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Abstract: This paper presents a study on ferroresonance occurring in a high voltage 400 kV
transmission grid due to energization of power transformer under no-load conditions. The
system scenarios analyzed in the present paper are considered as critical for development
and modernization plans as currently announced by the national grid operator in Poland.
The PSCAD simulation model was developed and applied for several study cases of a system
with double-circuit arrangement of a transmission line. It is shown that the ferroresonant
oscillations can be initiated by two-phase switching operation of a line circuit breaker. The
impact of the double-circuit length on the ferroresonance mode and severity is demonstrated
with the use of the Poincaré map analysis and Short Time Fourier Transform. It is demon-
strated that the length of the transmission line that is mutually coupled in the double-circuit
arrangement has a significant impact on the ferroresonance occurrence and on its mode. As
the ferroresonance can pose severe threat to the power system components due to the severe
overvoltage and overcurrent oscillations, the analysis presented in this paper demonstrates
the necessity of the ferroresonance analyses for any re-designed transmission system.
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1. Introduction

Ferroresonance is a transient or continuous phenomenon that can occur in power grids in which
interaction between nonlinear inductive components and capacitive elements is involved [1]. When
these elements are connected in series, the unusual oscillations of voltages, and when connected
in parallel — the unusual oscillations of currents, can occur [2]. The oscillations exceeding ratings
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of components pose a severe threat to power system components due to the generated overvoltages
and overcurrents. Although well understood in nature, the ferroresonance phenomenon attains
a constant interest among researchers due to the ongoing development of power grid structure
and components [3]. In the changing system conditions, ferroresonance can be a major cause of
system maloperation and even severe faults of power system components, such as voltage dividers
or even power transformers and reactors, as reported in [4] for distribution grids and in [5] for
transmission grids.

Investigating ferroresonance is a challenging task primarily due to the high number of factors
that can have an impact on the ferroresonance occurrence, and due to high sensitivity of the
phenomenon on relatively small changes of the power grid parameters [6]. Variety of research
papers have been published on the topic, presenting analyzes on: transformer/grading-capacitor
circuit operation and its impact on the ferroresonance phenomenon [7], investigation of different
system conditions for ferroresonance occurrence [8], impact of the ferroresonance phenomenon
on operating performance of power transformers [9], double-circuit transmission line arrangement
and its impact on the ferroresonance occurrence in de-energized transformer through capacitive
coupling of power lines [10]. These aspects, although extensively addressed in the literature,
remain vital due to the presently widely expressed needs for development and modernization
of existing power system infrastructure. As the changing power system infrastructure influences
ferroresonance conditions, the study cases of new system topologies, as well as the methods on
the ferroresonance analyses are being investigated [11-14]. The analyzes are being conducted via
numerical simulations with the use of dedicated simulation models of the power grid components.

The present paper contributes to the research on ferroresonance phenomenon by (a) perform-
ing ferroresonance study on transmission circuit characterized by typical parameters of a modern
400 kV power grid, (b) testing of the impact of double-circuit transmission line tower construc-
tion on ferroresonance (which currently is one of the major development schemas to increase
transmission capability of power corridors), (c) proposing a model for testing of various ferrores-
onance systems allowing determination of parameters of a critical impact on the ferroresonance
in different system variants.

In this paper, the ferroresonance phenomenon is investigated with respect to high voltage
400 kV power grid in Poland. The methods of ferroresonance analysis are characterized as
applied to a typical example of a 400 kV power grid, for which simulation results are reported.
The study was performed for two constructions of HV transmission line towers with the use of
the commercial PSCAD simulation software.

2. Principle characterization of ferroresonance

Ferroresonance is defined as a phenomenon initiated by the interaction of power system
capacitive and nonlinear inductive components. The nonlinear inductance is typically assigned
to magnetic cores of conventional voltage transformers however it can also be related to the
magnetic cores of a power transformer or reactors. The phenomenon typically results in very high
overvoltages or overcurrents that can pose a severe threat to power system operation or can be a
root cause of power components faults. An example of a principal ferroresonance circuit is shown
in Fig. 1. In the diagram, the capacitances Cs. and Cg;, represent equivalent series and shunt
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capacitances of the power system, epgs is the power system supply voltage, R,, is the equivalent
resistance corresponding to magnetic circuit losses, L(¢) is the magnetizing inductance. The
magnetization curve of the inductance for the ferroresonance analysis can be modeled by two
linear characteristics or with a polynomial representation as follows:

iL(¢) = ag + bg?, (D

where term a¢ represents the linear part of the curve and b¢4 represents the saturation effect of
the core.
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Fig. 1. Ferroresonance circuit

The dynamics of the circuit shown in Fig. 1 is described by the following nonlinear differential
equation:

d?¢ 1 d¢ 1 Cse  deps

— + — + ir(¢) = . 2)
dtz Rm(Cse+Csh) dr (Cse+Csh) L ¢ (Cse +Csh) dr

The major difference between ferro- and linear-resonance is that the latter one may occur only
when excited with a specific frequency, while the ferroresonance can occur for many frequencies
depending on the operating point on the magnetization curve of the inductive element. For the
initiation of the linear resonance it is thus required to adjust the frequency of the driving source to
the resonance frequency of the system. For the ferroresonance, the oscillations can be also initiated
throughout the voltage change, with the frequency of the driving source remained unchanged.
The ferroresonance is thus a complex non-linear phenomenon, which occurrence and severity
depends on several factors [15]:

a) circuit parameters (resistance and capacitance),
b) supply conditions (variation of the voltage magnitude and supply frequency),
¢) magnetic material characteristics.

The conditions that can lead to the occurrence of the ferroresonance in a power system include
[16]: significant rated voltages in the system, energizing of transformers under no-load conditions
or during small-load operation, energizing of transformers with un-earthed neutral, connecting
systems to cable lines, connecting systems with a small short-circuit impedance, connecting
transformers with small losses in the core, connecting a single phase or two phases of three-phase
circuits. All of these system conditions introduce significant change in either supply voltage or
inductive/capacitive system parameters.
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2.1. Classification of ferroresonance systems

For HV transmission grids the ferroresonance phenomenon is assigned to two main system
configurations: 1) with voltage transformers and 2) with power transformers (or inductive shunt
reactors).

The ferroresonant circuits with the voltage transformers pertain only to inductive voltage
transformers (as the capacitive voltage transformers are equipped with ferroresonance suppression
circuits). For HV transmission grids the ferroresonant circuit refers to the inductive voltage
transformer energized through the voltage grading capacitance of open circuit breakers.

The ferroresonance in systems with the power transformers may occur in the situations where
the power transformer is [17, 18]:

supplied accidentally on one or two phases,

supplied through a long transmission line with low short-circuit power,

connected to a series compensated transmission line,

connected to a deenergized transmission line running in parallel to the energized line(s).

The ferroresonance phenomenon in a system with an asymmetrical connection of the power
transformer may occur when two parts of the system are being connected to or disconnected
from one or two phases only. In such a situation the ferroresonance can occur when the load
of the transformer is very low (or for no-load condition) and when the capacitance between the
transformer and the feeding node is sufficiently high.

Ferroresonance in systems with transformers operating in no-load condition can occur when
the supply voltage is fed from the source with a low short-circuit capacity and when the transformer
is connected to the grid through a long transmission line. Such conditions can occur in post-
blackout system restitution during sending of low energy to distant customers.

For systems of multi-circuit configuration, involving also power transformers, the ferroreso-
nance can occur when one circuit is being energized while the second one is deenergized. For
such systems the connection between circuits is constituted by the mutual capacitance between
the circuits involved. In such system configuration the following factors may lead to the ferrores-
onance occurrence: absence or failure of a circuit breaker and presence of a certain section of
a multi-circuit transmission line with mutual capacitance between circuits. An example of the
ferroresonance system with mutual capacitance and a power transformer is presented in the Fig. 2.

Substation 1 | ‘ Substation 2
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Circuit Breaker 1 | Circuit Breaker 2
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| |
\/
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capacitive coupling

Fig. 2. Example of ferroresonance system with transformer and mutual coupling of circuits in multi-circuit
transmission lines
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3. Ferroresonance in power grids

Research on a ferroresonance phenomenon in power grids can be grouped into the following
areas depending on the type of analysis:

— detection of the ferroresonance based on the chaos theory and then analysis of nonlinear
dynamic system behavior with the use of bifurcation diagrams, Poincaré maps, or phase
planes — this approach allows one to identify the ferroresonance stability area with respect
to dynamics variation of the system parameters and its initial conditions [19],

— modeling of ferroresonant systems focusing on nonlinear inductive components — this in-
volves modeling of magnetic cores of power transformers and reactors, including hysteresis
effects [20],

— investigations on ferroresonance occurrence in power grids [21]:
a) experimental research on scaled down physical models of the system and components,
b) research on ferroresonant waveforms obtained from full scale measurements in power
grids,
— investigation on system configurations that should be used to avoid ferroresonance occur-
rence as well as development of new mitigation methods on ferroresonance effects [22],
— signal processing methods for analyzing ferroresonance voltage or current waveforms
[23-25]:
a) Short Time Fourier Transform (STFT),
b) wavelet transform,

— parametric and statistical analyses of ferroresonance parameters jointly with the analysis
of investigated system parameters [23].

4. Methods of identification and classification of ferroresonance

The following methods are in use for analyzing the ferroresonance phenomenon in order to
identify and classify the phenomenon type and severity:

— Short Time Fourier Transform (STFT) — this method is being used for analyzing the

frequency spectrum of the ferroresonant voltage and current waveforms,

— Poincaré maps are being used to analyze the stroboscopic images calculated for the mea-
sured or simulated ferroresonant voltage and current waveforms in voltage-current (v—i)
or voltage-flux (v—¢) domains,

— wavelet transform,

— analysis of power energy quality factors.

In this paper the ferroresonance phenomenon in a typical modern 400 kV high voltage
electrical grid is presented. For the analysis the STFT and the Poincaré maps have been used.
Identification of the ferroresonance by means of the power energy quality factors is reported in
[26, 27], whereas the application of the wavelet transform is reported in [25].
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4.1. Ferroresonance analysis with Short Time Fourier Transform (STFT)

Short Time Fourier Transform (STFT) allows one to analyze frequency components of a given
time-domain waveform together with the frequency component evolution over the time of the
analyzed process. The voltage and the current waveforms occurring in the power system due to
the ferroresonance are of transient nature (i.e. with time-varying waveforms’ shapes). The time-
domain analysis of long records of such waveforms can lead to significant loss of information on
the time variation of the waveforms parameters. Frequency domain analysis of consecutive parts
of the analyzed waveforms according to the STFT procedure, allows for the preservation of all
information on frequency components and their evolution over the time. Segments of the time
domain waveforms are being extracted with the use of the so-called window function, denoted
below as g(¢). Each segment, as extracted with the window function g(¢), is then integrated to
provide the Fourier transform over the time. The time length of the segment allows selection of
proper resolution in both time and frequency domains.

The STFT is defined with the following formula [23]:

+00

X(r.f) = f *(Og(t - 7) exp(=j2n f1)ds, 3)

—00

where: x(¢) is the investigated time domain waveform, g(#) is the window function (time-domain
segment of the analyzed signal), 7 is the midpoint of the given time window (position of the
window function g(¢) over the time axis).

In the case of the Discrete Fourier Transform (DFT), the STFT is given by the following
formula [23]:

+00

X(m f)= Y x(mgn—mye/", @)

n=—oo

where: x(n) is the analyzed signal, g(n) is the window function (time-domain segment of the
analyzed signal).

4.2. Ferroresonance analysis with Poincaré maps

Poincaré maps serve as a convenient method to describe the time domain waveforms of highly
dynamic processes, of the type such as power system transients.
The nonlinear systems can be described by means of the matrix of differential equations [28]:

dx
a S x), &)

where: x is the state space variable vector, ¢ is the time of the analyzed process.

The vector x7 as calculated for the time instance ¢+ = T is given by the integral for the time
range of T from the initial value given by xo [28]:

T
xrsz(‘r,x(T))dT+xo. (6)
0
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Graphical representation of the Poincaré map is shown in Fig. 3. In the case of the waveforms
with no transient components, the state space variables for two boundary conditions (at = 0 and
att = T) are equal, which can be presented as:

xr = P(x0) = xo, @)

where: P( ) is a function representing the relation between x7 and xo. The P(xg) is typically a
nonlinear function of x.

Fig. 3. Graphical representation of Poincaré
map, based on [28]

For application in ferroresonance studies, Poincaré maps are created in a way to depict in
each frequency period of the analyzed waveform the highest instantaneous values of the analyzed
voltage waveforms jointly with the respected values of the current waveforms.

Fig. 4 shows examples of waveforms that are typically observed for ferroresonance in power
grids. The waveforms are presented jointly with respective Poincaré maps that allow for classifi-
cation of the ferroresonance type (as given in the figure).

a) Fundamental mode

v(t)

¢) Quasi-periodic mode

v(t)

b) Subharmonic mode

Fundamental v(t)
ferroresonance
mode (1 point)

» without ferroresonance

nT

d) Chaotic mode

Quasi-periodic v(t)
ferroresonance mode

Subharmonic
ferroresonance mode
(n points) e

Chaotic
ferroresonance mode

Fig. 4. Examples of voltage waveforms during ferroresonance with relevant Poincaré maps with the ferrores-

onance modes indicated, based on [29]
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5. Simulation model used for ferroresonance study of 400 kV
high voltage transmission grid

The simulation model presented in this paper was developed for the purpose to investigate the
ferroresonance phenomenon in power grid configurations that are typical for the ferroresonance
occurrence. For the model development a test system configuration was assumed as outlined
below.

The following ferroresonant configurations in the test system were investigated:

— a power transformer is supplied with one or two phases only,

— apower transformer is supplied through a long overhead transmission line with low short-

circuit power,

— a power transformer is connected to a de-energized transmission line running in parallel

with an energized line.

The simulations presented in this paper were conducted with the use of the PSCAD simulation
software [30].

5.1. Test system

Fig. 5 shows a simplified diagram of a typical high voltage 400 kV test system as assumed
in this paper for the ferroresonance study. The system consists of two 400 kV transmission lines
(A and B, see Fig. 5). The lines are mutually coupled in the double-circuit system at the distance
between points B2 and B3. The two transmission lines, Line A and Line B, are operated in
unloaded condition. Line B is terminated with an autotransformer of 330 MVA that is operated
in no-load condition. Table 1 summarizes parameters of the assumed test system. Each of the line
is supplied with a separate system node (node B1 at short-circuit power of S = 3 GVA, and
node B5 at short-circuit power of S¢ = 1 GVA.

B1 L1 L2 L3 L1 L2 L3 B4
Y52P L1e——el1 Y52P Load
. L2e——e2 0 MW, 0 Mvar
Si=3GVA B2 L3*—T*L3 B3
Line A 752P
L} Ll
1 1
Line B
B5 BB
L1 L2 L3 L1 L2 L3
SE16VA Y52P Y52P AT 330 MVA

Fig. 5. Simplified diagram of investigated test system for analysis of ferroresonance phenomenon

For modeling of the transmission lines, typical parameters are used as available for the
National Power Grid in Poland [31]. For modeling of the transmission line single-circuit sections,
line towers of the Y52P type are assumed, while for the double-circuit, line towers of the Z52P
type are assumed. The ferroresonant circuits are created due to maloperation of a circuit breaker
as a consequence of switching off operation of the long transmission line terminated with an
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autotransformer (the autotransformer is located at the end of Line B). In the all analyzed scenarios
the examined operation of the circuit breaker was assumed as two phase deenergization of Line B
(which assumes the event of the circuit breaker maloperation). The opening time of the breaker
was simulated at 0.4 s.

Table 1. Parameters of electrical components used in simulation model of test system

Element Parameters
U =420kV,
Voltage sources S ;é = 1 GVA for B5 and 3 GVA for B1
F =50Hz
Sn =330 MV
Autotransformers n

410/123/15.65 kV

Single-circuit sections: 75 km (tower type Y52P)
Double-circuit section: 25 km, 50 km, 75 km or 100 km (tower type Z52P)

Loads 0 MW, 0 Mvar

Lines

The short-circuit power at the system nodes was defined with the use of the voltage source and
the equivalent Thévenin circuit impedance. For modeling ferroresonant power system transients
the frequency dependent models of transmission lines were used.

The developed model of the test system allows one to study variety of ferroresonant configu-
rations, including also those with series and shunt compensated lines not depicted in Fig. 5 (i.e.
requiring adding the reactors model to the model outlined).

5.2. Simulation scenarios

In the study presented in this paper the impact of the parameters of the overhead transmission
line is examined on occurrence and mode of the ferroresonance phenomenon. The ferroresonance
was analyzed for the assumed test system for different lengths of the mutual connection of
the multi-circuit transmission line (providing the critical for ferroresonance interaction between
components). The length of the double-circuit segment between points B2-B3 was assumed as
follows: 25 km, 50 km, 75 km or 100 km. Two-phase switching operation of the circuit breaker
at node B5 was simulated to initiate ferroresonance in the analyzed circuit. Table 2 summarizes
the investigated study cases.

Fig. 6 shows an example of a voltage waveform at node B6 obtained for a segment of a double-
circuit transmission line of 25 km in length (see Case 1 in Table 2). Length of each segment of
the single-circuit line is 75 km.

For analyzing the ferroresonance waveforms three consecutive periods can be distinguished.
Period 1 comprises of the waveform in the pre-fault steady state. It lasts until the occurrence of
the switching process. Period 2 starts at the time of the occurrence of switching operation and
lasts until the sustained ferroresonance is established.

The ferroresonant waveform during Period 2 is related to the transient state, i.e. the waveform
can be characterized with crest value that is different for each ferroresonance event. Period 3 starts
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Table 2. Ferroresonance study cases in investigated high voltage 400 kV system

Length of transmission line segment . .
Study case Number of wires and cross section
y IB1-B2: IB5-B2> Igr B3 of wires bundle in transmission line
!B3-B4, lB3-B6
Case 1 25 km 2 X 525 mm?
2
Case 2 75 km 50 km 2 X 525 mm
Case 3 75 km 2 x 525 mm?
Case 4 100 km 2 X 525 mm?

Switching operation
Period 1 Period 2 . i Period 3

Analyzed transient period -~ Analyzed sustained ferroresonance
800—Y . ‘ K S

It |

600
400} H H H
I
200
0
-200

ALLLLLERLLL I

-600

Transformer Volatge [kV]

-800

0.4 0.5 0.6 0.7 0.8 6.5 6.6 6.7 6.8 6.9 7
Time (sec)

Fig. 6. Analyzed parts of voltage waveforms after switching operation (transient phase) and in sustained
ferroresonance phase, obtained for the simulation model with 25 km double-circuit section of overhead line
(see Table 2, Case 1)

right after Period 2. It is characterized with a harmonic content, whereas each of the harmonic
component has a constant amplitude. This period is also called a sustained ferroresonance. In the
case of a single harmonic component, the waveform can be characterized as non-ferroresonant.
For the simulation results obtained in the work reported in this paper, two parts of the voltage
waveforms were analyzed:
— For Period 2: the transient part of the waveforms, due to switching operation according to
description given above, from 0.4 s to 0.8 s,
— For Period 3: the sustained ferroresonance part of the waveforms (or non-ferroresonant
waveform) according to description given above, from 6.6 s to 7.0 s).
To identify different types of ferroresonance, the approach based on Poincaré maps was used.
Fig. 7 shows the obtained Poincaré maps for four variants of the simulated system according
to Table 2. The Poincaré maps obtained for Period 2 of the process is denoted with squares
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indicating transient ferroresonance state (i.e. after two-phase operation of the circuit breaker).
Then, the Poincaré maps obtained for Period 3 of the process is denoted with circles indicating
sustained ferroresonance state.

Case 1 Case 2
a) so0 b) a0
[ ] o o
700 o 700 o 00 "
"u . L1 u o oo =® Om ]
600 F 60 o ® % -
= LI Z n LI
Qo b LT o 0y
& 500 " & 500 ] . [
3 " - 3
2 400 = 2 400 n
@ 2 (é)
5 5 o
% 300 [ % 300 [ o 5
= <
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" 200t " 200
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o | | | | | | | | | o | | | | | | I . . .
025 02 015 01 005 0 005 01 015 02 025 035 02 015 01 005 0 005 01 0415 02 025
Current [kA] Current [kA]
Case 3 Case 4
c) 800 - d) a0
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800 - 500 F
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© T 400
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025 02 015 01 005 0 005 01 015 02 025 0
Current [kA] 025 02 015 01 005 0 005 01 015 02 025
Current [kA]
Analyzed fragments of voltage oscillations: = 0.4-0.8 sec © B6.6-7.0sec

Fig. 7. Results of ferroresonance analysis with Poincaré maps for different length of double-circuit trans-

mission line (study cases according to Table 2: Case 1 — 25 km (a); Case 2 — 50 km (b); Case 3 — 75 km (c);

Case 4 — 100 km (d)) and for two periods of the ferroresonance waveforms (squares for Phase 1 after
switching operation, circles for Phase 2 of sustained ferroresonance)

Based on the simulation results performed for the system model as shown in Fig. 5 and based
on the analyses performed for the simulated voltage and current waveforms with the Poincaré
maps approach as shown in Fig. 7, it can be concluded that the length of the double-circuit line
has a significant impact on the ferroresonance type and severity. Particularly, the length of the

double-circuit section can have a critical impact on whether the ferroresonance is of a transient
or sustained type.
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In Study Case 1 (see Table 2, a double-circuit line length of 25 km), after two-phase switching
operation of the circuit breaker, the ferroresonance waveforms are of a chaotic type, while in
the sustained period the waveforms are built with basic harmonic components. Hence, it can be
stated, that during the ferroresonance process the type of the oscillations constituting the process
can vary with time.

In the case when the analyzed waveform is of a periodic type, only one point is observed in
the Poincaré map (see Fig. 7(a, c, d)) for the time range after the sustained ferroresonance state is
established. The results of simulations reported here for the simulation case with a double-circuit
transmission line of 50 km in length (see Table 2, Case 2) indicate that the entire analyzed
waveform has varying crest voltage, which is illustrated in Fig. 7(b). This feature is due to the
occurrence of the Transient Overvoltages (TOVs), which are of different amplitudes during the
time span of interest.

For a double-circuit line of 75 km in length (see Table 2, Case 3), after switching operation the
ferroresonance of a chaotic character is observed, whereas the ferroresonance is attenuated after
a steady state is established. Fig. 7(c) shows that after two-phase switching the ferroresonance
becomes of a chaotic type, however the points in the Poincaré map are mostly concentrated in a
specific area. This indicates that the ferroresonance oscillations are close to a harmonic type.

For a double-circuit line of 100 km in length (see Table 2, Case 4), after two-phase switching
operation of the circuit breaker, the ferroresonance becomes of a chaotic type. After a steady state
is established, the oscillations become of a harmonic type, with constant amplitude.

5.3. Impact of double-circuit transmission line tower design

To investigate an impact of a double-circuit transmission line tower design on the ferroreso-
nance phenomenon, a comparative study has been conducted for two typical line tower designs.
Fig. 5 shows the assumed system topology, in which the line segment /g;_p3 was assumed as
the line tower of type Z52P and E33. The assumed line tower structures are shown in Fig. 8. For
analyzing the ferroresonance, the peak voltage Vina.x was calculated at node B6 (the line ended with
autotransformer). This voltage was used as a criterion to indicate the ferroresonance condition
in the analyzed system. The system was analyzed for different values of the line /p,_p3 segment
length. For initiating ferroresonance in the analyzed system, a two-phase operation of a circuit
breaker was simulated. The circuit breaker operated in the power transformer supplying the trans-
mission line. Table 3 shows the simulation results indicating that the Vi« value strongly depends
on the design of the transmission line tower, which thus has an impact on the ferroresonance
condition. The impact of the tower line design on the ferroresonance occurrence depends on the

Table 3. Comparison of peak voltage Vinax during ferroresonance for two transmission line towers

Transmission line Vmax [kV]

tower design

Ip2-p3 =25km

Igr—p3 =50 km

Ilgr—p3 =75 km

Ip2-p3 =100 km

752pP

732

755

787

803

E33

760

740

815

799
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double-circuit transmission line segment (Ip>-p3) length. This means that the peak voltage Viax
occurs for different line segments [p>_p3 of Z52P and E33 designs, which is yet another aspect
of complexity of the ferroresonance phenomenon.

82m
119 m | =
% | -
= ' 7.37|m —
(o}
o
= S
N
(o7}
- £
N
(o]
8.45/!7
S
<
[aV]
\
(a) (b)

Fig. 8. Design structure for towers with dimensions: Z52P (a); E33 (b)

The analysis of different double-circuit transmission line tower designs indicates the chaotic
behavior of ferroresonance for all analyzed cases during Period 2 (after switching operation). The
maximum overvoltage values occur during this Period (according to the Table 3). The Poincaré
maps obtained for Z52P (squares) and E33 (circles) of the sustained ferroresonance state (Period 3)
are presented in Fig. 9. The analysis of Period 3 (Fig. 9) indicates that subharmonic ferroresonant
types were obtained for shorter line lengths — 25 km and 50 km for both Z52P and E33 transmission
line tower designs. However, ferroresonant waveforms differ in shape and amplitude. Therefore,
points on the Poincaré maps in Cases 1 and 2 are in different positions. In turn, for a double-
circuit line of 75 km and 100 km in length (see Fig 9, Case 3 and 4), the ferroresonant oscillations
become of a fundamental type, with constant amplitude. The analysis of Table 3 and Poincaré
maps in Fig. 9 show that different values of overvoltages are obtained for different line lengths
and different transmission line tower designs. This study highlight that tower design as well as
transmission line length have influence on the ferroresonance phenomenon. From the point of
view of ferroresonance, it is necessary to analyze the different possible transmission line tower
design for a particular length of the line. One type of transmission towers may be better for shorter
lengths and another type for longer lengths of overhead lines.
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Fig. 9. Results of sustained ferroresonance analysis with Poincaré maps for different length of double-circuit

transmission line (study cases according to Table 3: Case 1 — 25 km (a); Case 2 — 50 km (b); Case 3 —

75 km (c); Case 4 — 100 km (d)) and for two transmission line tower designs: Z52P (squares) and E33
(circles)

6. Conclusions

In this paper the analysis of the ferroresonance phenomenon was reported for a typical high
voltage 400 kV test system. Ferroresonance was analyzed for several study cases of double-circuit
line length (constituting for system capacitance) and of a power transformer (constituting for non-
linear inductance). The analyses were performed with the use of the simulation model developed
in the PSCAD simulation software. The presented analyses are motivated with the constant need
to analyze the ferroresonant conditions for constantly changing structure of a power grid. Based
on the simulation results presented it can be concluded that the length of the transmission lines
involved in ferroresonance generation has a significant impact on the ferroresonance occurrence
and on its type. The ferroresonance can be initiated when a transmission line, that is incoming to
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the power station terminated with power transformer, is de-energized by two-phase operation of
a circuit breaker. The type of the ferroresonance depends on the length of the transmission line
that is mutually coupled in a double-circuit transmission line arrangement. Moreover, the type of
the ferroresonance can change after being initiated.

Among variety of approaches that are in use for analyzing of the ferroresonance phenomenon,
the Poincaré maps approach was found useful in this paper. The simulation results were presented
for a typical variant of the test system configuration, which allows one to conclude that using the
Poincaré map is an effective method for analyzing the ferroresonance occurrence and its type. It
also allows for the classification of the ferroresonance type and to calculate the crest values of the
ferroresonant overvoltages.

The system scenarios assumed in this paper are of importance for present grid developments
and modernization work, as currently announced or conducted by the national grid operator in
Poland. Such development work requires system studies, including ferroresonance, for which the
impact of double-circuit transmission lines design on ferroresonance is considered as a critical
part. The results presented in this paper allow further investigation of the impact of the tower
design on the occurrence and severity of the ferroresonance phenomenon.
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