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Ferroresonance in Distribution Systems — State of the Art

Abstract. Recently, there are increasing interest in studying the ferroresonance phenomenon, due to the various problems it causes to power
quality and the destruction of network parts, insulators and consumer devices. As the ferroresonance leads to a significant increase in voltage or/and
current with harmonic presence, both of which represent a threat to the stability of the electrical network and its parts. The influence of
ferroresonance on the distribution system is crucial because the distribution system is the network’s closest part to the consumer, and any effect it
has will have an impact on the customer. This paper presents a state of the art of ferroresonance problem. The most visible signals for
ferroresonance and analytical methods used to indicate its occurrence are presented. The investigation of ferroresonance in the radial distribution
system and the effect of integrating Distributed Generation (DG) into the distribution zone on this phenomenon are presented. The latest methods
used to mitigate and prevent ferroresonance are discussed. Furthermore a technique for suppressing ferroresonance is implemented. The
ferroresonance in power transformer and the effect of load variation on it will be presented. PSCAD/EMTDC software is used to simulate the study.

Streszczenie.  Ostatnio obserwuje sie coraz wigksze zainteresowanie badaniem zjawiska ferrorezonansu, ze wzgledu na rézne problemy, jakie
powoduje w zakresie jakoSci zasilania oraz niszczenia elementéw sieci, izolatoréw i urzgdzen konsumenckich. Poniewaz ferrorezonans prowadzi do
znacznego wzrostu napiecia lub/i pradu z obecno$cig harmonicznych, ktére to oba stanowig zagrozenie dla stabilnosci sieci elektrycznej i jej czesci.
Wptyw ferrorezonansu na system dystrybucyjny jest kluczowy, poniewaz system dystrybucyjny jest czescig sieci najblizszg konsumentowi, a kazdy
Jjego wptyw bedzie miat wptyw na klienta. Artykut przedstawia aktualny stan wiedzy na temat ferrorezonansu. Przedstawiono najbardziej widoczne
sygnaty dla ferrorezonansu oraz metody analityczne stuzgce do wskazania jego wystepowania. Przedstawiono badania ferrorezonansu w
promieniowym ukfadzie dystrybucyjnym oraz wptyw integracji Generacji Rozproszonej (DG) w strefe dystrybucji na to zjawisko. Oméwiono
najnowsze metody stosowane do fagodzenia i zapobiegania ferrorezonansowi. Ponadto wdrazana jest technika ttumienia ferrorezonansu.
Przedstawiony zostanie ferrorezonans w transformatorze mocy i wplyw na niego zmian obcigzenia. Do symulacji badania stosuje sie
oprogramowanie PSCAD/EMTDC. (Ferrorezonans w sieciach rozdzielczych — stan wiedzy)
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Stowa kluczowe: Ferrorezonans, DG, Generacja Rozproszona, PSCAD.

Introduction

The goal of designing the power system is to deliver
electrical power with lowest costs, low pollutant emissions
level, maximum efficiency, and high power quality [1]. With
the great technological advances these days, devices
connected to the electrical grid are becoming more
sensitive to system disturbances and transients phenomena
such as all events due to switching actions, energizing and
de-energizing elements of the power system and faults [2].

The power system does not always work in a steady-
state condition, but it may go via transient states. Despite
the short time of transient cases compared to the steady-
state conditions of the system, they cause problems such
as high voltage or current, poor power quality, drop in
voltage or frequency and some harmful phenomena like
ferroresonance effect [3]. Hence the interest of researchers
are increased to solve these problems to provide the power
to the consumer with the appropriate quality. Researchers
are working to reduce the problems related to
ferroresonance phenomena especially with the increase in
nonlinear element in power system [4]. Problems related to
transient can be classified into two categories: first
impulsive and second oscillatory [5].

Ferroresonance is oscillatory phenomenon threatening
the stability of the electrical network [6][7]. Also,
ferroresonance refers to voltage displacement or natural
instability [8]. It can cause damage to system equipment,
insulation and consumer’s distribution devices. Also, it
results in misoperation of protection devices due to
overvoltage and/or overcurrent of peak value that can

exceed more than twice of the normal value [9]-[16]. These
phenomenon are caused by abnormal operations results in
thermal and electrical stresses [17],[18], [19]. Researchers
classified the ferroresonance phenomenon as low
frequency electromagnetic transients of frequency ranges
from 0.1 Hz to 1 kHz [4], [20]-[22]. This nonlinear
phenomena can be blamed for several unexplainable
breakdowns [23].

Recently, the phenomenon of ferroresonance has
increased significantly in the electrical network. This
phenomenon appears in all parts of the electrical network
and different voltage levels [19]. Ferroresonance appeared
in the protection system elements like Current Transformer
(CT) and Potential Transformer (PT). The occurrence of
ferroresonance in PT was discussed in [24] and
recommendations to avoid the investigation of
ferromagnetic resonance were provided. Ref. [25]
presented an investigation of the ferroresonance in PT and
based on the self-excitation characteristic. PT's self-
excitation  characteristic was used to identify
ferroresonance. Ref. [26] examined the effects of switching
transients and its contribution to the resultant
ferroresonance at the coupling Capacitor Voltage
Transformer (CVT). Ref. [27] discussed the ferroresonance
in PT and infer it through vibration analysis. Ref. [28]
explained the extent of the damage caused by the
ferroresonance phenomenon on the CVT and proposed a
suppression circuit. The occurrence of ferroresonance in
PTs during the system energization event was discussed in
Ref. [29]. In Ref. [30], the faults in Medium Voltage (MV)
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network and its role in ferroresonance investigation at
Voltage Transformer (VT) were discussed. Ref. [19]
presented the occurrence of ferroresonance at the PT
terminal on High Voltage (HV) GIS substation. In addition,
many studies have shown the occurrence of ferroresonance
in PT in different parts of the network, and many solutions
and inhibitor circuits have also been presented in Refs. [5],
[11], [13], [311-[35].

In addition, many researchers discussed ferroresonance
investigation in the power transformers. Ref. [36] presented
the investigation of ferroresonance in power transformer
caused by unhealthy switching and introduced its mitigation
circuit. Ref. [37] discussed the asymmetrical phases de-
energization of the wind farm its role in ferroresonance
activation. Ref. [38] presented the prevalence of
ferroresonance in the Montazer Qaem 63 kV substation.
Ref. [39] provided the initiated of ferroresonance in
unloaded power transformer terminated by cable. Ref. [40]
explained the effect of power transformer energization in a
400 kV transmission grid on ferroresonance investigation.
Ref. [41] dealt with the effect of the variation of Petersen
coil on ferroresonance response in a power transformer.
Salman in [42] studied the effect of the transmission line
outage on ferroresonance response in power transformer.
Ref. [18] provided an analytical method to detect the
ferroresonance phenomenon in (MV) Networks. In addition,
there are many researches in the form of an analysis and a
case study only, without presenting actual studies like Refs.
[24]- [14].

Ferroresonance also appears in the Distribution System
(DS). It's considered as a critical case because of closeness
to loads. Ref. [53] examined the effect of changing the type
of distribution transformer on the ferroresonance response,
but this study was conducted in a no-load condition. Ref.
[54] showed two ferroresonance states investigated in the
distribution transformer, but both states were performed
when the system was not loaded. Ref. [55] studied the
effect of cable length and five legs three-phase distribution
transformer on the ferroresonance response. Ref. [56]
presented the ferroresonance condition in an underground
DS resulting from unhealthy switching cases. Ref. [57]
presented three ferroresonance cases in DS integrated with
a PV system resulting from the break into interconnection
between PV system and the transformer. Ref. [58]
presented the occurrence of ferroresonance in DS. It
presented the DS in an equivalent circuit without studying a
real network.

From the previously presented studies, it is found that
the phenomenon of ferroresonance is widespread in all
parts of the power system, and a lot of research has been
directed to this study. But most of studies dealt with this
phenomenon in the form of simple cases or an analytical
study only, although this phenomenon is affected by the
slightest change in the system. A lot of research that
investigated this phenomenon was in protection element
parts such as PT and CVT. Others were interested in
studying this phenomenon on the power transformer with
high and medium voltages. However, the interest in
studying this phenomenon in the DS falls short of
expectations. Although the DS is the most affected area
with loads and any change in these loads can change the
network topology and may cause the system to rush into
ferroresonance. With the current increase in the use of
Distributed Generation (DG) in DSs, its effects on
ferroresonance (according to the author's knowledge) have
not been highlighted.

Many studies presented the implementation of DG into
DS but, its effect on transit states and ferroresonance
investigation still are considered as a research gap.

Therefore, this paper focuses on studying the phenomenon
of ferroresonance in DSs and the effect of DG penetration
on this phenomenon.

This article explains the different factors which caused
by the occurrence of ferroresonance and the problems of
ferroresonance. The paper provides the physical and
analytical methods used to recognize ferroresonance in a
network. The different shapes of ferroresonance modes are
also  explained.  Furthermore, the modeling of
ferroresonance's equivalent circuit and transformer
response at abnormal switching are provided. The change
in transformer response is also displayed as the load varies.
The effect of load variation on the radial power system
response is studied. The effect of DG implementation on
ferroresonance response is presented. Finally, a
comparison between methods of mitigating and preventing
the ferroresonance is presented. PSCAD/EMTDC software
is used in this study.

The rest of the paper is organized as follow. Section Il
presents ferroresonance phenomena, its definition, the
reasons for the occurrence of ferroresonance and
ferroresonance problems. Section Ill presents simulation
cases. Section IV presents radial system penetrated with
DG as case study. Section V provides the latest mitigation
methods of ferroresonance and introduces the
implementation of the series ferroresonance suppression
circuit. The conclusion of the paper is given in Section IV.

Ferroresonance background
Ferroresonance phenomenon

Ferroresonance means resonance occurred between
parameters of the electrical network with element containing
ferromagnetic material like a transformer or an inductor [1],
[53], [56], [99], [60]. Ferroresonance considered as a
special case of resonance [39], [57]. Ferroresonance is
unpredictable phenomenon arises due to the interaction
between system capacitance and non-linear inductance
[45], [61]-[65]. Ferroresonance is a rare non-linear
phenomenon in which energy fluctuates between a
capacitive element and non-linear inductive element which
alternatively becomes saturated. This phenomena causes
the system to jump from a stable state to a stationary
ferroresonant state [64]. It is still disconcerting phenomena
until today [67]. This phenomenon can occur with small
changes in the parameters of the network so, it is difficult to
be predicted [68], [69]. Investigating ferroresonance is a
difficult endeavor, owing to the large number of factors that
might influence the phenomenon's occurrence, as well as
the phenomenon's great sensitivity to very minor changes in
power grid parameters [40].

The first to point to this phenomenon is Joseph
Bethenod in 1907. He indicated a resonance in the
transformer due to non-linear inductance but Paul Boutherot
named this phenomena as ferroresonance in 1920 [56],
[70]. Ferroresonance differs from normal resonance, or as
some researchers call it, linear resonance. Normal
resonance is an expected phenomenon that results from an
interaction between capacitance and inductance, unlike
ferroresonance, which is an unpredictable phenomenon that
results from the interaction of capacitance with nonlinear
inductance. Table 1 presents a comparison between
ferroresonance and linear resonance [1], [53], [57], [71].

Also, Fig. 1 shows the difference between the
equivalent resonant and ferroresonance circuits. The
ferroresonance circuit incorporate ferromagnetic material
resulting in the phenomenon of non-linearity [1], [72]-[76].

Ferroresonance phenomena can occur in all parts of the
electrical network and at any level of voltage [72]. There
are many causes that lead to ferroresonance effect. The
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most important reasons are due to incorrect design,
topology of network, the ferromagnetic core of transformer
and unexplained causes. Table 2 explains these reasons,
their percent and their description [48], [77], [78]. These
causes are summarized in the illustrated diagram shown in
Fig. 2 [40], [48], [51], [79], [80]. Recently, researchers have
demonstrated the role of the transformer tank in increasing
the ferroresonance effect [81].

Table 1. Comparison between ferroresonance and linear
resonance
Types
Items Ferroresonance Linear Resonance

Linear resonance occurs

Ferroresonance oceurs at
only at one frequency.

Frequency at

. man frequencies .
which the v q So, it depends on the
depending on the i
phenomenon . \ variation of the source
operating point of the
ocecurs frequency and system

magnetization curve.
parameters

Ferroresonance occurs

under saturation in the | Linear resonance occurs

Difference in

core of the nonlinear | from  the interplay
parameter . . .
H . inductive element and | between capacitance and
interaction . : N . .
interaction with system | linear inductance.
capacitance.
Equivalent * Resistance * Resistance
System ¢ Capacitance * Capacitance
parameters * Nonlinear inductance ® Linear inductance
Ferroresonance results in .
) Resonance results in
overvoltage and/or
P overvoltage and
overcurrent with several
. overcurrent but the wave
Wave shape wave shapes. It has many . N
- . keeps its  sinusoidal
frequencies, depending on |
shape and fundamental
the response of the
frequency.
system.
Table 2: Main reasons lead to ferroresonance
Occurrence L
Reason o Description
Yo
Ferroresonance phenomena can occur
due to:
¢ Incorrect design of any electrical
Incorrect i
. 30 network elements.
design - .
¢ Incorrect sizing of capacitor bank.
¢ Incorrect determination of the length
of cables and overhead lines.
Abnormal  switching can  cause
ferroresonance investigations such as:
¢ Connectivity failure after system faults
Topology of 15 have been cleared
network ¢ Connectivity failure during the
operating action
® Separation action, there was a
disconnectivity failure.
. Ferromagnetic nature of the core leads to
Ferromagnetic . . .
the phenomenon of non-linearity to
core of 20 : . . y
transformer inductance which lead to
transformer N N
ferroresonance effect.
The current in the primary side is mosily
No load 25 in the magnetic circuit due to the no-load
condition condition, and this situation is conducive
to ferroresonance.
Despite advances n research,
. ferroresonance remains a mysterious and
Unexplained ; .
causes 10 unpredictable phenomenon in some
cases. As a result, several DNs
components were destroyed.

RN MR

(a) L)
Fig. 1: Comparison between (a) linear resonance and (b)
Ferroresonance circuits

Lines Cable Capacitor
capacitance capacitance sizing
Incorrect design
Ferromagnetic
No load core
Ferroresonance
Magnetizatin .
L Saturation
cireuit
Unknown Topology of
Causes network
Connectivity
failure
Faults ~ Switching  recloser

Fig 2: Diagram of ferroresonance causes

Ferroresonance Problems

The  ferroresonance phenomenon is always
accompanied by dangerous problems to power system
network. These problems pose a major threat to the
continuity and integrity of the power system which
represented in the following:

Overvoltage

A ferroresonance in the DS causes a dangerous
increase in voltage up to several times the rated value [82].
It is always followed by the occurrence of many other
problems in the system such as insulators break down and
failure in power system devices which may lead to cut off
electrical service [70], [83]-[85].

The problem was displayed in many studies. Ref. [86]
introduced the investigation of ferroresonance in an
islanding mode of micro grid. The voltage was raised to 8
pu. Ref. [26] introduced the increase of voltage value to 2.5
pu in CCTV. Refs. [87], [41] introduced the increase of
voltage value in power transformer to 5 pu and 3 pu as a
case study. Ref [88] presented the investigation of
overvoltage to 3 pu in VT as an analytical study.

Overcurrent

One of the problems that follows the phenomenon of
ferroresonance is the occurrence of a significant increase in
current. An increase in the current results in problems such
as overheating in parts of the electrical system which lead
to damage in system elements and insulators [34], [50].

In [89], the current value in the grid increased to 6 pu.
Ref. [90] introduced the increase of current value to 2.5 pu
in power transformer. Ref. [21] presented the results of an
investigation of overcurrent up to 2 pu into a real system in
Slovakia. Ref. [91] introduced the increase of current value
to 5.5 puin VT.

Power distortion

Ferroresonance causes a distortion of the electrical
power wave, which results in the occurrence of harmonic
problems [82]. These represent a major problem for
electronics and sensitive devices. [67], [92]. Fig. 3 explains
many shapes of power wave distortion.

Several studies revealed the issue. The distortion in the
voltage wave caused by abnormal switching in a PV project
connected to the grid was presented in ref. [59]. Refs. [34]
and [93] introduced the distortion in VT voltage wave. Ref.
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[41] provided a case study of a power transformer in
ferroresonance and the distortion of its voltage wave.

Saturation for devices containing ferromagnetic
material

The fundamental cause of ferroresonance is the
nonlinear ferromagnetic characteristics [19].
Ferroresonance causes a saturation of the elements
containing ferromagnetic material [94], [95]. High current
flow is resulted in saturation, which results in increased heat
and irregular vibration of device components [52], [48].

Ref. [96] investigated the role of ferroresonance in
transformer saturation. In [65], an analytical study was
presented to eliminate saturation that may be caused by
ferroresonance with ferromagnetic material. As a case
study, Ref. [82] demonstrated the saturation of a nonlinear
reactor due to ferroresonance. In [97], an analytical study of
a single-phase transformer and the role of ferroresonance
in iron core saturation was presented.

Misopertion of protection devices

Significant distortion of the power wave may results in
protective device misoperation [98]. The occurrence of
ferroresonance results in adverse effects on the voltage
transformer, current transformers and measuring
apparatuses. All these effects will lead to a defect in the
operation of the protection system [25], [26], [30], [67].

Ref. [16] presented the failure of an overcurrent relay
(OCR) in the Manitoba grid due to ferroresonance. Ref. [99]
introduced challenge to the operation of OCR in DN due to
ferroresonance.

Other problems

There are also some other problems that result from the
occurrence of ferroresonance, such as the occurrence of
abnormal noise, power flickers and damage to some power
lines [27], [100], [89].

Ref. [12] presented many problems give rise from
ferroresonance such as noise, flicker, damage to electrical
equipment and overheating.

Despite the complexity of this phenomenon, researchers
have tended more recently to find solutions and ways to
reduce this phenomenon for protecting the electrical
network, its operators and customer devices connected to
the network.

Ferroresonance modes and signs

Due to the phenomenon of nonlinearity of the
ferroresonance circuit, it has a lot of responses [101]. These
responses can be classified into four modes. These modes
are known as fundamental mode, sub-harmonic mode,
quasi-periodic mode, and chaotic mode [26], [44], [49],
[102], [103].

Fundamental Mode

In this mode the current and the voltage have the same
period (T) of the system called a period-1 (f0/1 Hz) with the
same frequency but contain odd harmonics (3rd, 5th, 7th
yeeeeen, Nth). It is small in comparison with fundamental
component. Fig. 3a shows a Fundamental Ferroresonance
(FF) waveform and its frequency spectrum [1], [34], [57],
[62], [104].
Sub-Harmonic Mode

In this type, the signals of current and voltage have
period multiples of the source period (nT) called a period-n
(fo/n Hz) contains fundamental component with (nth) sub-
harmonic. Fig 3b shows a Sub-Harmonic Ferroresonance
(SHF) waveform and its frequency spectrum [1], [34], [57],
[62], [104].
Quasi-Periodic Mode

This mode is called quasi-periodic mode or sub-

periodical mode. The signal of current and voltage is not
periodic which has non-continuous frequency spectrum.
The frequency is represented by equation nf1 + mf2, where
f1/f2 are irrational real numbers, and n and m are integers.
Fig. 3c shows a quasi-periodic ferroresonance (QF)
waveform and its frequency spectrum [1], [34], [57], [62],
[104].

v
Vit Vol

N
£ 3f nf T
(a) Fundamental ferroresonance

/,/\ 40]
L

fln £3 f

(b) Sub-harmonic ferroresonance

v(t) R

v

r
m

vit) 1461
| \ | I o
f=f fR3L-f nfy
(c) Quasi-periodic ferroresonance
V(t
Vo 14G]
»F

(d) Chaotic ferroresonance
Fig. 3: Ferroresonance modes

Chaotic Mode

In this mode, the signal of current and voltage is not
periodic which has continuous frequency spectrum and any
frequency is not cancelled. Fig. 3d shows a Chaotic
Ferroresonance (CF) waveform and its frequency [1], [34],
[57], [62], [97], [104].

The shape of the system's response to ferroresonance
depends on the parameters of the system and also on the
iron core material used with the inductor [44], [105]. Due to
the extreme sensitivity of ferroresonance phenomenon, any
change in system parameters, at ferroresonance condition,
can lead to change in the system behavior [106].

There are several ferroresonance modes as Fig. 3
indicates [48]. Some modes lead to very high voltages and
others modes may lead to voltages near nominal values.
Therefore, it is important to identify the signs by which this
phenomenon could be recognized. It is represented in
physical phenomena such as overheat, noise, flicker, surge
arrester failure and vibration at power system. When the
aforementioned problems appear larger than the allowable
limits, it can be a sign of ferroresonance in the system.
Table 3 explains these problems and description [48], [53].

In addition the physical signs to identify the presence of
ferroresonance are included in Table 3. Also, this
phenomena can be recognized through analytical methods
such as: Wavelet transform [2], [94], Analysis of the
variables in the energy quality factors [38], Short Time
Fourier Transform [38], Poincaré maps [92], Bifurcation
diagram [95], and Phase plane diagram [38].
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Table 3: Summary ferroresonance signs

Problem Description

Reference

source. Also, the same circuit is implemented in three

When the noise louder than the normal
hum of the transformer, this indicates
the occurrence of saturation of the iron
core of the transformer, and this state
is more prone to the ferroresonance
state. The sound of a dryer full of bolts
running is a classic indicator of
ferroresonance.

[12],
[107],
[108]

Noise

(48],

phase form. It produces a quasi-periodic ferroresonance,
as illustrated in Figs. 5a and 5b, with voltages of 3 pu in
one phase circuit and 6 pu in three phase circuit.

C1

C2  mm—

Source

When the iron core is saturated, it
causes a stray flow that causes parts
of the transformer to heat up. If this
heat reaches the internal connections
of the transformer and causes the
insulation to break, then a
ferroresonance may occur.

[34],
[107],
[109]

Overheating

[52],

(a) Equivalent circuit

The ferroresonance current resulted in
overheating of the block of surge
arrester which led to surge arrester
failure. Qil lightning arrester is less
affected by this phenomenon due to its
ability to dissipate heat in a fast
manner.

Surge
Arrester
Failure

[36], [108]

Voltage (pu)

Tirelsl 00 0.10 020 030 040 050 0.60

Electronic devices are very susceptible
to the overvoltage produced by the
ferroresonance which can lead to
flicker.

Flicker [12], [48]

(b) Single phase source

6.0 77
|

When the transformer core is
saturated the magnetic field varies
highly and magnetostriction
phenomenon generates a vibration.
Some detection methods depend on
the vibration analysis of power system
parts.

(18],

Vibration [110]

[27],

4.0
2.0
0.0 -+
204
404\

Voltage (pu)

Case study of ferroresonance

To illustrate the ferroresonance phenomenon, case
studies are discussed in following subsections. The case
studies will focus on ferroresonance in DSs.
PSCAD/EMTDC software is used in the study.

Case 1: A capacitor in series with a saturable
reactor
The circuit illustrated in Fig. 4a is the equivalent circuit
for the ferroresonance phenomenon. The series connection
of a capacitance with a saturable reactor and a single
phase AC source lead to ferroresonance effect. It is clear
that, the voltage has risen considerably beyond the rated
value (11 kV) as presented in Fig. 4b. It can be seen the
occurrence of quasi-periodic ferroresonance in which the
voltage level rises to 3 pu as evidenced.
11
]|
c1 Non liner
inductor

Source

L
(a) Equivalent circuit

-

3.0
2.0

30
0.210

Time fs1 0.400

0280 0.320 0.360
(b) Overvoltage wave.

Fig.4: Ferroresonance of simple circuit

Case 2: A linear inductor with shunt and series capacitors

In this case, the simulation of the circuit is presented in
Fig. 5a which consists of linear inductor with shunt
capacitor, series capacitor, and 11 kV single phase AC

-6_0_
0100 0125 0.150 0.175 0200 0225 0.250 0.275 0.300

Tirre [s]

(c) Three phase source.
Fig 5: Ferroresonance overvoltage of case 2 circuit.

Case 3: Abnormal switching of a transformer

In this case, the effect of load variation with abnormal
switching of the transformer terminals and its role on
ferroresonance occurrence are studied. This study is
carried out in four stages: no-load transformer, transformer
loaded less than 10%, transformer loaded with 10%, and
transformer loaded with more than 10%.

The nature of the load on the terminals of the
transformer and the abnormal conditions exposed to them
control the shape of the transformer response [95],[111].
Therefore, an abnormal condition like abnormal switching
effect on the transformer given at Fig. 6 will studied. This
figure presents a 50 MVA, 230/11 kV Unified Magnetic
Equivalent Circuit (UMEC) transformer that terminated with
load at low voltage side, and three phase source with
capacitor at high voltage side. This case presents the effect
of the failure of switching off a one phase of the source on
transformer with the variation of load. All the abnormal
switching actions of all stages are done at 1.5 sec and
continue for 4 sec. In the first stage, transformer is not
loaded. Failure in disconnecting one phase of the source
(two phases separated only) causes ferroresonance on the
both sides of the transformer. Figs. 7a and 7b show
ferroresonance voltage at transformer high voltage side and
low voltage side, respectively.

The voltage on the high voltage side of the transformer
increased to 11 pu, while the low voltage side increased to
10 pu, as shown in Fig. 7. This increase in voltage values
has harmful effects on the transformer. In this stage chaotic
ferroresonance modes are introduced at the both sides of
the transformer. It is found that the value of the voltage is
increased to a very high values, which results a failure of
the equipment definitely.
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In the second stage, the transformer is loaded less than
10%. The failed separation of one phase of the source
drives the transformer to ferroresonance at both sides with
a high value as shown at Fig. 8. The voltage increased to
10 pu on the high voltage side of the transformer and to 10
pu on the low voltage side. Chaotic ferroresonance modes
are introduced at the both sides of the transformer.

capacitors

Distribution
Transformer

Fig 6: Equivalent circuit for ferroresonance investigation in
transformers

In the third stage, the transformer is loaded with 10% of
its rate d value. The failed separation of one phase of the
source drives the transformer to chaotic ferroresonance at
the both sides. The voltage increased to 3.9 pu on the high
voltage side of the transformer and to 3.8 pu on the low
voltage side, as shown in Fig. 9.

In the fourth stage, the transformer is loaded more than
10% of its rated value. In the case of unsuccessful
separation of one source phases, a temporary transient at
switching instant is occurred. On the high voltage side, the
voltage value of the healthy phase restores its rated value.
The voltage value in the other two phases returns to 0.6 pu
and there is no phase difference between the three phases
as shown in Fig. 10a. On the low voltage side, the voltage
fails as shown in Fig. 10b. There is no ferroresonance effect
at this stage.

3300 3350

(a) High voltage side

my sec )

VVoltage (pu)
M
n

Tmelsl 3250 3300 3350 3400 3450 3500

(b) Low voltage side
Fig. 7. Transformer ferroresonance voltage wave at no-load

It is concluded from this case studies, to prevent
ferroresonance, it is vital to avoid operating the
transformers with no load or with light loads. According to
Ref. [57], the transformer must loaded at least with 10% of
its capacity to prevent ferroresonance investigation but, in
the third stage, when the transformer is loaded with 10% of
its capacity and an abnormal switching is implemented, the
ferroresonance appears. Therefore, it is preferable to load
transformers more than 10% of their capacity.
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Wy SeC
2
@
[=:]
=
2
Tmelsl 3250 3300 3350 3400 3450 3500

(b) Low voltage side

Fig. 8. Tranformator ferroresonance voltage wave at load less 10%
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Fig. 9. Transforme ferroresonance voltage wave at 10% load
=V R

Voltage (pu)

Timefs| 1,400 1450 1.500 1550 1.600
(a) High voltage side

125 -V _Sec
1.00

0.00
050 !
100 VWU
125

Timelsl 1400 1425 1450 1475 1500 1.525 1550 1575 1600
(b) Low voltage side

Voltage (pu)
=)
i

Fig. 10. Trasformer ferroresonance voltage at load more than 10%

Study of ferroresonance in radial distribution DG

The DSs are usually planned as a loop topology to
improve system performance and increase system
reliability. However, some limits may require the use of the
Radial Distribution System (RDS).

In this section, two case studies are presented. The first
is the investigation of ferroresonance in 13.2 kV RDS. The
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second is the investigation of ferroresonance in the 13.2 kV
RDS integrated with DG unit. The distribution is feeding
from 230 kV overhead transmission line coming from
generation plant as shown in Fig. 10a [112].

The system is lightly loaded, so the current values are
insignificant. Despite the presence of ferroresonance, the
current did not surpass the rated values. As a result, the
focus of the research was on voltage values.

In the first case study, a light load is connected at the
distribution transformer terminal. The system is normal,
however, if one sending end conductor of the transmission
line are being disconnected, the voltage fluctuated with a
high value on both sides of the transformer. The
capacitance of the transmission line interacts with the
inductance of the distribution transformer. It results in
ferroresonance as shown in Figs. 11b and 11c. Figs. 11b
and 11c present the chaotic ferroresonance mode on both
sides of the transformer at the moment of one of the
transmission line conductors is cut. It is obvious that, the
value of voltage rises more than 4 pu in the high voltage
side and 2.7 pu in the low voltage side.

Transmission line
35km

Generation Step up Step down
13kV Transformer Transformer
13230kV 230/M3.2kV
Load
13.21kV

(a) Single line diagram.

V (pu)

Tmes) o1 020 030 040 050 060 070 080 080 100

(b) Voltage wave at transmission zone.

V (pu)

Time(s) 0% 04 050 080 o7 080 080 100

0fo 020
(c) Voltage wave at distribution zone.
Fig. 11: Ferroresonance radial system without DG

With the variation of load value, the increase of the load
results in the disappearance of ferroresonance
phenomenon even if one of the transmission line
conductors is disconnected.

In the second case, the radial DS is penetrated with a
DG unit. The 16 kV DG unit is connected to the distribution
zone through 16/13.2 kV, 30 MVA, transformer. The
described system is shown in Fig. 12a. With the penetration
of DG into the system, the ferroresonance phenomenon is
disappeared, evenif one of the transmission line
conductors or more are disconnected at any load value. In
this case, the introduction of DG resulted in ferroresonance
mitigation by altering the system topology. By studying all
abnormal separation on DG and the transmission line, the
ferroresonance was investigated only in the case of the

separation of DG with the breakdown of phase A of the
transmission line. Chaotic ferroresonance was investigated.
It is found that the voltage value was increased on the low
voltage side for 2.3 pu and for 4 pu on the high voltage side
and 2.8 pu on the DG side as shown in Figs.12b and 12c.

All separation events implemented at the time 0.3 sec
and the study conducted for one sec. The voltage levels
resulted from ferroresonance phenomenon are extremely
high. The abnormal switching action and the unexpected
conductor failure may cause harmful damage to the power
system parts. As a result, it's critical to eliminate the factors
that generate ferroresonance, such as loading nonlinear
inductive elements with light or no load and failing to defend
against phase failure.

Therefore, it is important to provide system with
protection against phase failure. Incorporating DG into the
radial DS can reduce the incidence of ferroresonance, but
may result in worse ferroresonance in some cases. So, the
researchers must guide their efforts for optimizing the use
of DG and avoiding ferroresonance.
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Fig. 12. Ferroresonance in radial system integrated with DG

304
201
10 i
00 fHiiy
=104

“_:'-;:-I;T.'_::

W o(pu)

Mitigation of ferroresonance

Review of mitigation methods

Ferroresonance causes a significant increase in voltage
and/or current, and this is considered a great threat to the
parts of the electrical network from damage. Therefore, the
researchers focused on reducing the occurrence of this
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phenomenon to avoid its major technical and economic
problems.

Prevention of ferroresonance is divided into two ways.
The first is protection methods provided for the electrical
network to protect and reduce the bad effects of this
phenomenon [113]. The second is the precautions taken to
prevent the occurrence of ferroresonance into the electrical
network.

Ferroresonance prevention methods, are all the
methods and precautions taken by the electrical network
operator to prevent the occurance of ferroresonance in the
power system. Table 4 shows the most important
precautions taken used to prevent ferroresonance.

Ferroresonance mitigation techniques are all the
techniques used to restrain the high values of voltage and
current resulting from the ferroresonance [58]. Table 5
summarized the most important methods used to mitigate
and its method of study.

Generally, Ferroresonance Suppression Circuits (FSC)
are classified into three categories [33]. First, active FSC
which consist of resonance circuit and operate with high
impedance in normal frequency and low impedance in
abnormal frequency to connect suppression element [26].
Second, passive FSC which contain of saturable reactor
that saturate when the voltage value passed 1.5 pu then its
impedance is reduced and connecting damping resistor
[26]. Third, power electronics FSC which consist of two
power electronic switches used to damp overvoltage during
ferroresonance, and provide a resistive channel to ground
[33].

Ref. [114] presented the using of resistor with two one-
way controllable switches connected back to back
implemented on the secondary side of the PT as a
damping resistor to suppress ferroresonance. Ref. [115]
presented the implementation of damping resistor
connected with secondary winding of the transformer as
suppress ferroresonance. Ref. [116] relied on the use of a
resistance with an electronic switches implemented on PT
secondary side to reduce the ferroresonance, but presented
a different control circuit for the switches. It presented the
control of the conduction of this resistance by a mechanical
switch or a saturable reactor, having a saturation voltage.
The saturation voltage is higher than the rated secondary
voltage of the transformer but still quite near to it. The
saturable reactor is saturated when ferroresonance occurs
and the resistance can damp ferroresonance. Also, Ref.
[117] used a parallel reactor with the secondary side of the
PT for mitigating ferroresonance. Ref. [118] introduced the
use of thyristor driven spontaneous close shunt reactors as
a solution to ferroresonance on a power transmission line
which reduces the duration of the high voltage result from
ferroresonance.

A gas discharge lamp was used in [32] as a memristor
emulator connected to the secondary of the CVT to
minimise the ferroresonance. Ref. [119] introduced
ferroresonance limiter consists of damping resistor resulted
in eliminate of chaotic ferroresonance oscillations started
with series capacitors controlled by thyristor in the CVT.

Ref. [120] introduced the design of two ferroresonance
suppression circuit implemented on the step down side of
the CVT. The first is to use a resistance only, and the
second is to use RLC circuit. Refs. [71] and [109]
recommended the implementation of damping resistor or air
core reactor bank connected with transformer secondary
winding as ferroresonance mitigation techniques. Refs.
[110] and [111] presented the design of converter acted as
damping resistor emulators to mitigate ferroresonance
oscillation. Ref. [124] presented smart ferroresonance
limiter circuit that consist of four magnetically coupled

windings. The primary winding and the PT are linked in
parallel. The secondary winding is utilised to reduce
ferroresonance overvoltage value. The third and fourth
windings are employed to detect ferroresonance beginning
in the positive and negative half cycles of the transient
overvoltage, sequentially.

Ref. [98] recommended the installation of overvoltage
protection element at suitable locations to eliminate
overvoltage generation from ferroresonance. Ref. [42]
presented the using of Static Var Compensator (SVC) to
mitigate ferroresonance by network voltage and reactive
power control. Ref. [99] introduced the use of intelligent
overcurrent protection, based on wavelet and neural
network, to distinguish ferroresonance from transients
cases. Ref. [127] presented a ferroresonance limiter, which
consisted of anti-parallel IGBTs connected with series
resonant LC. Fault current limiters with an inductive
shielded core presented in [87] as a method to mitigate
power transformers with chaotic ferroresonance.

Ref. [113] presented several ways to reduce the impact
of ferroresonance, namely: connect nonlinear resistance to
the high voltage side's neutral point, install eliminating
resistance to the secondary side of the transformer and
grounding the neutral point via arc suppression coil. Ref.
[128] presented the connection of metal oxide varistor to the
secondary winding ofthe transformer as a means of limiting
ferroresonance. Ref. [129] presented the inserting an air
gap in the magnetic path of the voltage transformer core
which resulting in the linearization of the magnetizing
characteristic and lowering the risk of ferroresonance.

Ref. [107] introduced method to mitigate ferroresonance
by adding damping reactor which is integrated with
ferroresonance detection and suppression device to absorb
the energy produced by ferroresonance. The opening of the
opposite end of the line/transformer to de-energize the
circuit breaker, before opening it, is presented in Ref. [130]
as a solution to mitigate ferroresonance. Ref. [131]
presented the use of ferroresonance eliminator consisted of
resistance located at the three-phase PT's primary side's
neutral point. Ref. [41] introduced grounding the power
transformer by Petersen coil to mitigate ferroresonance.
Ref. [132] presented three ferroresonance mitigation
methods represented in grounding the PT primary side of
nonlinear resistance, connecting a damping resistor in open
delta winding of PT or choosing PT with best excitation
characteristics. It turns out that the effect of DG on
ferroresonance has not been thoroughly investigated and
remains as a gap point. It was unclear how suppression
ferroresonance methods would be implemented with the
DGs. Furthermore, the effect of ferroresonance and DG on
the DSs was not clarified, and researchers did not pay
enough attention to solutions to this problem in the DSs.

Implementation of series ferroresonance suppression circuit

The Tuned LC Circuit (TLCC) was implemented by
connecting a capacitor and an inductor in series and
adjusting their values in resonance state according to Eq.
(1) to have a negligible impedance at the system's steady-
state frequency [127]. TLCC impedance reduced the
amplitude of overvoltage to an acceptable level under
abnormal conditions. In this study, TLCC will be tested in
both radial system and radial system integrated with DG
that given in section IV. In the normal state, TLCC circuit
did not cause a voltage drop, and in the abnormal condition,
it mitigates the overvoltage value in both cases as given in
the following paragraphs.

1
(1) 0=
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Table 4: Ferroresonance preventing methods

Refs. The preventing method Comment and gaps Method of study
« Using multi-pole breaker switchgear is not a
Using multi-pole breaking switchgear. . A;uﬁgnsolr;?:ﬁuce the capacitance between
Decreasesing the capacitance value between the cﬁcuil breaker and tlfe transformer. but | Simulation with
[57] circuit breakers and transformer. } . '
Avoidng opersting the transtormer at a | o0 T O omer at |
capacity less than 10% of its apparent power. a capacity of more than 10% of its apparent
power as stated in section IIl. .
« Mot displaying the production cost of high-
Manufacturing the transformers with higher rated flux transformers, as well as their
rated flux levels. performance. Theoretical
[115] Appling protection relays to sense and | = Not clarifying the steps of implemented study
eradicate unbalanced state. protection system.
Implementing damping resistance. + Mot investigating the impact of implementing
resistance on losses.
Increasing network resiative effects = Mot ip\restigaling the impact of implementing
[125] Avoiding operating the transformer at no load res:ls:tance on losses. ) . Analytical study
condition. « Providing . recommendathn without  an
explanation on how to avoid the problem.
Using wvoltage instrument transformers with . ) )
[109] e highesst voltagye fetor, Introducing solution for VT only. Experimental
g:ggfiﬁ;ngm Et'(ljl mr:a;:;allmdof primary coils of = Mot ipvestigaling the impact of implementing
Grounding all-star connection transformer at resistance on losses . )
[7] every switching operation * Not comparing or evaluating of the | Review
Increasing the secondary resistive to 4% from .EHECI'VEHESS of the described methods
transformer rating. introduced.
Loading the secondary side by  dummy - ) .
:::ir?;i\re from 0.3% to 4% of transformer | ° Pr::;?;ﬂ%ﬁnnﬁimﬁnue;d:xg Ih::ntr:?:;m - Experimental &
[4), (58] | Enmergizing the cable first, then the | * USiNG mulliphase swilches is not a new | g iation  with
transformer after it go'”'m."'. . ATP
Installing gang operated multiphase switches * Nt clanfl)rlng how the limit of the cable was
Limiting the length of underground cable. determined. .
(126) Making control in magnetizing Resistance of | Lacking to make a comparison with similar | Simulation with
potential transformer. methods Matlab Simulink
[30] Using suppression resistance in the open : ELi?:GITg SOIUQIOH fDrVTonlly_ ith simil Simulation  with
star VT circuit g 1o maxke a companson With SImiar | watiab Simulink
methods
+ Intreducing solution for VT only. Experimental &
[31] Using dc reactor-based + Lacking to make a comparison with similar | Simulation with
methods Matlab Simulink
« Mot investigating the impact of implementing
[75) Using a more loss power transformer & multi- resistance on losses.
pole breaking switchgear * Using multiphase switches is not a new | Simulation with
solution PSCAD
[121] Installing zigzag grounding transformer. Presenting a solution to avoid the problem
: without putting it into action in the case study.

Table 5: Ferroresonance mitigating techniques

Study zone
=
E <
|88 |23 2§
Ref. Mitigation techniques § 2 1 2|%|o| 8 z 39
= o |E|le|O| g o E =
2 e @ n =
o o|o a
[71. D . . . . . . .
amping resistor integrated with controllable power electronic switches receive ; .
H ;‘g% a control signal from control system. d XXX Xy X | Simulation
1129] Icr:)srt;;tmg an air gap into the magnetic path of the voltage transformer (open v x x| x| x| x x | ATP
Using saturating reactor and damping resistor. ; .
[115] Using thermistor resistance. g X XX X% X | Simulation
Using TCSR Reduces the duration of the high voltage result from —
v
[118] ferroresonance. X X| X[ X| X X Simulink
Using gas discharge lamp as a memristor emulator connected to the | L
[32] secondary of CVT. x x| x| X X X | Simulink
(116] Us!ng ferroresonanc‘:e limiter t:|rlcun_ consisting of resistor, power electronic | x x| x| x| x x| Matlab
switches and the switch control circuit.
Design two ferroresonance suppression circuit based on analysis of system |
[120] parameters. X | X| X| X| X X | ATP
Adding a damping resistor at secondary side. v
73] Using air-core reactor bank at the secondary. X X| x| x| % X | ATP
Using ferroresonance suppression circuit consists of damping resistor v v L
(8] connecting to the step down winding of VT x| % x| % X | Simulink
[35], Using converter lacted as damping resistor emulators to mitigate v x| x| x| v x| simulink
[122] ferroresonance oscillation.
[124] Smart solid state ferroresonance limiter. X| X| X| v X Matlab
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Grounding the VT

[109] Overvoltage protection at suitable locations. v X X| X| X| v X X
[42] Static Var Compensator is used in ferroresonance mitigation. X v X| X| X| X X PSCAD
[99] Modify parameters setting of overcurrent relay. X | v X| X| v| X | X | PSCAD
Using ground switch. v
9] Using damping resistors. XXX XXX x
[2] Using non resistive inductor in the secondary of voltage transformer. v X | X| ¥ | X[ X | X | EMTP & Matlab
[127] Using SRFFCL (LC tuning circuit). v X | X| X[ X| ¥ X | Matlab
[87] Inductive superconducting fault current limiters. X v X Y| X X X | Simulink
133] Connecting suitable resistor value to open delta connection of PT. X X X | | X X | PSCAD
64] Using electronic ferroresonance suppression circuit with control unit. v X X| X| X| X X | Multisim
128] Using MOV arrester. X [ X [ X| V] X| X | X | EMTP & Matlab
Linking nonlinear resistance at high-voltage neutral point.
Linking harmonic elimination resistance (damping resistance) at transformer
[113] secondary side. v X | X| X| X| X | X | ATP
Linking neutral point of the system with arc suppression coil.
1181 Ferroresonance limiter acts as resistance. v X X[ X| X[ X X | Simulink
Connecting saturable damping reactor. v v v
[121] Connecting damping resistive burden. x| X X | x | PsCAD
[56] Using shunt active harmonic filter. X X | v X X| X X | Matlab
Using damping circuit consist of a resistor in series with an LC filter or a | . :
[12] saturable inductor. X X| X| X| X X | Analytical study
[107] Adding FDSD damper circuit. v X X| X X X X | EMTP
117 Using damping reactors. v X X| X[ X X X EMTP & ATPDraw
131 Using ferroresonance eliminater at the neutral of PT. v I X [ X[ X[ X ¥ [ X | X
123 Converter acted as Resistor Emulator. v X X[ X| X[ v X X
Implementing a special operation procedure. - v
[130] Implementing a damping circuit on the secondary of the PT. x X x| x X PSCAD
[41] Using Petersen coil grounding system with suitable size. X | v X[ Y| X[ X | X | ATP
[28] Operational amplifier. X | ¥ | X|¥Y| X ¥ X | PSpice
FFCL is a transformer whose primary winding is connected in series to the
[89] circuit and its secondary winding is connected to an electronic suppression | « x x| | X| X x Matlab
circuit.
[90] Passive memristor emulator. X b X| Y| X ¥ X Multisim
Eliminating a ferroresonance by implementing resistance on the secondary | . v
[134] side of the PT with a controller. X X X x X | Matlab
Lading transformer more than 10% of its rated
[135] Using three phases switches XX XXX X |/ X
[@1] Placing parallel inductance or resistance with VT - % | x| v| x| % | x | ATPDraw

TCSR: thermistor controlled shunt reactors, SRFFCL: smart dual function Series Resonance Ferroresonance overvoltage and Fault Current Limiter,
MOV: metal oxide varistor, FDSD: Ferroresonance Detecting and Suppression Device, FFCL: Ferroresonance and Fault Current Limiter.

Table 6: Voltages of radial system with and without TLCC

—_ (High voltage side

2 Phase A Phase B Phase C

e | Without | With | Without | With Without With

T 1 1 4.6 0.2 1 1

; Low voltage side

g Phase A Phase B Phase C

g Without | With | Without | With Without With
2.6 0.4 2.5 0.6 1 1

transformer at the RDS described in section IV resulted in

Table 7: Voltages of radial system integrated with DG with and
without TLCC

High voltage side
Phase A Phase B Phase C
| Without | With | Without With Without With
2 1 1 1 1 4 0
E Low voltage side
E Phase A Phase B Phase C
2 Without | With | Without With Without With
3 1 1 1.9 0.58 2.28 0.54
2 DG side
Phase A Phase B Phase C
Without | With | Without With Without With
2.2 1 1.9 1 2.8 0.38

TLCC is implemented on the low voltage side of the
transformer at the RDS described in section IV resulted in
ferroresonance mitigation

The value of the voltage is reduced as presented in
Table 6. TLCC results in suppression of the ferroresonance
after 0.08 sec from the separation. TLCC's efficiency in
decreasing the overvoltage value is demonstrated in Fig.
13.

Applying TLCC with the radial system integrated with
DG results in ferroresonance mitigation. The TLCC is

implemented on the DG side of the distribution transformer.
It results in decreasing the overvoltage values presented in
Table 7. TLCC's efficiency in decreasing the overvoltage
value is demonstrated in Fig. 14.

Time(s) 0300 = 0400 0500 0600 0700
(b) Phase A of LV side
= VSecTLC = \/Sec
07—

£l

2

>

Time(s) 0300 0350 0.400 0450 0.500 0.550 0.600 0650 0700

(c) Phase B of LV side

Fig 13: Voltage waveform with and without implementation
of TLCC in radial distribution system
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Fig 14: Voltage waveform with and without implementation of
TLCC in radial distribution system integrated with DG

Conclusion

In this paper, a state of art of ferroresonance and the
most obvious signs of ferroresonance, as well as the
analytical methods used to detect it, are presented. This
phenomenon is verified by simulating its equivalent circuit
using PSCAD/EMTDC software. The investigation of
ferroresonance in power transformers and the effect of
changing the load on the phenomenon are verified. It is
concluded from transformer study that it is preferable to
load transformers at more than 10% of their capacity to
avoid ferroresonance.

This paper also studies the penetration of the DG into
the radial system and the extent of its impact on the
occurrence or prevention of ferroresonance as a case
study. Results showed that the penetration of DGs into the
distribution zone has an active role in mitigating the
investigation of ferroresonance. The ferroresonance is
appeared only during disconnecting the DG and a phase of
the transmission line with keeping the DG transformer
connected to the distribution side. The rate of
ferroresonance occurrence in the case of DG integration is
lower than that occurs in the case of DG unintegrated
distribution system due to the need for separating more
than one position at the same time.

Finally the analytical methods used to prevent this
phenomena are presented and compared. Also the TLCC
method was implemented to suppress ferroresonance. The
results proved that the system penetrated with DG
responds faster to TLCC ferroresonance mitigation method
more than the distribution system without DG.
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