
Low-loss: R,;; = 5 — 10R; nom

To systematically assess the parameter ranges for the parametric sweep, Table 2 provides a full
summary of the explored ranges, their physical meanings, and the methodological justification.

Table 2. Summary of parameter ranges and justification

Parameter  Symbol Range Justification method Physical meaning
Cg Cg 0.5-7 uF Rudenberg's graphical method Circuit breaker
Csh Csh 0.3-7 uF Graphical method Capacitance -to-ground
Rm Rm 0.5 Rm-10 Rm No-load loss calculation (Eq 12)+ Literature  Transformer core losses

3. CASE STUDY SYSTEM AND SIMULATION SETUP
3.1. Ras djinet power plant configuration

The study focuses on a combined-cycle turbine power plant in Ras Djinet, possessing a generation
capacity of 1131 MW. The generator is connected to the step-up transformer (GSU) rated at 22/420 kV, using a
Dynl11 (Delta-Star) connection type via Gas Circuit Breaker (GCB), as displayed in the one-line network
diagram in Figure 9. The parameters for all system components are provided in Table 3 for the transformer and
generator. In [2018], a Ferroresonance phenomenon occurred during energization of the no-load power
transformer [resulting in a large vibration]. This incident prompted the present detailed investigation.
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Table 3. System components specifications

Parameter Value Unit

Power step-up transformer (S rated) 510 MVA
Rated voltage XV (primary voltage) 22 kv
Rated voltage HV (secondary voltage) 420 kv
Primary connection Delta -
Secondary connection Wye -
Impedance (ZK) 13 %
No-load Loss 230 kw
Load Loss (Pk) 985 kw
R, /R, 0.0013 /0.255 Q
L,/L, 0.0003927/0.143 H
No-load current (10) 6.2 A
NGT (221/3)/10.5 kv
R 2.07 Q
Generator power 431 MW
Generator voltage source 22 kv
Generator frequency 50 Hz

GCB

Figure 9. One-line diagram of network configuration

3.2. Simulation scenarios

A Ferroresonance is a frequent and critical phenomenon in electrical power networks, primarily

caused by capacitive effects. These effects arise from various system elements, including:

—  Protection devices (e.g., circuit breakers with Cg);

—  Transmission lines (e.g., conductor-to-earth capacitance, capacitor banks, busbhar capacitance) [2].
—  Rm of power transformer

It has been demonstrated that variations in grading-capacitor values can trigger Ferroresonance.
Additionally, Csh plays a significant role in damping this effect. In addition to the Rm that affects the
behavior of the Ferroresonance phenomenon, as highlighted in the following analysis.

The circuit breaker (GCB) is responsible for energizing and de-energizing the step-up power
transformer, if the Cg and Csh discharge through the iron core of the transformer, while the transformer is
saturated, initiating Ferroresonance. Thus, the GCB plays a key role in triggering this phenomenon. To study
the effect of these elements on the Ferroresonance phenomenon, it was necessary to apply several possible
scenarios of the Simulink network model, as shown in Figure 10.

L o=
lon } e T

generator L —
Saturable three
phases transformer
—A _a A
R e |- B Np—p
GCB3 c o c 7 b
GeBz  ZIGZAGGT R <
o=

Figure 10. Simulink network model

Three different simulation scenarios were designed to study Ferroresonance in different conditions of
the system:
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Scenario 1: Cg variation
—  Objective: analyze the influence of Cg and Csh on Ferroresonance
—  Fixed Parameters: Csh = 0.3 uF Rm = 6586 Q (moderate saturation)
—  Varied Parameter: Cg = 0.5-10pF
—  Switching Condition: Single-phase switch off in 0.3s
Scenario 2: Csh variation
—  Objective: analyze the Csh effect and potential mitigation behavior
—  Fixed Parameters: Rm = Cg =7 uF Rm=6586 Q
—  Varied Parameter: Csh = 0.3- 7 pF
—  Switching Condition: Single-phase switch off in 0.3s
Scenario 3: Rm variation
—  Objective: Analyse the core loss influence on Ferroresonance
—  Fixed Parameters: Cg = 2.11 nF, Csh = 0.3 uF
—  Varied Parameter: Rm = 1500-65860 Q
—  Switching Condition: Single-phase switch off in 0.3s

3.3. Solver configuration

—  Solver Type: ode23tb (stiff /TR-BDF-2)

—  Relative Tolerance: 1x107¢

—  Absolute Tolerance: 1x10°%

—  Maximum Step Size: 1x107° s

—  Simulation Duration: 2.0 seconds (40 cycles at 50 Hz)
— All Initial Conditions = 0 (de-energized state)

4. PARAMETRIC ANALYSIS RESULTS

In this case study, only one circuit breaker, “GCB1,” was used. A single phase has been switched
down “phase A” at t = 0.3 s during the two-second simulation of the circuit in Figure 10. This procedure
applies to all scenarios presented in the previous section.

4.1. Grading capacitance influence on ferroresonance
4.1.1. Time-domain analysis

In Figure 11, the simulated voltage and current waveforms are shown for different operating
conditions to analyze the time-varying characteristics. As shown in Figure 11(a), the voltage remains stable
under nominal conditions. At the same time, Figure 11(b) illustrates a severe overvoltage, indicating a
fundamental Ferroresonance characteristic mode. In the same way, aperiodic changes indicated by an onset
of quasi-periodicity are shown in Figure 11(c). The simulation results for the system's performance, including
Ferroresonance modes and peak voltage response, at various grading capacitance (Cg) values during single-
phase switching, are presented in Table 4.
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Figure 11. Tree-phase waveform of voltage and Current under Ferroresonance condition: (a) Cg=0.5pF,
(b) Cg=2.11pF, and (c) Cg=7uF
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Table 4. System stability response based on Cg variation
Cg Single-phase switched off
0.5 Showing stable response with peak voltage 0.28 pu
2.11  Exhibiting fundamental mode Ferroresonance with peak voltage 1.17 pu
7 Displaying fundamental mode Ferroresonance with peak voltage 1.44 pu

4.1.2. Physical mechanism

As Cg increases, the series LC resonant frequency decreases by f,.., = ﬁ which is closer to the

system frequency (50~Hz), enhancing energy transfer between the capacitor and the nonlinear inductor.
Higher Cg also increases capacitive energy storage , thereby enhancing saturation-induced non-linear
oscillations. Table 5 summarizes the detailed features and classifications of different Ferroresonance modes,
their dynamic changes in response to the applied signal at the critical thresholds, making it appropriate to
outline them systematically.

Table 5. Quantitative results - Cg variation
Cg  Peak Voltage (pu)  Peak Current (pu) Dominant Frequency (Hz)  Mode Classification ~ THD (%)

0.5 0.92 0.47 50 stable 5.15
15 111 2.38 50,150,250 fundamental 43
211 117 3.35 50 fundamental 45
3 1.22 4.66 50 fundamental 61.06
7 1.44 12.67 Multiple Quasi-periodic 42.86
10 1.57 19.09 Multiple Quasi-periodic 51.50

4.1.3. Frequency-domain analysis

The voltage waveforms from the simulation that describe the time-variant characteristics of the
system in various operating conditions are depicted in Figure 12, where a stable voltage profile at Cg = 0.5uF
is shown by Figure 12(a), fundamental mode Ferroresonance at Cg = 2.11pF is presented in Figure 12(b),
and quasi-periodic mode at Cg=7uF in Figure 12(c). The FFT spectra for the representative Cg cases, with
features indicating Ferroresonance modes, are quantified in Figure 13. Harmonic content as shown in
Figures 13(a)-(c).
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Figure 12. Voltage waveform: (a) Cg=0.5uF, (b) Cg=2.11uF, and (c) Cg=7uF
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Figure 13. Harmonic content of the waveform voltage: (a) Cg=0.5uF, (b) Cg=2.11pF, and (c) Cg=7uF
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—  Stable (Cg = 0.50 pF): Single peak at 50 Hz, THD = 5.15%
—  Fundamental Mode (Cg = 2.11 pF): Dominant 50 Hz with odd harmonics, THD = 45%
—  Quasi-Periodic (Cg = 7 pF): Multiple peaks at multiple frequencies, THD = 42.86%

4.1.4. Statistical correlation analysis
The relationship between Cg and peak voltage was assessed by the Pearson correlation coefficient:
In (13): Pearson Correlation.

Y (Cg=Cg)(Vpeak—Vpeak)

\/Z (€g=Cg)? L (Vpeak—Vpeak)?

(13)

r =+ 0.976, demonstrating a strong positive correlation between Cg and Ferroresonance intensity.
Cg is the most influential parameter, with Cg > 1.5 pF promoting Ferroresonance and Cg > 7 pF leading to
quasi-periodic.

4.2. Shunt capacitance influence on ferroresonance
4.2.1. Time-domain and frequency analysis

Unlike the Cg, however, Csh has a damping effect on Ferroresonance as shown in Figure 14, where
Figure 14(a) shows the response at 0.3 uF, Figure 14(b) depicts the response at 3.8 pF, and Figure 14(c)
illustrates the response at 7 puF. Correspondingly, the harmonic content of the voltage waveform is detailed in
Figure 15, with Figures 15(a)-(c) representing the spectral analysis for the same capacitance values. Table 6
summarizes the quantitative effects of varying shunt capacitance (Csh) on peak voltage, peak current, and THD.
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Table 6. Quantitative results — Csh variation
Csh Peak voltage (pu)  Peak current (pu) THD of Voltage (%)

0.3 1.44 12.67 42.86
2.5 1.25 7.8 55.45
3.8 0.91 0.87 3.29
7 0.79 0.67 3.24
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Csh provides an alternative path for ground current, reducing the current through the transformer
magnetizing branch. This reduces flux excursions into deep-saturation regions, thereby limiting nonlinear
effects. Moreover, Csh is recognized for enhancing the damping ratio of Ferroresonance in within the
system. Csh vs. peak voltage: Pearson correlation, r = —0.944 (p < 0.001), strong negative correlation
(damping effect).

4.3. Magnetization resistance influence on ferroresonance
4.3.1. Time-domain analysis

As shown in Figure 16 and Figure 17, the Rm, which reflects core losses, has a dual effect on
Ferroresonance, which relates to core losses as well as harmonic distortion, where the time-domain voltage
waveforms are displayed in Figures 16(a)-(c). Likewise, the corresponding harmonic content of voltage is
presented as shown in Figures 17(a)-(c). Table 7 shows the influence of magnetization resistance (Rm) on
Ferroresonance: a higher resistance value decreases the peak voltage but increases harmonic distortion.
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Table 7. Quantitative results - Rm variation
Rm Peak voltage (pu)  Peak current (pu)  Dominant frequency (Hz)  Mode classification THD (%)

For Voltage
1500 161 12.19 50 fundamental 27.46
3300 1.50 12.7 50 fundamental 34.68
6586 1.44 12.67 Multiple Quasi-periodic 42.86
20000 131 12.05 Multiple Chaotic 7
65860 1.057 11.95 Multiple Chaotic 145

The results show an inverse relationship between resistance and voltage; the higher the Rm, the
lower the peak voltage. Rm = 1500 Q (deep saturation) with severe Ferroresonance observed with peak
voltage 1.61 Pu; Rm = 6586 Q (moderate saturation) with lower peak voltage 1.44 Pu, and Rm= 65860 (very
low saturation) with even lower peak voltage 1.057 Pu. Set parameters — Cg = 7 pF, Csh = 0.3 pF.
However, the THD rate increases with increasing resistance, allowing quasi-periodic and chaotic
Ferroresonance modes to occur. A strong negative correlation Pearson (r = -0.956, p < 0.001) was identified
between Rm and peak voltage.
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5.  ZIGZAG GROUNDING TRANSFORMER MITIGATION
5.1. Zigzag grounding approach and arrangement
5.1.1. The cause of ferroresonance for ungrounded systems

Ferroresonance in the transformers at Djinet power station is fundamentally caused by the delta-
connected primary winding, which gives rise to an isolated neutral (that is, no zero-sequence current path).
In single-phase switching or fault conditions, the open phases are still charged through capacitive coupling,
forming a series LC circuit with the transformer's magnetizing inductance. This troubled state is the
underlying cause of Ferroresonance.

5.1.2. Zigzag grounding transformer principle

A zigzag ground transformer provides an artificial neutral supply and zero-sequence return without
modifying the primary power transformer. The zigzag connection connects phase windings of a three-limb
core so that:

—  Currents in zero-sequence I, = (I, + I, + 1.)/3 freely flow through the zigzag windings to ground.

—  Positive and negative sequence currents are (modified for balanced three-phase) prevented from flowing
by high resistance.
—  Single-phase energization cannot occur because a zero-sequence path closes the circuit.

The design specifications and technical parameters for the zigzag grounding transformer are presented
in Table 8.

Table 8. Zigzag grounding transformer design parameters
Design requirements
Power rating: 509.86 kVA
Voltage rating: 22 kV/(line-to-line)

Zero-sequence impedance: 45.96 Q (typical range for effective grounding)
Continuous current rating: 13.38 A(for sustained ground fault)
Short-time current rating:400 A(fault duty)

Neutral grounding resistor R’: 31.77 Q (limiting ground fault current to ~400 A)

5.2. Mitigation validation results
5.2.1. Comparative analysis: without vs. with zigzag grounding

To validate the effectiveness of the zigzag grounding, parametric cases were re-simulated using a
Simulink network model shown in Figure 10 with the zigzag grounding transformer connected. In this case,
all circuit breakers are used. First, one single-phase circuit breaker, GCB1, was switched down at 0.3
seconds, and the other circuit breakers (GCB2, GCB3) remained open; at 0.7 seconds, these breakers (GCB2,
GCB3) were closed. Simulation results are shown in Figures 18-23. In Figure 18, Figures 19(a) and 19(b),
the voltage waveform and harmonic content are presented for Cg =2.11 uF and Rm = 6586 Q. In Figures 20,
Figures 21(a) and 21(b), they refer to values of these parameters obtained with Rm = 6586 Q at Cg =7 uF. In
contrast, Figure 22, Figures 23(a) and 23(b) use Rm=65860Q and Cg=7uF, and the capacitance shunt
Csh=0.3yuF is applied in all scenarios.
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Figure 18. Voltage waveform with zigzag transformer grounding at Cg=2.11 pF, Csh=0.3 pF, and
Rm=6586 Q
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Figure 23. Harmonic content of the waveform voltage with zigzag transformer grounding (a) Cg=7 uF and
(b) Csh=0.3 pF, Rm=65860 Q

Table 9 quantifies system parameters before and after the zigzag grounding transformer's effect
under the baseline case (Cg=7uF, Csh=0.3uF Rm=6586Q) to assess its mitigation ability. In this case, a
zigzag grounding transformer offers a zero-sequence current path, thereby avoiding the isolated single-phase
energization condition. After one of the phases is switched, zero-sequence current will flow through the zigzag
transformer into the ground, which closes the circuit and prevents capacitive coupling, which would occur
through the open phases. This avoids the implication of a series LC Ferroresonance circuit.

5.2.1. Comprehensive parametric validation

To examine the robustness of the mitigation, all parametric cases were re-simulated with zigzag
grounding. Results: Zigzag grounding completely eliminated Ferroresonance in 100% of tested cases, while
remaining highly effective across a wide range of parameters. The efficacy of this zigzag grounding method
for eliminating Ferroresonance, considering all parameter variations, is shown in Table 10.

5.3. Comparison with alternative mitigation strategies

The following text provides a comparative overview of different mitigation techniques for
Ferroresonance, with their respective performance metrics. To provide context on the effectiveness of zigzag
grounding vs other mitigation methods, a comparison was conducted in Table 11.

Table 9. Mitigation effectiveness-baseline case Cg=7 uF, Csh=0.3 uF Rm=6586 Q

Metric Without Zigzag With Zigzag improvement
%
Peak voltage (pu) 1.44 0.97 32.21
Peak current (pu) 12.67 0.32 97.47
THD of voltage% 42.86 6.09 85.79

Dominant freq 50 (Ferroresonance) 50 (normal)  Mode-eliminated

Table 10. Mitigation effectiveness across all parameters

Parameter Range Cases tested Ferroresonance without zigzag ~ Ferroresonance with zigzag  Mitigation success rate
Cg: 0.5-10 pF 6 5 cases (83.3%) 0 cases (0%) 100%
Csh: 0.3-7 pF 4 2 cases (50%) 0 cases (0%) 100%

Rm: 1500-6586 Q 5 5 cases (100%) 0 case (0%) 100%

Table 11. Mitigation techniques comparison

Mitigation Effectiveness Peak voltage Implementation cost Continuous Complexity
technique (% cases reduction losses
mitigated)
Zigzag 100% of tested ~ 32.21% (from 1.44 Moderate (requires Low; only active ~ Moderate; requires
Grounding cases t0 0.97 pu) transformer and NGR) during faults or specific sizing
Transformer switching criteria
Resistive High Significant Low High; causes Low; simple
Damping reduction continuous passive components
(Series/Parallel) power losses
Csh Partial; Strong negative Moderate (requires Low Low to Moderate
dependent on correlation (r = - capacitor banks)
capacitance 0.944)
value
Active Methods Very high High precision High (requires Moderate High; requires active
(SSFSC) reduction electronics and relays) (standby power detection/suppression

for control)
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6. DISCUSSION
6.1. Physical mechanisms and energy exchange

This parametric study and mode characterization provide insight into the fundamental physical
processes controlling Ferroresonance in the Djinet ungrounded transformers.

6.1.1. Energy exchange mechanism
Ferroresonance is essentially an energy transfer process between the capacitive and inductive
elements of the system and is controlled by the nonlinearity of a transformer's core. Such energy dynamics
can be described by:
—  Series capacitance is charged by source voltage, storing energy EC.
—  EC — EL, Capacitor discharges through transformer magnetizing branch.
— At higher flux, the transformer gets saturated, and the current can increase fast.
— Insaturation, less inductance enables the transfer of more energy than in the linear case.
—  Sustenance of oscillation: energy dissipation (Rm losses) < energy input (source).

6.2. Comparison with existing literature
6.2.1. Literature comparison

The observed parametric relationships correlate with and quantify findings from earlier studies.
Table 12 compares the effects of parameterization on Ferroresonance from this study with those reported in
the existing literature.

New Contribution: Compared with prior work, which only qualitatively described the correlation,
this study provides quantitative correlation coefficients and statistical significance (p < 0.001)—limitation:
Poincare mapping or bifurcation analysis. The nonlinear characterization tools are not used in this study. In
future work on complete-mode classification, they should be included.

To assess the effectiveness of mitigation techniques relative to other studies, Table 13 presents a
comparative analysis of results from the literature.

Novelty: This study provides extensive parametric validation of the effectiveness of zigzag
grounding attenuation in a larger number of cases, in contrast to the literature, which typically covers only
single cases or field reports.

Table 12. Literature comparison - parametric effects

Parameter This study Literature [29] Agreement
Capacitance focus Distinct analysis of Cg(trigger) Total equivalente capacitance(Cg+2Cm) Quantitatively
Vs Csh(damping) confirms
Cg finding r =+0.976 (strong positive) Used to calculate Thevenin equivalent voltage Quantitatively
confirms
Rm Higher Rm reduces peak voltage Lower losses (higher Rm) increase chaotic Quantitatively
but increases chaos/THD. behavior confirms

Table 13. Literature comparison - mitigation effectiveness

Study System Mitigation method Effectiveness Validation
This Study 1131 MW power Zigzag + NGR Very high MATLAB Simulink
plant
Fan [30] Distribution Hybrid ASD Very high PSCAD + Prototype
network
Abdel-hamed [31] 13 kV distribution HOR-SL high PSCAD/EMTDC
Bakhshi [32] Wind farm VT Solid-state circuit high Simulation + Lab
Substation auxiliary Inhibitor device high Simulation

7. CONCLUSION

In this study, Ferroresonance in ungrounded power transformers was thoroughly investigated using
the Ras Djinet 1131 MW power plant in Algeria as a case study and through mathematical modeling,
extensive parametric simulation, spectral mode categorization, and ground mitigation, verified using a zigzag
configuration. This work thus contributes in three distinct ways towards the state-of-the-art by providing a
comprehensive theoretical investigation using real Djinet plant specifications, measured transformer data,
and system parameters, to overcome the limited literature on validated industrial case studies.
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The quantitative parametric evaluations revealed a strong positive correlation between grading
capacitance and Ferroresonance intensity (r=+0.976), indicating that values above 1.5 pF help develop
Ferroresonance, and those above 7 pF excite quasi-periodic solutions, leading to a dramatic increase in peak
voltage from 1.11 pu to 1.44 pu. On the contrary, the shunt capacitance exhibited a high negative correlation
(r =—-0.944, p < 0.001). It was also able to act as a positive damping element, decreasing the peak voltage
from 1.44 pu to 0.79 pu (saves ~45.13%) and total harmonic distortion (THD) from 42.86% to 3.24% (saves
~92.44%) when increased from 0.3 uF to 7 pF. A strong negative correlation (r =-0.956, P < 0.001) was
identified between Rm and peak voltage, was also found upon the analysis of the calibration resistance for
core loss because decreasing values increased Ferroresonance and values favored transitions into quasi-
periodic (6 586 Q) or chaotic (20 000 Q ) modes, forming strong quantitative classification criteria using
combined time plus frequency domains. Most importantly, zigzag grounding transformer well eliminated
Ferroresonance in 100% of the examined cases, numerically covering wide ranges of parameters with a peak
voltage reduction from 1.44 pu to 0.97 pu (32.21%), a peak current reduction from 12.67 A to 0.32 A
(97.47%) and THD voltage down from 145.43% to about 5.01% (96%) relative to the baseline case.

However, the present work has some limitations, including the use of a nonlinear magnetization
curve, the neglect of hysteresis effects, treating the transformer as unloaded to exclude load damping effects,
and a strict focus on single-phase interactions rather than three-phase couplings. In addition, a comprehensive
nonlinear dynamical characterization based on Poincare mapping and bifurcation analysis was excluded from
the active part of this work. Next research directions relate to the characterization of mode transitions and
chaos boundaries using Poincare maps, bifurcation diagrams, Lyapunov exponents, and more advanced
dynamic hysteresis frameworks such as the Jiles-Atherton or Preisach models, which help increase the
accuracy of transient simulations. Furthermore, future work should define and study different kinds of
Ferroresonance occurring under very unbalanced network conditions and similar phase-to-phase coupling
mechanisms; meanwhile, time-series machine learning-based algorithms should be able to detect and
discriminate between the high-level complex mode of Ferroresonance from instantaneous measured voltage
and current data.
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