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Abstract

ABSTRACT

The onset of a ferroresonance phenomenon in poygéeras is commonly caused

by the reconfiguration of a circuit into the onensisting of capacitances in series and
interacting with transformers. The reconfiguratican be due to switching operations of
de-energisation or the occurrence of a fault. Susthferroresonance without immediate
mitigation measures can cause the transformertajois a state of saturation leading to
excessive flux migrating to transformer tanks \néernal accessories. The symptom of
such an event can be unwanted humming noises lgeingrated but the real threatening

implication is the possible overheating which cesuit in premature ageing and failures.

The main objective of this thesis is to determime taccurate models for
transformers, transmission lines, circuit breakarsl cables under transient studies,
particularly for ferroresonance. The modeling aacyris validated on a particular 400/275
KV transmission system by comparing the field testorded voltage and current
waveforms with the simulation results obtained gsihe models. In addition, a second
case study involving another 400/275 kV transmissgstem with two transformers is
performed to investigate the likelihood of the atence of sustained fundamental
frequency ferroresonance mode and a possible quenchechanism using the 13 kV
tertiary connected reactor. A sensitivity studyt@nsmission line lengths was also carried
out to determine the probability function of ocamce of various ferroresonance modes.
To reproduce the sustained fundamental and theasuoiaimic ferroresonance modes, the
simulation studies revealed that three main powstesn components which are involved
in ferroresonance, i.e. the circuit breaker, th@gmission line and the transformer, can be
modeled using time-controlled switch, the PIl, Beogeor Marti line model, and the
BCTRAN+ or HYBRID transformer model. Any combinatiof the above component

models can be employed to accurately simulatedireresonance system circuit.

Simulation studies also revealed that the key tir@arameter to initiate
transformer ferroresonance in a transmission systdhe circuit-to-circuit capacitance of
a double-circuit overhead line. The extensive satioh studies also suggested that the
ferroresonance phenomena are far more complex emgltise to the minor changes of
system parameters and circuit breaker operatiordding with the non-linearity of
transformer core characteristics, repeatabilityas always guaranteed for simulation and
experimental studies. All simulation studiase carried out using an electromagnetic

transient program, called ATPDraw.
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Chapter 1 Introduction

CHAPTER 1

1. INTRODUCTION

1.1 Introduction

Power system is considered to be the most sopdiisticnetwork which consists of
electrical, mechanical, electronic and control kane designed, built and operated by
electrical engineers. The function of a power sysie to deliver electrical energy as
economically as possible with minimum environmeimtgbact such as reduction in carbon
dioxide (CO2) emission. In addition, the transfeelectrical energy to the load centers via
transmission and distribution systems are achieigdmaximum efficiency and optimum
reliability at nominal voltage and frequency. Irewi of this, the establishment of the
system is considered to be the most expensive rimsteof capital investment, in

comparison with other systems, such as, commuaoitagas, water, sewage etc.

Nowadays, because of technological advancemenisindl globalization and continuous
increasing levels of network integrations, the ggydtem is increasingly vulnerable and
sensitive to system disturbances. Such events majub to switching activities (i.e. ON
and OFF) of loads, or as a result of componentcewwify such as reactor switching, the
energisation and de-energisation of system comgendar commissioning and
maintenance purposes. Other sources of switchirgntevare the switching off of
protection zones after the occurrence of shorudiror a lightning stroke [1] impinging to
the nearest high-voltage transmission line. Foiséhesasons, the systems are never
operated in a continuous steady state conditios, & system consisting of a mixture of
normal operating and transient states. Yet, thattur of the transient state in a system is
not significant as compared to the steady stateatipg time. There are some instances
that this transient can subject system componengxd¢essive stresses due to overvoltage
and overcurrent. Thus, premature aging of compoineantation structures can happen and
sometimes they can finally develop into an extretage of breakdown. In some cases,
this effect may become ecologically most intrusimeterms of thermal, chemical and

potentially radiological pollution. Another adversepact is the widespread of problems in
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a system, which may disable a component, trip offlamt, or cause power outage in

hospitals or in a city hence halting some busiresse

Transient events are due to the attended poweersygiarameters such as resistance,
inductance and capacitance of transmission lirepstormer, cable, capacitive shunt
reactors, inductive shunt reactors etc. Owing tohsparameters and the adding up of
capacitive and inductive components into the iragt power system, the frequency range
of transient phenomena can extend from DC to sewdkéz [2]. Depending on the
frequency range the types of transient events lassitied into high- and low-frequency

transients.

The nature of high frequency transient mainly dejgern the load and the status of circuit
breaker when separating its contacts close to i@murzero passage [1]. High frequency
oscillation will occur if re-ignition takes placeetiveen the separated contacts of a circuit
breaker, that is when the transient recovery velf@dRV) exceeds the breakdown voltage

of the contact gap.

Depending on the circuit configuration, the largemier of various sources of
capacitances in the network and certain sequenvibthing events, a low frequency
transient known agerroresonancecan exhibit in the system. The wofelroresonance

means the resonanance between the network parametigr ferromagnetic material,

particularly with the presence of transformers vimgkat no-load condition.

1.2  Background of Ferroresonance

Linear resonance only occurs in the circuit of Fegl.1as an examplesonsisting of a
series connected resistor, inductor and capacit@nwhe source is tuned to the natural
frequency of the circuit. The capacitive and indeecteactances of the circuit are identical

at the resonance frequency as given by:

fr=—t _ (Hz)

2/ LC
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C
R
|1
1
15.83uF 10Q
Es @ 707.11\ 10mHJL

Figure 1.1: Linear resonance circuit

The voltages appearing across the indudtand capacitorC in this condition can reach
several times of the source voltage. Figure 1.2vshive characteristics of the capacitor
voltage, the inductor voltage and the supply currehnen the main supply frequency is
varied from 20 Hz up to 600 Hz. At resonance, ttaply shows that the voltage across the
inductor and capacitor reaches their peak valuemnwie natural frequency of the system
is tuned to about 400 Hz. This condition also sstgéat both th®, andV, exceed the
main supply voltage. Furthermore, the current enchicuit is at its maximum because the

impedance of the circuit is minimum, merely ressti

3000

2500

2000 -

1500 -

Voltage (V)
Current (A)

1000 +

500

A\

0 100 200 300 400 500 600
Frequency (Hz)

Figure 1.2: Characteristic o¥/; V., | andEs at resonance

The linear circuit of Figure 1.vhen subjected to resonance condition produces an
expected and repeatable response to the appliedeseonitage. Sinusoidal voltages appear
across any points in the circuit without any discor.
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In contrast, things are not quite the same in dimeer series circuit as what happened in
the linear series resonance. The linear inductdrigfire 1.1is replaced by a nonlinear
inductor (ferromagnetic material). An example afrdéenagnetic material is a transformer
core. The series connection consists of an altexpaburce Es), a resistork), a capacitor
(C) and a nonlinear inductorL{) as shown in Figure 1.3, which is referred to as

ferroresonance circuit.

| C| | R
A
-
Ve

XS o A

Figure 1.3: Ferroresonant circuit

In the linear circuit, resonance condition occursrdy one frequency with a fixed value of
L andC. On the other hand, the nonlinear circuit can lexinultiple values of inductances

when the core is driven into saturation thereftiie implies that there is a wide range of
capacitances that can potentially leads to feroorasce at a given frequency [3] which is

shown in Figure 1.4.

Ea
Equation of the line: 1

, Increasing capacitance
1 /I //

VT B P i
\ R — Slope T

Wherew = frequency of source 57

andl = circuit current Iy
/

A B \ Magnetising characteristic

/ of transforme

/

[
»

Multiple values ofsaturable
| inductanc

Figure 1.4: E-I characteristic of ferroresonance circuit
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Ferroresonance can exhibit more than one steathy/ retsponses for a set of given system
parameter values [4]. Damaging overvoltages andcaveents can be induced into a

system due to ferroresonance.

The comparison between the linear and ferrores@igrshown in Table 1.1.

Table 1.1: Comparison between linear resonance and ferrorasena

Network SIS Resonance Response
Parameters
Linear Resistance, Resonance occurs at one| Only one sinusoidal steady
circuit capacitance, frequency when the sourgestate overvoltage and
inductor frequency is varied. overcurrent occurs.
Nonlinear | Resistance, Ferroresonance occurs af &everal steady state
circuit capacitance, given frequency when ong¢ overvoltages and
nonlinear inductor of the saturated core overcurrents can occur.
(ferromagnetic inductances matches with
material) the capacitance of the
network.
1.3 Types of Ferroresonance Modes

In the previous section, the distinctive differenicetween the linear resonance and
ferroresonance has been described. The fundamesighents involved in the
ferroresonance circuit are a resistance, a capaeitand a nonlinear inductor. The
development of the ferroresonance circuit takirgcelin the power system is mostly due
to the reconfiguration of a particular circuit caddy switching events. Immediately after
the switching event, initial transient overvoltag#! firstly occur and this is followed by
the next phase of the transient where the systegnaméave at a more steady condition.
Due to the non-linearity of the ferroresonance wircthere can be several steady state
ferroresonance responses randomly [5-14] inductedarsystem. Basically, there are four
types of steady-state responses a ferroresonarmét @an possibly have: they are the
fundamental mode, subharmonic mode, quasi-periogide and chaotic mode. Each of
the classifications and its characteristics araatiegh in Figure 1.5 to Figure 1.8 [4]. FFT
and Poincaré map are normally employed to anaheséypes of ferroresonance modes.

1.3.1 Fundamental Mode

The periodic response has the same period, T agdker system. The frequency

spectrum of the signals consists of fundamentagjuieacy component as the dominant one
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followed by decreasing contents ¢f, 3", 7" and ' odd harmonic. In addition, this type
of response can also be identified by using thebsscopic diagram of Figure 1.5 (c)
which is also known as Poincare plot, which carob&ined by simultaneously sampling
of voltage, v and current, i at the fundamentadjfiency. Detailed explanation on this plot

can be referred in the following section.

vit) vl v

Femoresonant mode
X {1 point) -
Tt
} s [Mormal mode
T s ki nf, o f "
(a) Periodic signal (b) Fregay spectrum  (c) Stroboscopic diagram

Figure 1.5: Fundamental mode
1.3.2 Subharmonic Mode

This type of ferroresonance signals has a periadhwis multiple of the source period, nT.
The fundamental mode of ferroresonance is normedijed a Period-1 (i.e.o/fl Hz)
ferroresonance and a ferroresonance with a subpteutif the power system frequency is
called a Period-n (i.eo/h Hz) ferroresonance. Alternatively, the frequemoyntents are
described having a spectrum of frequencies equi@l/mowith fO denoting the fundamental
frequency and n is an integer. With this signatréhare n points exist in the stroboscopic
diagram which signifies predominant of fundamenfaéquency component with

decreasing harmonic contents at other frequencies.

wit) [vir] | v

L

L]
. 0 points)
s o L

nT | _ _
i T3 i f i

(a) Periodic signal (b) Frequenpgarum (c) Stroboscopic diagram

Figure 1.6: Subharmonic mode
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1.3.3 Quasi-periodic Mode

This kind of signal is not periodic. The frequeramntents in the signal are discontinuous
in the frequency spectrum, whose frequencies dreatkas: nfl+mf2 (where n and m are
integers and f1/f2 an irrational real number). Ttype of response displays a feature
employing a close cycle of dotted points on thelxiscopic plot. The set of points (closed
curve) in the diagram is called an attractor tockhall close by orbits will asympotate as

t— oo, thatis, in the steady state [73].

wit) |-\.l I:f-:{ v

{Closed curve)

" 9,
-

if, f, f, 30, nfemi f [
(a) Periodic signal (b) Frequespgctrum (c) Stroboscopic diagram

Figure 1.7: Quasi-periodic mode

1.3.4 Chaotic Mode

This mode has a signal exhibiting non-periodic vathontinuous frequency spectrum i.e.
it is not cancelled for any frequency. The strolopsc plot consists of n points surrounding

an area known as the strange attractor which appeakip around randomly.

wit) U Y4

T , &

' t P
L]
Strange attractor

f i
(a) Periodic signal (b) Fregay spectrum  (c) Stroboscopic diagram

Figure 1.8: Chaotic mode

The simulation model in [11] reported 3 types ofrdeesonance modes which have
occurred in a circuit consisting of a voltage sfanmer (VT) located at a 275 kV

substation.
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X Sustained Fundamental Frequency Ferroresonance Md@&eriod-1)

The periodic waveform induced was a sustained fonesteal frequency ferroresonance
which is shown in Figure 1.9. The magnitude of iagponse has reached 2 p.u. Since the
sustained ferroresonant signal was initiated aftertransient period therefore the starting
point of the signal was obtained at t=90.00 s.

+ !r“‘|= Il“’i Ilf“"!l =M
| | | |

1
I |
o000

| ]

O nnn
lﬂf.HJ NiNENAN
: JJ[_ i J Lgtlrr.m i 9010, | | |9|:15 i

1[‘ |
U TU L

-.l -u'

Transformer voltage (p.u)
Py = O = ) 2

Time (2}

Figure 1.9: Time signal

In this study, tools such as power spectrum, Potnozgap and Phase-plane diagram have
been employed to identify the type of ferroresoearesponse. The power spectrum of
Figure 1.10 suggests that the response mainly stsnsi fundamental component (50 Hz)

with the presence of high frequency components.

(@)

0 T 100 200 300
Frequency (Hz)

Figure 1.10: Power spectrum

The Poincaré plot of Figure 1.11 reveals that therenly one dot displayed on the
diagram. The meaning of this is that it is a Pefiagésponse corresponds to the sampling

frequency of 50 Hz.

Transformer voltage (p.u)
-
e
L B3 =3 10 = 3 L
Pk
=~

Fluz-linkage, A (p.u)

Figure 1.11: Poincare plot
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Alternative way of identifying the type of ferromsance mode is to use a Phase-plane plot.

Normally it is a plot of transformer voltage verslus-linkage.

A
?.J b

-
/TN
d
|
[
| v
L (o e < = IR | T
L L e e S |
i

Transformer voltage (p.u)
F

Fluz-linkage, A (p.u)
Figure 1.12: Phase-plane diagram

A phase-plane diagram provides an indication ofwageform periodicity since periodic

signals follow a closed-loop trajectory. One closmup means that a fundamental
frequency periodic signal; two closed-loops foigmal period twice the source period, and
so on. The phase-plane diagram (i.e. voltage véhsxidinkage) of this response is shown
in Figure 1.12. The orbit shown encompasses a fimmrval of only one period of

excitation. The structure of the phase-plane diagransists of only one major repeatedly
loop for each phase which provides an indicatioa @indamental frequency signal. Note

that the phase-plot has been normalized.
% Subharmonic Ferroresonance Mode

Figure 1.13 shows the voltage waveform of the suhbaic mode induced across the

transformer.
=
B by
uDJD 1 ﬁ\‘ T M il f
E 24 ;/i |\ fil II ].f)| ll‘“w {1 I‘-,I (/1 |\I
= I | ] ’ I I I | i .
: {\ W TN I I
k= 9000\ ) so0s{ ) g010) L8075 L5020
g 4 -
= Time {5}

Figure 1.13: Time signal

The frequency spectrum of Figure 1.14 correspoondihé voltage waveform of Figure

1.13. The frequency that appears first is the 25dHawed by a sharp peak at 50 Hz.
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0 25 50 100 200 300
Frequency (Hz)

Figure 1.14: Power spectrum

The Poincare plot of Figure 1.15 suggests that ibkkage waveform is a Period-2

ferroresonance because there are two points atialyeam.

=
= “T .

& 27

- R

o A - I]I— 7 A
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Fluz-linkage, A (p.u)

Figure 1.15: Poincareé plot

The Phase-plane diagram of Figure 1.16 shows lieaé tare two closed-loops indicating

for a signal period twice the source period.

0
RRE

|
&

Flux-linkage, A (p.u)
Figure 1.16: Phase-plane diagram
%  Chaotic Ferroresonance Mode

The voltage waveform of Figure 1.17 shows ther@asindication of periodicity. The
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frequency spectrum of the signal reveals that ther@ broad continuous frequency

spectrum with a strong 50 Hz component (Figure)1.18

Transformer voltage (p.u)

]

o
b AN i Al
7 | | AWANEIIN, __fHLI_'L__,f y
J{g@na |[ 15005 § [ ]] |gp1c| \an*@l v \3020
12+'\‘||.'-"f \U||"f Hy
-E|J' W = J
Time (z)
Figure 1.17: Time signal
|
i
e ,
] 100 200 300

Frequency (Hz)

Figure 1.18: Power spectrum

A random of scattered set of dotted points candem ®f the Poincaré plot of Figure 1.19

and the trajectory of the phase-plane diagram gtiféi 1.20 suggests that there is no

indication of repeating.

Transtormer woltage (p.u)

Transformer voltage (p.u)

the

Flux-linkage, A (p.u)

Figure 1.19: Poincare plot

{n

Flux-linkage, & (p.u)

Figure 1.20: Phase-plane diagram
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1.4

Effect of Ferroresonance on Power Systems

In the preceding section, the characteristics aadufes of each of the four distinctive

ferroresonance modes have been highlighted. Thadtsglue to ferroresonance can cause

undesirable effects on power system components.ifipécations of such phenomena

experienced in [7, 14-16] have been reported. Ereysummarised as follows:

[15] described that 420-kV peak and distorted sustained fundamentadem
ferroresonance waveform has been induced in C-pl2G@ MVA, 525/241.5-kV
wye-connected bank of autotransformers. The comsems following the event
were as follows: Nine minutes later, the gas acdatimn alarm relay operated on
the C-phase transformer. Arcing of C-phase switels wiuch more severe than
that of the other two phases. No sign of damageoagh a smell of burnt
insulation was reported. However, the gas analgpsrted a significant amount

of hydrogen, carbon dioxide and monoxide.

Ferroresonance experienced in [14] was due to witehsng events that have
been carried out during the commissioning of a A®@-kV substation. It was
reported that two voltage transformers (VT) terrtimginto the system had been
driven into a sustained fundamental frequency fesonance of 2 p.u. The
adverse impact upon the initiation of this phenoomenvas that a very loud
humming noise generated from the affected voltagastormer, heard by the

local operator.

In 1995, [16] reported that one of the buses instia¢ion was disconnected from
service for the purpose of commissioning the regaacircuit breaker and current
transformers. At the same time, work on maintenaarwk trip testing were also
carried out. After the switching operations, theéegptial transformers which were
connected at the de-energised bus were energistteadjacent live busbar, via
the circuit breakers’ grading capacitors. Followitlge switching events, a
sustained fundamental frequency ferroresonancédéas induced into the system.
As a result, the response has caused an explasibe potential transformer. The
catastrophically failure was due to the excessiweent in the primary winding of

the affected potential transformer.
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* [7] reported that the Station Service Transforn&8T) ferroresonance has been
occurred at the 12-kV substation. The incident vdage to the switching
operations by firstly opening the circuit breakadahen the disconnector switch
located at the riser pole surge arrester. The festoresonance test without
arrestor installation has induced both tffesBbharmonic and chaotic modes. As a
result, the affected transformer creating loud e®ikke sound of crack and race
engine. While for the second test, with the arrestesustained fundamental mode
has been generated and thus has caused the erptdgiger pole arrester. The
physical impact of the explosion has caused thergtdead of the disconnector

explodes and the ruptures of the polymer housing.

It has been addressed from the above that theetriggechanism of ferroresonance is
switching events that reconfigure a circuit intardeesonance circuit. In addition, the
literatures presented in [3, 17, 18] documented tia existence of the phenomena can

also result in any of the following symptom(s):

- Inappropriate time operation of protective devieesl interference of

control operation [3, 4, 18].

- Electrical equipment damage due to thermal effectinsulation
breakdown and internal transformer heating triggef the Bucholtz
relay [3, 4, 18].

- Arcing across open phase switches or over surgstars, particularly

the use of the gapless ZnO [14].

- Premature ageing of equipment insulation structiirés

Owing to the above consequences and symptoms,atniigmeasures of ferroresonance

are therefore necessary in order for the systeopéoate in a healthy environment.

1.5 Mitigation of Ferroresonance

The initiation of ferroresonance phenomena can eadsstorted overvoltages and
overcurrents to be induced into a system. The owsoof this event have been highlighted
in section 1.4 which are considered to be catakitcophen it occurs. There are generally

two main ways of preventing the occurrence of fessonance [3, 4, 17].
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% Avoid any switching operations that will reconfigula circuit into a sudden
inclusion of capacitance connected in series wiahdformer with no or light load
condition [17].

+« Provide damping of ferroresonance by introducirgsés (i.e. load resistance) into
the affected transformer. In other words, thereassufficient energy supplied by

the source to sustain the response [3, 4, 17].

1.6 Motivation

A survey paying attention onto the modeling of powsystem components for
ferroresonance simulation study has been highligiehe literature review in Chapter 2.
It is shown that the main objective of developirg tsimulation models focused on
validation of the models using the field test feespnance waveforms, then the use of the
simulation tools to analyse the types of ferroresdmmodes and finally performing the
mitigation studies of ferroresonance. One of thenrpaoblems that ferroresonance studies
employing digital simulation programs face is thek of definitive criterion on how each
of the power system components should be modelé@reTis lacking of detailed
guidelines on how the power system components aadhe voltage source, transformer,
transmission line, cable and circuit breaker shdniddnodeled for ferroresonance studies.
In addition, step-by-step systematic approachesebécting an appropriate simulation
model are still not explained in the literature$efiefore, the motivation devoted in this
thesis is directed towards achieving the followatgectives:

» To provide a better understanding about the teahmerjuirements on each of the
power system components necessary for the develtpohasimulation models for

ferroresonance study.

» To provide a set of modeling guidelines requireddiooosing any of the available

models.

» To identify the types of models suitable for theslation studies required in this

thesis.
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To achieve the above objectives, a simulation mbdslbeen built on a 400/275 kV sub-
transmission system undergone ferroresonance éatification of the simulation results
with the field test recordings have been perfornpadgticularly the 50 Hz fundamental and

16.67 Hz subharmonic mode ferroresonance.

Based on the reasonable matching between the gioruland the field test recording
waveforms, the modeling techniques which have lksmrloped are then applied for the
ferroresonance study of 400/275 kV sub-transmissigstem with the aim of assessing
whether there is any likelihood of 50 Hz sustaifietiamental frequency mode which can
be initiated in the system, and also investigatamg effective switch-in shunt reactor

connected at the 13 kV tertiary winding for quemghpurpose.
1.7  Methodology

The undesirable effects of ferroresonance phenomargected to power system
components have been highlighted in section 1.4ldiBg a realistic model that would
satisfactorily model such a transient event, engaliogither one of the following methods
(1) analytical approach (2) analog simulation applo (3) real field test approach (4)

laboratory measurement approach and (5) digitalpcen program approach.

Power system transient represented by analytigadoagh is difficult because of lengthy
mathematical equations involved in arriving at tbautions required. Using analog
simulators such as Transient Network Analyser (TNBJ], the miniature approach of
characterising power system model is rather expensind requires floor areas to
accommodate the equipment. Real network testinfpmeed in the field is considered to
be impractical at the design stage of a power systetwork. In view of those, a computer
simulation program is therefore preferred as coexbao the previous approaches. In this
project, a graphical user interface (GUI) with ause-driven approach software called
ATPDraw” is employed. In this program, the users can deviéde simulation models of
digital representation of the power circuit undardy, by simply choosing the build-in

predefined components.

To develop a complete simulation model in ATPDfaw block diagram as shown in
Figure 1.21 is firstly drawn up outlining the apacb which should be followed for

simulation studies.
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STEP 1 STEP 2
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Figure 1.21: Outline of modeling methodology

As seen from the above figure, the initial stepEBTL) before diving into the modeling of
power system components is to obtain the detailemliit configuration, description on
how ferroresonance is initiated and finally the oreled field waveforms. From the
phenomenon description the types of switching esvant their relevant frequency range
of interest are then identified (STEP 2), accordingthe document published by the
CIGRE [20]. This is followed by STEP 3, check Ingi whether the types of power
components in the circuit are available as thedbinil predefined components in the
simulation software. If it is found that the preidefl components are readily available then
the next stage is to study their theoretical bamkgd as well as its limitations for our
purpose. In addition, the data required for thelefi@med components need to be carefully
selected, which could be either the design parasyetigpical values or test reports. More
information in this matter can be obtained fronlityfmanufacturer involved in the project.

A new model is sometimes necessary to build i ifiound that the predefined component
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cannot serve the modeling requirements. Once tiveoneéhe predefined components have
been developed, the next phase is to conduct w@aiildand simulation studies. Once each
of the developed simulation model has been testedhecked accordingly, then they are
integrated into the actual circuit configuratiorhelsimulation results are then compared
with the actual field recorded waveform for validat The process is then repeated if it is

found out that the comparisons do not match wreeapected.

Once the developed simulation model has been &dyithe next stage of the simulation
study can be scenario studies or sensitivity sgjcddémed for in advance forecasting the
consequences of switching operations of a powetesysetwork and planning for

protection schemes. As an example, designing aalli@ons of damping and quenching
devices and to determine the thermal withstandlabiyeof the devices can be parts of the

study.

1.8 Thesis structure

There are seven chapters in this thesis. Overall ttan be divided into four sections.
Chapter 1 and 2 consist of the background; thectibbgs, the motivation, the methodology
and literature review. Chapter 3 mainly concernthwveixploring and understanding the
behaviour of ferroresonance phenomenon and thidsleato chapter 4 looking into

modeling aspects of circuit breakers, transfornagrs transmission lines. The final stage
of the project i.e. the development of two simwatimodels for two practical case
scenarios, is covered in Chapter 5 and Chaptalléwed by highlighting the contribution

of the work and the work for future research.

Chapter 1: Introduction

In the first chapter, an overview of power systeatwork and the introduction of the
aspects of ferroresonance in terms of its occueeoonfiguration, responses, impact and
mitigation are introduced. In addition, the motivattogether with the objective and the

methodology of the projected are defined in thigptar.
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Chapter 2: Literature Review

In this chapter, five different types of technoldgy time domain modeling ferroresonance,
particularly the way that the components are takemconsideration are reviewed. Their
advantages and disadvantages are emphased andrednwpigh computer simulation
program approach. The main issues encountered glelng the real case system are
highlighted here.

Chapter 3: Single-Phase Ferroresonance — A Caseugy

The main aims of this chapter are twofold by coesidy an existing real case scenario
including a single-phase equivalent transformer ehambnnected to the circuit breaker
including its grading capacitor and the influen€¢slount capacitor of busbar. The first aim
is to look into the influence of the core-loss ahd degrees of core saturations. The
second one is to investigate on how the initiabbiundamental and subharmonic mode
ferroresonance can occur when being affected by that grading capacitor and the shunt

capacitor.

Chapter 4. System Component Models for Ferroresorece

This chapter concentrates on the modeling aspectdhe power system component
available in ATPDraw suitable for the study of tegsonance, particularly looking into
the circuit breaker, the transformers and the trassion lines. Each predefined model in

ATPDraw is reviewed to determine the suitability ferroresonance study.

Chapter 5: Modeling of 400 kV Thorpe-Marsh/Brinswath System

There are two main objectives covered in this aaplirstly the validation of the

developed predefined models and secondly idengfyive key parameter responsible for
the occurrence of ferroresonance. For the firseabje, finding out the suitability of the

predefined models is carried out by modeling a resdt case on the Thorpe-
Marsh/Brinsworth system. The only way to find obe tcorrectness of the modeled
component is to compare the simulation results Wiehreal field test recording results, in
terms of 3-phase voltages and currents for botHPdréod-1 and Period-3 ferroresonance.

An attempt in improving the deviation from the reaasurement results is also conducted.
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The second objective is to identify which paramétethe transmission system is the key
parameter to cause ferroresonance to occur. Timepanents are believed to dominant
the influence of ferroresonance; they are the fommser's coupling capacitor, the cable
capacitors and the transmission line coupling cémac The transmission line is modeled
as a lumped element in Pl representation. The wajind out their influence is by

simulating the system stage by stage without ¥irsttluding the transformer’s coupling

capacitors and then secondly simulating the systathout the presence of cable

capacitance, and finally looking into the indivitleapacitors of the line.

Chapter 6: Modeling of 400 kV Iron-Action/Melksham System

Following the modeling experiences which are gairfiean Chapter 5, modeling of
another real case system “Iron-Acton/Melksham sy$is carried out in this chapter. The
system is believed to have potential risk of initig Period-1 ferroresonance because of
the complex arrangement of the mesh-corner substakhe inquiry from National Grid is
to evaluate the system whether there is any likelih of occurrence Period-1
ferroresonance. If it does, a mitigation measurefoploying a shunt reactor connected to
the 13 kV winding is suggested to switch-in. Thevporating of shunt reactor is chosen
according to a series of evaluations so that theresonance is effectively suppressed
without any failure. In addition, sensitivity studyn transmission line lengths is also
carried out to determine the probability functiohoocurrence of various ferroresonance

modes.

Chapter 7: Conclusion and Future work

In this last chapter, the conclusion for each obajg drawn along with the papers
published as a result of this work. The contributiowards the users about this work and

finally the room for future work is highlighted.
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CHAPTER 2

2. LITERATURE REVIEW

2.1 Introduction

This chapter presents a survey of different apgresdor power system ferroresonance
study, particularly looking into the modeling asizeof each of the component in the
integrated power system. The most appropriateftffiPurpose” way of modeling a power
system network is firstly comparing the simulatimsults with the recorded field test
results. If the simulation results are beyond eigiemn then there is work to be done to

rectify the problems in terms of individual compateemodelling for justifications.

There are five different approaches for the stuidiglworesonance in the literatures which
have been identified and they are explained asvisll

2.2 Analytical Approach

A substantial amount of analytical work has beeesented in the literature employing
various mathematical methods to study ferroresamam@ower systems. The following

presents some of the work which has been fountiddlp, 21-24].

A series of paper published IBmin and Milicevic [10-12, 21, 22] investigated a circuit
configuration as shown in Figure 2.1 where ferronasice incidence was induced onto the
100 VA voltage transformer situated in London. Td¢iscuit was reconfigured into a
ferroresonance circuit due to the opening of tiheudi breaker and disconnector 2 leaving

the transformer connected to the supply via thdiggacapacitor of the circuit breaker.
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dain Bushar

Disconnector 1 I’
Disconnector 3/
Reserve Bushar

C Circuit Breaker

Disconnector 2 1" Voltage Transformer
Figure 2.1: Section of a typical double-busbar 275 kV substati®]

Following the switching events, the circuit of Figl2.1 was then represented by its single-
phase equivalent circuit of Figure 2.2 consistihg@ @oltage source connected to a voltage

transformer with core losseR)( via grading capacitor Ggeried and phase-to-earth

capacitancelspun)-
Csaﬂas

1}
iy

(__) Cshunt N

e=+2 E sinot

/ Transformer
[V

Figure 2.2: Section of a typical double-busbar 275 kV substafid |

I 1
S
e}

The transformer core characteristic was represemtgda single-valued 7 order
polynomiali =aA +bA’wherea=3.24 andb =0.41. The mathematical representation of

the circuit of Figure 2.2 is expressed by the fwollny differential equation,

al+bit’ _

ld_V_'_ \4 + ( ) - Cseries \/EE cosd (2.1)
w dt Rw( c\Series"' Cshun) w( Cserie? C shu)wt ( C seri sC sr)‘mt

ﬂ=V and%=w (2.2)
dt d

Wherei= transformer current) = transformer flux-linkagey= voltage across transformer,

E = voltgae of the source ard= frequency of the voltage source.
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The solutions to the system equations were solweduiding a Runge-Kutta-Fehlberg
algorithm. The aim of developing the simulation ralbdas to study how the losses would
affect the initiation of ferroresonance. With tlosg reduced to about mid wag € 275
kV/120 W) of the rated oneR(= 275 kV/250 W), a fundamental frequency ferroresua
mode has been induced into the system. When teagdosiced further tR = 275 kV/99 W,
a subharmonic mode of 25 Hz was exhibited. Howeween the loss was unrealistically

varied to 8 W, the voltage signal with stochastammer has been produced.

The paper written biozaffari, Henschel and Soudack3, 25] studied a typical system
of Figure 2.3 that can result in the occurrencéeaforesonance. The configuration of the
system consisted of a 25 MVA, 110/44/4 kV threegghautotransformer connecting to a
100 km length transmission line which included time-to-line and the line-to-ground
capacitances. The secondary side of the transfoisnassumed to be connected at no-
loaded or light-load condition. In addition the tdefertiary winding side is assumed to be

open-circuited.

TFFTrrrrErr LEEE

Figure 2.3: Model for ferroresonance circuit including line eapance [25]

T |

Figure 2.4: Circuit that feeds the disconnected coil [25]

The way the system has been reconfigured intoresomance condition is to open one of
the phase conductors via a switch as can be seentfre diagram and its simplified circuit

is shown in Figure 2.4. This circuit is then furtlemplified by applying a Thevenin’'s
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theorem by considering node 3 as the Theveninmitals with respect to ground, with

the assumption thaf; = V.. Then the Thevenin’s equivalent capacitance aftdy®e are

Cm
C, +2C

g m

C=C,+2GC,andE=V, 2.3)

Finally the single-phase Thevenin’'s equivalent wircan be represented as shown in
Figure 2.5 and it was modeled by using the secodelrdlux-linkage differential equation.
2
d’p, 1 dp 1

— Ty

dt? RC dt c(aq”J’b(w):“’sEcos(wst) (2.4)

+
eg=Esin wgt | |R i

Figure 2.5: Basic ferroresonance circuit [25]

Where Cy = line-to-ground capacitorC,, = line-to-line capacitor, C = Thevenin’'s
capacitancey; = supply voltage at line 1= flux in the transformer corey, = power

frequency andkE = supply voltage of the source.

The objective of the study was to investigate ttieiémce of magnetisation core behavior
with "™ order polynomial witt varying from 5 and 11 when the transformer is scitid

to ferroresonance. Moreover, the effects of varyiregmagnitude of the supply voltad® (
and core losses were also studied. The solutiotietproblems were carried out by using
fourth-order Runge-Kutta method. The effects of wregythe magnitude of the supply
voltage,E while keeping the transformer losses and transamdse length unchanged for
the degree of saturation=5 and 11 are presented as shown in the Bifuncatiagrams of
Figure 2.6. Note that a Bifurcation diagram is @t pif the magnitudes taken from a family
of Poincare plot versus the parameters of the sydteing varied. In this case, the
parameter being varied is the magnitude of the lgyupptage,E with an aim to predict the
different types of ferroresonance modes. Two degfegaturation withn=5 and 11 are

investigated to see their differences in termsnaiucing types of ferroresonance modes.
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Table 2.1 shows the detailed parameters the systerdssfor when such study was carried
out and the results from the calculations are shawrrigure 2.6 with the top one

represents=5 and the bottom is=11.

Table 2.1: Effects of supply voltagd; on ferroresonance

Degreg of Transformer | Transmission Supply :
saturation . voltage Observations
losses line length
() (E)
Figure 2.6
S 1% 0.1875p.u (Top diagram)
_ 100 km to .
11 (R=48.41Q) 75p.u Figure 2.6
R (Bottom diagram)
Chaotic mod
Perio-2 mod /
.:__m-_a ................. \ ..............................
0sE i Perioc-1 modk
'E'GLE' BT e Sg ”5.5':-5' T
biturcation parameter: £
&.0
25
=10
-0 5E
2.0 PR A T R R T SR T T N T TR SR T DNY TN TR SN A |
o] 1875 750 5.625 1500

pifyrpation parameter: €
Figure 2.6: Bifurcation diagrams- Topn =5, Bottom: n = 11 [23]

The results of Figure 2.6 show that both saturatiexisibited single-value area which
indicates Period-1, dual value for Period-2 etce @ibservation in the diagrams is that
subharmonic plays an important role before the weage of chaotic mode. The study also
suggested that different degrees of saturatiotiseofransformer core characteristics have a
significant impact of inducing different types dadrforesonance modes. In the study of
varying the magnetising losses, it was found tteatdd-1 ferroresonance exists foe 11
with the losses of 1%. The onset of Period-2 armibBel ferroresonance occurred when

the losses was reduced further. However, the asfsehaotic mode occurred when the
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losses is further below 0.0004%. On the other lvamehn = 5 with the losses of 0.0005%,

Period-1 mode has been exhibited.

Tsao[24] published a paper in 2006 describing the pomgage which occurred at the
station was considered to be the most severe inicidehe history of Taiwan. The cause
of the catastrophic event is explained by referringthe single-line diagram of the
Maanshan Nuclear Power Station (MNPS) depictedigure 2.7. Note that the shaded
and the white boxes in the diagram represent tbheechnd open states of the circuit

breakers.

,' Lung C_hung‘
\§ubstat|o;/ 161 KV

e

345 KV Transmission Line Transmission Line

|87 | 1660 | 1850

!
v JOLEV ey é
W Starup VA
245 KY Trarafonmer

TolUnit2 ' 1 ".:-l:'.':;

- o o = - - ——

1
I
: '
I : Swiag DVG
| T
1 [ -
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THEIREIRE 1 03 m g ] [z] L
X .| A . |—| jos | | | )
\ 46V Esseatial BUS A e 4 16KV Essenial BUS B hE

Figure 2.7: Distribution system of 4.16 kV essential bus at NENR4]

The initial cause of the outage was due to the aatatran of salt pollution over the
insulator of the 345 kV transmission line. As autesf that, it was reported that more than
20 flashovers had occurred on the transmission Tihés incident had eventually caused
widespread problems of creating 23 switching suages failure of two generators. One
particular problem of interest was the flashovertioé 345 kV transmission line #4
resulting in the gas circuit breaker at the Lungu@h substation tripped spontaneously,
leaving the gas circuit breaker, 3520 and 353@datb trip because of the fault current
cannot be detected. The outcome of this event has rdconfigured part of the circuit
(marked in red line of Figure 2.7) into an islandtem of Figure 2.8. Because of that,

ferroresonance was then induced into the systenhancke causing system outage.
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Source side GCB Station GCB
mmm—m—— - opened failed to Opened
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|
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substatio | :
| |

Source

Line to earth
fault
S 1

Figure 2.8: Island system at MNPS [24]

As can be seen in Figure 2.8, there were no volkageces attached into the system and
how could ferroresonance be possible to occur?gemerating effect took place when the
Reactor Coolanr Pump (RCP) motors have been ineatagith the 127 km transmission
line’s coupling capacitances. Hence, the motor Bladésan induction generator. Owing to
that, the system thus reconfigured into a circaitsisting of voltage source, transformer
and transmission line’s capacitances, which aresidened to be the main interaction
components for ferroresonance condition. The fesmwance condition circuit for the

island system is shown in Figure 2.9.

Ferroresonance path

P
<

Phase ‘A—— - — = =T Startup
Cn :

Phase ‘B= — - .\?_}_'._._ transformefl?"8 kv
|

Phase ‘CG t !

1
1
| ' Reactor
IR
“TT T wsw asek oot

Transmission line
coupling capacitances

Figure 2.9: Ferroresonance condition - Island system at MNPS

The sequence of event in the system is shown inr€&igul0. Initially at time tO to t1, a

flashover to ground had occurred at phase B anidgltinat time the gas circuit breaker at
Lung Chung substation had tripped but the ones ftwrsupply side (i.e. 3520 and 3530)
failed to trip thus reconfigured part of the netlwarcluding the 127 km transmission line
into islanding. In between t1 and t2, the overygdtavas produced from the generating
effect due to the interaction between RCP motor #red transmission line coupling

capacitances but the amplitude had been cut-offiéyarrester to 1.4 per-units. Between t2
and t3, the phase A to phase B flashover and tbegréund occurred due to the
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overvoltage thus all the four 4.16 kV bus trippéfibecause of under-voltage protection.
This is followed by in between t3 and t4, two of theee 13.8 kV buses (consists of RCP

and several motors) tripped, also due to underagelprotection.
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Figure 2.10: Oscillogram at the MNPS 345 kV switchyard [24]

In between t4 and t5, ferroresonance oscillaticsuoed due to the remaining 13.8 kV bus
acting as generating effect interacting with trensformer and line coupling capacitance.
The overvoltage was then clipped-off to 1.4 persuby the arrester connected at the high
voltage side of the transformer. During that instdéime overvoltage directly attacked the
bushing of the air circuit breaker (#17) and it iasnd that the power-side connection
end was badly destroyed. The cause of the damagalueaso the cumulative effect of
premature aging of the insulation as the breakdrben in service for 24 years. At the t5
and t6 interval, flashover occurred again at ptaghie to the salt smog which is 4 km
away from MNPS switchyard. Finally at t6, the remiag of the RCP on the 13.8 kV bus
tripped and the incident ended.

Following the occurrence of islanding part of thetwork and the consequences as
mentioned above, the root cause of the probleminvastigated by modeling the network
using mathematical equations. The mathematical exfme to represent the power

transformer is given as

Vie |_|{Re O] lr| | L Liz|d|lg
{Vzt}{o RJ{'JJ{LZI szdt['t} 5

WhereVyy, Vot = primary and secondary terminal voltaghs, l,: = primary and secondary
currents, Ry, Ry = resistance at primary and secondary windirigs;, Lox = self
inductance at primary and secondary windings;, L;; = mutual inductance between

primar and secondary windings.
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For the voltage equation to model an inductionani expressed as

S Rl T Penler, o T
= — 2.6
{Vrm 0 Rm]lIm Lrsm  Lrm) dt| I'rm “m Grsm O | 29

whereVsym= stator voltageY,, = rotor volatageRsy, = resistance of statoR, = resistance
of rotor, Lsm = inductance of statol,., = inductance of rotorw, = rotor speedG =

rotational performance of a rotational machinelecatotational inductance matrix.

The transmission line was modeled by connectingrakwgual Pl sections in series to
represent an approximate distributed line paramé&tezn each of the models is combined
to form a multi-machine interconnected system dquoatThen, Runge-Kutta numerical
and step-length integration method was employesbhee the set of first order differential

equations.

The analytical method employed in the above liteestinas the advantages of studying the
parameters which influence the initiation of diéfiet ferroresonant modes. In addition, the
boundaries between safe and ferroresonance regamslso be performed to determine
the margins of parameters, which are required ystesn planning stage. However, the
major drawbacks are that the circuit model is osmnplified, and the mathematical
equations involved are complex and require largmmdation time. In addition, its
drawback is that the switching operations and t®o@ated transient stage can not be
considered.

2.3 Analog Simulation Approach

There are a number of analogue simulation approaaish have been employed to
represent power systems for ferroresonance studites.use of Electronic Differential
Analyser (EDA), Analog Computer (ANACOM) and Trangi®&etwork Analyser (TNA)
are among the miniature setups which have beendsyed in the past.

A paper published byolan [15] in 1972 documented a ferroresonance evert000
MVA 525/241.5 kV, 60 Hz Y-connected bank auto tfan®mers, sited at the Big Eddy
substation near Dallas, Oregon. The affected tram&fioin the substation connects to a
transmission system as shown in Figure 2.11. Thevanktconsists of a 30.5 km un-

transposed transmission line connected between Dajrand Big Eddy substation. The
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phase ‘c’ of the John Day/Big Eddy line is run imglkel with phase ‘a’ of the line towards
Oregon City. The distance between the two adjackasgs is 30.5 m apart. In 1969, the
John Day/Big Eddy line had been isolated for maiawee purpose. The usual procedure
to de-energise the John Day/Big Eddy line is tdlfirspen the high voltage side (525 kV)
circuit breaker at John Day and then follow by apgrthe 230-kV breaker at Big Eddy
substation. Ferroresonance path as marked in ttteddbne is developed as shown in
Figure 2.12.

le—————30.5 km ———>
BIG EDDY JOHN DAY

.|1_N=ff\ g 1+
230 kv 0 ! _.. . b o

O
W ¢ 0
‘T 525 kV
30.5m
L

O

TO .
OREGON -
CITY ¢ o

Figure 2.11: The Big Eddy and John Day transmission system [15]

e 30.48 km =
(BIG EDDY) AIR-DISCONS=
. i +=Co a J{JHHDEAT
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230 kW {3 il L~y —*
(Pce) T o > 5
-0 S
| Al TCey ¢ —
PCB = l l I I 525-kV
I _L
Coc | Cbe | I TCee 30.5m
I |
: o
| —
TO ‘l 525 kv
CITY ]
{0

Figure 2.12: The Big Eddy/John Day system including coupling citpaces [15]
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Following the occurrence of ferroresonance incigeran analog simulator employed an
Electronic Differential Analyser (EDA) was then ustx investigate the cause of the
phenomenon and the method to mitigate it. The etpnvaepresentation of the affected

system of Figure 2.11 was shown in Figure 2.13&@EDA equipment.

€cn A

Figure 2.13: Equivalent circuit of Big Eddy and John Day 525/244\5system [15]

The core characteristic of the transformer was sspried by two slopes to account for the
saturation curve. The iron loss was representeddhuat resistor however the copper loss
was not taken into consideration. As the exact cbiaacteristic such as the knee point
and the two slopes were unknown therefore the wayas determined was to carry out
repeatedly variation of saturation curve until atained fundamental ferroresonance has
been found. Once the miniature model has been sieip ferroresonance study is

performed. The outcomes from the experiment areagxgd as follows:

(1) It was found that ferroresonance has been ddnmqmeé when a closed delta

connection was employed.

(2) Ferroresonance suppression has been foundeta gyp when a suitable value of

resistor is connected in series with the delta-ected windings.

A paper presented in 1959 Barlicek and Taylor [26] described a ferroresonance study
by considering a typical connection of potentiansformer for ground fault protection

arrangement as shown in Figure 2.14.
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Figure 2.14: Typical connection of potential transformer used iground-fault detector
scheme on 3-phase 3-wire ungrounded power systéjmn [2

The circuit consists of three potential transformesafigured into wye-ground broken-
delta. The three lamps that are connected at tha diele are used as an indication for
detecting the occurrence of any ground faults. dhliteon, the voltage relay (CV)
connected at this winding is used for alarm trigggrand breaker tripping. Under
switching operations or arcing ground fault cormfitiunbalanced voltage occurred hence
ferroresonance can be initiated between the nalimepedance of the transformer and the
capacitance-to-ground of the circuit. In view aftlan analog computer called ANACOM
was used to investigate the ferroresonance studyitarmitigation measures. The analog

simulation model was represented as shown in Figure.

v _] - ]
TeoTeo Teo }L' [gl-* EL ;
- G _l_j
=43 A3 A [
GROUND BUS 31'"5 -'Ln: ke i

TRANSFORMER ECGUINELEMNT

Figure 2.15: Anacom circuit to represent circuit of Figure 226]

As can be seen from the figure, the adjustable &dnpapacitanceC, represents the
distributed capacitance to ground of the poweresgsind the source inductancelyThe
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saturable toroids connected in parallel with highgmetising reactance, and in series
connection with linear inductok,,. are used to model the three potential transfornidrs
saturable toroids are used to represent flux sesickor a low voltage (i.e. flux) then the
magnetising inductance is connected in parallehwif,. For saturation region, the
inductance of the toroids is small hence shortinglac are used to serve as adjusting the
equivalent saturated or air-cored inductance. Wtk approach, the saturation curve for
various transformers can be determined. The wanitiate ferroresonant oscillation was
to firstly energise the circuit by closing the sthit S and then this is followed by
momentary closing and opening the grounding swih,The resistancd?s connected at

the broken delta was used to damp out ferrores@nanc

Papers published byopkison in [27, 28] presented his study on the initiatioh
ferroresonance under the event of single-phaselswg of distribution transformer bank.
Figure 2.16 shows the circuit which consists of hae¢-phase source, single-phase

switching, an overhead line and a 3-phase trangfonmwye-delta configuration.

I 1 le-c

- = -

- o

1 I I T® /

Figure 2.16: Possible ferroresonance circuit [27]

The transmission line of the system was represéntanhly its capacitances which include
the ground capacitanc€, while the phase-to-phase capacitance was modsl€4-@,
whereC; andC, are the positive-sequence and zero-sequence tapacirespectively. It
was assumed that the rest of the components sutieampedance (resistance and the
inductance) of the line were negligible as compaoeithe capacitances.

The objectives of modeling the system were to ddtexrthe influence of various kVA
ratings of transformers and voltage levels on fesonance. In addition, a number of
practical ways of preventing ferroresonance wese ahvestigated. In order to conduct
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these studies, the system of Figure 2.16 was madel€ransient Network Analyser (TNA)

as shown in Figure 2.17.

LEAEKAGE REACTANCES

0 TR e ; ;i
L #_ﬂ Ti!’r‘tgrlr:aws_;.:
v i I
Figure 2.17: Three-phase equivalent system [28]

Modeling of transformer core was based on the gelteersus exciting current curve. The
capacitances of winding terminals and ground (carel tank) were taken into
consideration. These capacitances were determingetlb@n geometrical relations using

field theory. The conclusions are summarised asviai

(1) Vvarious kVA transformer ratings and voltage levelssults clearly showed that the
lower kVA transformer ratings at the higher voltdgeels are highly susceptible to
encounter overvoltages.

(2) Several possible remedies:

- Grounding the neutral resulted with normal steady-state with no

overvoltages.

- Opening one corner of deltaresulted maximum overvoltages of twice the

normal.
- Grounding the neutral of deltaresulted no overvoltages.

- Using delta-delta connectionresulted of 1.6 p.u of normal voltage from

one phase energised.
- Connecting the bank open-wye-open-deh@asulted with no overvoltages.

- Connecting shunt capacitors from each phase to mpiou resulted

overvoltages as high as more than 4 p.u.

-48 -



Chapter 2 Literature Review

- Using neutral resistar resulted no overvoltages if an appropriate valtie

the resistor is selected.

- Using resistive load connected across each det&sulted no overvoltages
if an appropriate value of the resistor is selected

The employment of analog simulators such as the fiélact Differential Analyser (EDA),
the Analog Computer (ANACOM) and the Transient Natev Analyser (TNA) for
ferroresonance study have their advantages andwdistages. It offers great flexibility in
representing the power system into a scaled doelrciesuit. This approach also provides
better personal health and safe environment fdintgswhen we considered only low
voltage and current magnitudes are used in the riemeets. However, the major
drawbacks are that the analog equipment requirestlycanaintenance (calibration,
replacement of ageing or faulty components) anad iedquired large laboratory floor space
to accommodate the equipment.

2.4 Real Field Test Approach

Real power system components such as transformnansmission lines, circuit breakers,
disconnectors, cables have been employed in egistimcuit configurations for

ferroresonance study. [29] reported the ways tlaegredd out the ferroresonance tests.

Based on the technical repdiR-3N documented in [29], a ferroresonant test was exuri
out in one of the National Grids’ 400 kV transmmssisystems. The main aim of the test
was to evaluate the breaking capability of two &/pé disconnector designs to break the
ferroresonant current. The system consists of tmiticonfiguration as shown in Figure
5.1, in Chapter 5.

Prior to the test, the disconnector X303 at Thor@adil 400 kV substation was kept open,
the circuit breaker T10 at the Brinsworth 275 kV sabon was kept open and all
disconnectors and circuit breaker X420 are in setvihe way the circuit subjected to the
trigger of ferroresonance was to carry out poirta@ve (POW) switching using circuit
breaker X420 at Brinsworth 400 kV substation. Theropg of the X420 circuit breaker
has thus energised the 1000 MVA power transfornmeethe transmission line’s coupling

capacitances. From the tests, a subharmonic maderdsonance of 6 Hz has been
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triggered at +3 ms POW, showing the disconnectaieoti and busbar voltage of 5Q¢A«
(Y-phase) and 100 ky¥ax (Y-phase) respectively. In addition, a grumblingise was
reported from the affected transformer. In conttasihe onset of fundamental mode, the
initiation was triggered at +11 ms POW, hence tisuced current and voltage was 200
Apeak (Y-phase) and 300 k¥ax (Y-phase) respectively. Furthermore, a much louder
grumbling noise has been generated from the tramsiowhich can be heard at a distance
of 50 m from the transformer. The voltage and curmegveforms of both the modes are

shown in Figure 5.2 and 5.3 in Chapter 5.

Both the phenomena have been successfully quertghesing the disconnectors however
little arc has been observed for the subharmonidenwhich can be seen in Figure 2.18.
On the other hand, much more intense arc has besred for the fundamental mode

which can be seen in Figure 2.19. One interestoigtpwhich has been noted here in this
ferroresonant test is that when a second test a@®d out by setting to +11 ms POW, the
same switching angle at which fundamental mode pvasiously successfully triggered.

However, ferroresonance failed to onset in the mectest, not even the present of
subharmonic mode ferroresonance. This clearly inelicthat the onset of ferroresonance

is difficult to predict.

Figure 2.18: Subharmonic mode Figure 2.19: Fundamental mode
ferroresonance quenching [29] ferroresonance quenching [29]

Real field ferroresonance tests employed in thestiexj power circuit configurations
provide an advantage of including sophisticated @mdplex inherent elements of the full
scale power components, without any circuit singdtion. However, the major
drawbacks are that the power components are paligieater risk exposed to overvoltage
which could cause a premature ageing and a possatdetrophic failure. In addition, the
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generation of harmonic signals from the tests dsm @ause problem to other neighboring

systems.
2.5 Laboratory Measurement Approach

In this section, the study of ferroresonance ussitngle low or medium voltage circuit to
carry out experiments in laboratory. Ferroresonastogly using this method has been
found in the literatures [30, 31].

A laboratory work performed byYoung [30] was to investigate the ferroresonance
occurred in cable feed transformers. The laboratetyp for the circuit is shown in Figure
2.20 consisting of cable connected to a three-ph&a8ekV pad-mount distribution
transformer. The transformer was energised viahteetsingle-phase switches (denoted as
load break cut-out) connected to the 13 kV grounsimaice. The cable was modeled by

using capacitor modules connected at the termiintilectransformer.

3 PHASE 13 Kv
GROUNDED SOURCE CURRENT

THREE SINGLE PHASE TMNSFC'R""ERS) THREE

/ _ _
\ LOAD BREAK CUTOUTS ] PHASE |
‘t i i T ] TEST l

CAPACITOR T TRANSFORMER
MODULES /L 1
REPRESENTING =T~ y '
CABLE POTENTIAL:
h TRANSFORMERS
[ oscLLoerarH
a
OSCILLOSCOPES

Figure 2.20: Laboratory setup [30]

The main aims of the laboratory set up were to itigate the influence of the following
parameters on ferroresonance: (1) Transformer pyimanding in delta, wye-ground,
wye-ungrounded, and T connections, (2) The energisand de-energisation of the
transformer via switch (3) Cable lengths rangingnfr100 to 5000 feet and (4) The
damping resistance was varied from 0 & 4f the transformer rating. After the tests, the

results were reported as follows:

* Ferroresonance overvoltages are more likely tooeten the test transformer was

connected at no-load, for cable length of more tt2hfeet.

-51-



Chapter 2 Literature Review

* It has been recorded that the magnitudes of 2 paudave been reached for the
sustained voltage and up to 4 p.u for the transieli&ige for delta and ungrounded
wye-connected primary winding. On the other hard T-connected primary
winding also produced the similar magnitudes foe tbustained one but a

magnitude as high as 9 p.u has been reached ftnats@ent overvoltages.

* There has been no overvoltage produced followingsthgle-phase switching of
the test transformer employing the grounded-wyeneotion at the primary

winding.

* The load of up to 4% of rated transformer powemngatonnected at the secondary
side of the transformer was found to be effectivelamping transient overvoltage.
In addition, the probability for the sustained drahsient voltages was found to be

less likely to occur.

 The employment of the three-phase switching canimdita the occurrence of

ferroresonance.

» It has been observed that the T-connected windargtormer has provided a more
likelihood for the occurrence of ferroresonancecasipared to the delta and wye

connections.

Another ferroresonance study based on laboratory eearied out byrRoy in [31] . The

way of the ferroresonance initiation in a 3-phagsesn of Figure 2.21 was to close one of
the three switches, leaving the others open. Tleeaotion between the circuit components
which represents single-phase ferroresonance caadreon the dotted line of Figure 2.21.
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J-phase AC Unloaded

k- wvoltage source — SinglePole __ ghielded Cable —3=— 11 onciormer ——=
grounded at star Switches Banks
Phaze-l
T

Phase-l

1
| < T <2
A o -
Phasedll
L_______IIS___J:_,, _______
T
T-1,T-I, T4l are C1,C2,C3 are capacitance
transformers Circuit for Ferroresonance from Phase to Ground

Figure 2.21: Transformer banks in series with capacitive impeddBi]

The single-phase circuit which has been set upeisofesonance study is shown in Figure
2.22. The circuit consists of two single-phase ti@mser namely T-1 and T-11l connected

in series with capacitor (C3) acting as the capaci from phase-to-ground.

Cartactor Switch-I Contastor Switeh-T1

-4

£

______

T-1 = Transformer-I

T-1II = Transfermer-[I1

Polarity Suitch
LS Nalt meter

Figure 2.22: Transformers in series with capacitor (C3) for imedel [31]

The type of ferroresonance studies which have besfoqmed is described in the
following. Firstly, to observe how the circuit respse to ferroresonance when the supply
voltage is allowed to vary, with or without storedarge in the capacitor. Secondly, the
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study with supply voltage fixed at 100% of the dateansformer with negative stored
charges presents in the capacitor. Thirdly, theystfdmitigation of ferroresonance by
using damping resistor connected at the seconddey af the transformer. Finally, an
interruption of short-circuit study was conducteg dwverloading the system with low
resistance connected at the secondary side of rémesformer. The results from the

experiment are explained as follows:

(1) Supply voltage is varied:
- Capacitor without stored chargeResulted no ferroresonance when the supply is
80% of the rated value of transformer. Sustainesfesonance of 5.8 p.u occurred when

the supply is 100% of the rated value of transfarme

- Capacitor with negative stored chargét has resulted in a situation where capacitor
voltage increased asymmetrically with positive ealand approaching to a damaging

voltage of 7.44 p.u.

- Capacitor with positive stored charg&his has resulted in the capacitor voltage

being increased asymmetrically with negative amagétof -7.31 p.u.

(2) Mitigation of ferroresonance by using damphegistor connected at the secondary

side of the transformer

- Initial stored charge = 0 V, applied voltage92% of rated transformer:Initially,
the ferroresonance has damped out when a loagliedm@t the secondary winding of the
transformer but it reoccurs again when the loaénsoved from the transformer.

- Initial stored charge = positive, applied voltage92% of rated transformerEven
with the presence of the initial positive chargdahe capacitor, the damping resistor will
still be able to provide the damping effect. Howeverroresonance again re-built after

removal of the resistor from the transformer.

(3) Interruption of short-circuit study by overloag the system with low resistance

connected at the secondary side of the transformer

- A transient overvoltage of 4.11 p.u peak ¢hen a sustained steady state voltage of

3.04 p.u have been noted before the fault has inéemupted. A sustained ferroresonance
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with voltage amplitude reached up to 6.02 p.u. been induced when the low resistance

load has been removed form the transformer.

Ferroresonance tests based on small scale labpisstup have an advantage of studying

the characteristics of ferroresonance of low-vataguipment in a realistic manner.
2.6 Digital Computer Program Approach

An abundance of digital computer programs had eysuldor ferroresonance study. Some
of which quoted from the literature in [13, 14, T@h be referred in the following section.

Papers published b#scudero [13, 14] reported that a ferroresonance incidesad h
occurred in the 400 kV substation consisting ofdineuit arrangement as shown in Figure
2.23. The cause of the phenomenon was due to thehsvg events that have been carried

out for commissioning of the new 400 kV substation.

400kV Busbar

DA (B CT py DL
- P 0. +—P» 400kV

RSP B

—
]

Damping resistor of 0.8 connected in closed delta

Figure 2.23: 400 kV line bay [13, 14]

The commissioning of the system of Figure 2.23 wasdacted as follows: the
energisation of the VT’s from the 400 kV busbardigconnecting the line disconnector
(DL) and then de-energised the VT's by opening theutt breaker (CB). The effect after
the switching events has thus reconfigured theutirgito ferroresonance condition
involving the interaction between the circuit breék grading capacitor and the two

voltage transformers.

Following the occurrence of ferroresonance as rmoeatl above and the failure of the

damping resistor to suppress ferroresonance, an EMPP simulation package was
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employed to investigate the phenomena and to aghessnitigation alternative. The

complete simulation model is shown in Figure 2.24.

Grrd00eF
U Dé-close
1 k.-ﬁ—-
05400 I
12mdd0sF
Mag br

Figure 2.24: ATPDraw representation of 400 kV substation [14]

The voltage transformer was modeled with three shpfjlase transformer models using
the BCTRAN+. The core characteristic of the transfarmas externally modeled by using
non-linear inductors with its saturatioh-i characteristic derived from SATURA

supporting routine. The required data to conved Mt characteristic is obtained from the
open-circuit test data given by the manufacturee Tissteretic characteristic of the core
was not taken into consideration because its measnt was not available for the type of

transformer under study. The iron-losses were simpyeled by resistors.

An agreement between the recorded test measuraandnsimulation results was firstly

obtained to justify the model before the key fagtthrat influence the ferroresonance were
analysed. The study was to investigate the typdsraofresonance modes when the length
of busbar substation was varied, which correspdad$he capacitance value of busbar,
with the grading capacitance kept unchanged. litiaddthe safe operating area of busbar
length was also identified. The results from thewdation studies are presented as follows:

For busbar substation capacitances:

(1) 10 pF - 100 pF and 950 pF - 2320 ;pFNo ferroresonance has been identified for
these ranges of capacitances. Normal steady-gisp@mses have not been observed from

the simulations.
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(2) 110 pF - 950 pF Sustained fundamental mode ferroresonance hese imduced

with its amplitude reached up to 2.p.u.

(3) 2320 pE Subharmonic mode with Period-7 has been inditedhe system. The
frequency of the phenomenon is 7.1 Hz.

4) 2590 pE In this case, the system responded to chaotienior about 4 seconds

until it jumps into the normal steady-state 50 Egponse.

A paper published byacobson[16] investigated a severely damaged wound paknti
transformer caused by a sustained fundamentalréswoance. The affected transformer is
connected to the Dorsey bus which has the busgumafiion as shown in

Figure 2.25.

ro——

1
| V33F |

*m‘, P
el
A _I:Z EJ_ LA

T T E %Mﬂ* ‘
ﬁ el
i h w"ﬁ*‘j _Jf’_mm

F7/F8 S5T3 F4/E5 55Tl F3

Fo $5T4 Fb 551-: FLF2

Figure 2.25: Dorsey bus configuration prior to explosion of paial transformer [16]

For the commission work and maintenance, Bus A2 wamoved by opening the

corresponding circuit breakers (shaded box of EduR5) connected along side of Bus A2.
After the switching events, one of the potentiahsformers (i.e. V13F) had undergone a
disastrous failure and eventually exploded. The eanfsthe incidence can be clearly

explained by referring to the diagram of Figure62.2
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SSTI
_______ LR
. V33F CToTTTT :
LA —3fviaF,
A2 Al

B2 ' - B1

Figure 2.26: Dorsey bus configuration with grading capacit@zg) (

The root cause of the problem was the existenceaddllpl connection of the grading
capacitors of circuit breakers connected along A2sand B2 when the circuit breakers
were open. The effect of this switching occasion éaentually reconfigured the Dorsey
bus system into a ferroresonance condition congistif the source, capacitance and
transformers.

In view of the problem, a simulation model of Figuk.27 using EMTP had been
employed to duplicate the cause of the ferrorestmand also to investigate the best
possible mitigation alternatives to rectify the lpiem. The system includes station service
transformer (SST), two potential transformers (PTid aPT2), equivalent grading

capacitance of circuit breaker, bus capacitanoed®t bus B2 and A2, and voltage source.

Dorsey Converter Station Bus

B2 A2
equivalent source: ; L/ SST
7,= 2124438, Q cai’:ﬁ:ngce T_—]_E___ .
(12000 MVA) ] T
2= 3074068, | OF ;_;'_]10 pF) L_i__'E‘__Fi]__l_l
Ozmo = ~3f PT2,
----- Lo
ac filters bt .
1 1 1

(755 MVAY) '_’{‘ *; o fray capacitance
bus capacitance
B matrix ,-
Bl Al

Figure 2.27: EMTP model — Main circuit components [16]

A strong equivalent source impedance has been gegblto model the Dorsey bus

terminal. The a.c filter is switched in at bus B2las used to assess its effectiveness of
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mitigating ferroresonance. The capacitances of tee®d (i.e. bus B2 and A2) are also

taken into consideration by referring to the geagndimension of Figure 2.28.

Bus B2 Bus A2

dm 4m 6.7m 4m 4m

PR, NOTE:

A B C A B C Buses run parallel for 443 m

11.3m Subconductor spacing: 45.7cm
Conductor: 1843.2 MCM ACSR

Figure 2.28: EMTP model — Bus model [16]

The 4-kVA potential transformers (PT1 and PT2) werelehed by considering core losses,
winding resistance and excitation current with ¢ireuit represented as shown in Figure
2.29. The iron losses have been represented by atatbnresistance. The core
characteristics of the transformers were modelegd@n the manufacturer’'s data but the
air-core (fully saturated) inductance of 62 H wassuaned because it provides the

ferroresonance response which is close to the fegldrding waveform.

Rup Xwp  Rus Xus
Ry ¢ || Zy

Figure 2.29: EMTP model — PT model [16]

On the other hand, the 10 MVA station service ti@mser (SST) was modeled based on
the previous parameters taking into consideratibpasitive sequence impedance, core
losses and the saturation characteristic. The ag-twluctance has been provided by the
manufacturer however the saturation curve is detern by applying extrapolation

technique.

Once the ferroresonance response from the simnl&ivalidated with the field recording
one, ferroresonance study was then performed bysiderng the following

recommendations:
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(1) The study showed that the service station transfio®8T) has enough losses to
damp out the occurrence of ferroresonance but tiuisurred at the grading

capacitance of up to 4000 pF.

(2) A damping resistor of 20@/phase was connected at the secondary side of SST to
prevent this phenomenon if the grading capacitamas reach up to 7500 pF

following circuit breakers upgrades.

Ferroresonance study employing digital simulatiorogpams is considered to be
inexpensive, maintenance free, does not requirege ldloor space area, less time
consuming and free from dangerous voltages ancemistr However, one of the major
disadvantages this approach encountered is thatrtige characteristic of the power
components are difficult to fully and comprehenkiveepresented in one of the

predefined simulation models.

2.7 Summary

Five different approaches have been developed udysterroresonance in the power
system over many years. Each method has its owmtayes and disadvantages and may
be suitable at the time of its development. Tah®2 2ummaries the advantages and

disadvantages of each of the approaches.

Table 2.2: Advantages and disadvantages of each of the mgdatiproaches

Approach Advantages Disadvantages

Analytical method - studying the parameters | - circuit over simplified
influence the initiation of | - involves complex
different ferroresonant mathematical equations
modes - requires large computation

- the boundaries between | time
safe and ferroresonant
regions can be performed.

Analog simulation - offers great flexibility in| - costly maintenance
representing the scaled down requires large floor space o
real circuit accommodate the equipment

Real field test - including sophisticated and power components are put in

complex full scale powera greater risk exposed to
components without anyovervoltages and overcurrents
circuit simplification. - premature ageing and a

possible catastrophic failure

U7
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Laboratory - studying the characteristics
measurement of ferroresonance of low
voltage equipment in g
realistic manner

Digital computer - inexpensive, maintenance - power system components are
program free, does not required largedifficult to fully and
floor area, less time comprehensively represented
consuming in a predefined simulation
- free from dangerous model alone.
overvoltages and
overcurrents

In view of the computation power of modern compuated well-developed power system
transient softwares, the current approach usedisthesis is to carry out simulation
studies for understanding the network transient®paance, to aid network design and to
analyse the failure causes in the existing system.
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CHAPTER 3

3. SINGLE-PHASE FERRORESONANCE -A CASE
STUDY

3.1 Introduction

Ferroresonance has been identified as a nonlingant evhich can cause damaging of
power system equipment as a result of exhibitingresitages and overcurrents. In view of
this, power network must function beyond the bouyndd ferroresonant regions, and in
addition minimise the likelihood of occurrence aick response when planning of
expansion of network takes place. In order to aehtais, a comprehensive understanding
of such phenomenon is essential for power systegmeers, that is by looking into the
variations of system parameters and transformeanpeters which are known to directly
influence ferroresonance response so as to gaétter understanding about its behaviour.
As an initial stage of the current study, a singhase ferroresonance equivalent circuit
employing a potential transformer (PT) quoted in] [k6used as a case study. The studies
aim to achieve the goals as follows:

(1) Identification of ferroresonant modes such as suwsthh fundamental, quasi-
subharmonic, subharmonic and chaotic modes byngulyoth the grading and shunt

capacitances for both high and low core nonlingatiiaracteristics.

(2) Suppression of sustained fundamental ferroresomentte by having variation of

core-losses introduced into the transformer coezatieristic.

(3) Recognising the key parameters for providing ititia and sustainability of

ferroresonance, particularly the sustained fundaah@emode.
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3.2  Single-Phase Circuit Configuration

Figure 3.1 shows the equivalent circuit of the mddpotential transformer under load

connected condition and the corresponding cirauaregement.

<5 . Transforme ,
0.212Q 11.62 m C}ﬂ;\h i, 174900
" 5061pF i .
& 12 IOk 10450 oF 02 Vo § Lo 163L-bZQ ]2
0.853 ml-ii
120C : 1 '

Figure 3.1: Single-phase ferroresonance circuit [16]

The primary side of the transformer is connectedearies with a voltage source and a
circuit breaker consisting of its grading capaa®&if,). In addition, a ground capacitance
(Cy) is also connected at the primary side of thesfiamer. The transformer includes
primary and secondary winding resistanceafidr,) and leakage inductancds GndL.y).

The magnetising characteristic of this transforrsenodeled by a nonlinear inductdy,j,
connected in parallel with a resistané®,)(representing the core-losses. The secondary
side of the transformer is connected with burdempedance,Z,. This impedance is
considered to be enormous if it is reflected toghenary side of the transformer and thus
be much greater than the core impedance, whiclibeagnored. In view of this, the circuit
under study has achieved the ferroresonance condifi interaction between capacitance

and nonlinear inductor.

The magnetic behaviour of the transformer core @esented by a true non-linear
inductor () to model the saturation effect which has the -flnkage versus current

characteristic as shown in Figure 3.2.
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Chapter 3

Core Characteristics

[L-aM] aBexuil-xnj) sead

Peak current [A]

Figure 3.2: Magnetising characteristic [16]

With the parallel connection of botlR, and nonlinear inductancd,, the core

characteristic of the transformer which now incleid®th theR,, and nonlineal., is

depicted as shown in Figure 3.3.
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Figure 3.3: Core characteristic
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3.3 ATPDraw Model

The circuit shown in Figure 3.3 is represented itaitlesing ATPDraw as shown in Figure
3.4. The value of the grading capacitarCgis 5061 pF and the ground capacitari&gs
10450 pF when the circuit is inducing a steadyesfatroresonance response, following the

opening of the circuit breaker, CB.

CB

9 Rp  Lp()

es @ TCS Ls Rs
= ol 1l 5
N Rm% Lé% . E; ? Zb
JI_-\JW

Figure 3.4: ATPDraw representation of Figure 3.1

Since the circuit of Figure 3.4 will be employed ferroresonance study throughout this
chapter, it is important to make sure that the tbpesl simulation model in ATPDraw is

correctly representative. In order to achieve thie verification between the voltage
waveform generated from ATPDraw and field recordiveyveforms have to agree with

each other. The voltage waveform across the tramsioproduced from the simulation

and the field recording are depicted in Figure 3.5.

i
i

‘-sltaﬂ‘e parl}

"

0.8 0.9 1

Figure 3.5: Top- Field recording waveform [16], bottom — simidat
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Figure 3.5 shows both the field recording and satioh voltage waveforms, the shape and
amplitude for the steady state voltage waveformewegenerated with reasonably good
accuracy. However, the distinctive difference betmvéhem is the shape of the transient
oscillatory voltage prior to steady state and theetfor this voltage to settle down into the
steady state. The figure shows that the field ra¢aktts longer time to reach steady state as
compared with the simulation one. The transitiomfrivansient to steady-state response is
random when the core operates around the knee vaitbathe influence of system
parameters. Exact matching between them is impesgibieplicate, the main reasons are
the ground capacitance that has been used in itindagion model is not exact, i.e. the
influence by stray parameters cannot be accuratigiiermined and validated, the
magnetising characteristic (i.&-i curve) cannot be modeled accurately and also the

opening time of circuit breaker is not taken intmsideration.
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Figure 3.6: FFT plot

The frequency spectrum of the steady-state paragelof Figure 3.5 is shown in Figure
3.6, which is known as the sustained fundamentabrfesonant mode or it is sometimes
referred to as Period-1 response. It resonatesOaH® frequency with a sustainable
amplitude of 1.41 per unit. The magnitude of thisdkis the one which can cause major
concern to power system components. In additiom fihquency content of the sustained
resonant voltage as shown in the FFT plot of Fi@u@emainly consists of the fundamental
frequency component as well as the existence dienigrder frequency components such
as the 8 and the 8, 7" and 9" harmonics.
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3.4  Sensitivity Study on System Parameters

The main aim of this section is to provide the bé&sisnterpreting various ferroresonant
modes by carrying out the sensitivity studies othbthe system and the transformer
parameters. The following assumptions are madecibtéte the analysis: (1) There is no
residual flux in the core at the time the circsienergised (2) There is no initial charge on
the capacitor (3) The circuit breaker (CB) is comdehto open at the current zero with
current interruption as shown in Figure 3.7, whiwe operating events are simulated
when the circuit breaker is open at t = 0.0137 sdsaand 0.145 seconds, respectively.
Once the breaker current is interrupted, the dircaim be either energised via the grading
capacitance at the point of a positive or neggteak voltage. Note that the influence of
residual flux and initial stored charge play an artpnt role on the onset of ferroresonance
as these parameters provide the initial conditibickvis sensitive to ferroresonant circuit.
In addition, the current breaking time of circure@ker in the simulation will also affect

the onset of ferroresonance as it provides a eifiieinitial condition everytime the breaker

operates.
300 Grading capacitance, Cg = 5061 pF, Ground capacitance, Cs = 10450 pF 20
[kv] Command CB to open Sgurbe voltag:  [%1s
200 | - ’

ANA /\g ANENAE AV
SANRNVATA VAN WA M W Y N O WY
aoo NNV LAV LNV N S e
IV RV AV YN VA VAN =

100

Current flows through ~ Current interrupted at first current T

-300 i i i ] ] -2.0
0.08 0.10 0.12 0.14 0.16 0.18 [s] 0.20

300 : 2.0
[kv] ‘ [Al

200 Command CBto oper Source voltagr.. 15

AN AN P e
SR /A\?“M A A
RAVARVARVAA S TN I
NIV VA ALVARN VAR AV AR VIR VA o

-300 ; = i ; ; -2.0
0.08 0.10 0.12 0.14 0.16 0.18 [s] 0.20

Figure 3.7: Top - Current interrupted at first current zero,tBot — second current zero

The current waveforms of Figure 3.7 have been g&ti@ccording to the base values of
parameters as defined in Figure 3.1. The wavefoaggest that the circuit is purely
capacitive because the current waveform leadsupgls voltage by 90
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3.4.1 Grading Capacitance (G)

Circuit breakers employing series-connected inf#ing chambers are served for the
purpose of providing better breaking capabilityeTse of the grading capacitor connected
across the chamber is to provide improvement driza of voltage distribution across the
chambers in a series arrangement [32]. In spitbeif usefulness, this capacitance on the

other hand can produce the likelihood of occurreafderroresonance phenomena.

In order to look into the effect of this capacitaran the circuit, let us look at a wider view
by having the grading capacitan€g, varied from 1000 pF up to 8000 pF, against a wide
spectrum of ground capacitan€®,spreading from 1000 pF up 10,450 pF. The result of
the findings is presented as shown in Figure 3@wsig the x-axis being the grading
capacitance while the y-axis represents the graapdcitance. The small circle represents
the types of responses that have been induced thgtblue representing the subharmonic
mode and the red one the sustained fundamental.mbdeone without any indication in
the figure is when the system has been respondadtomal state, that is the final steady

state which is characterised by either a 60 Hzssirmal with reduced amplitude.
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Figure 3.8: Overall system responses to change of grading tapaes
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A glimpse on Figure 3.8 shows that there is a baundegion where the fundamental
mode, subharmonic mode and normal state operatedafmental and subharmonic modes
are more likely to occur below and above Boundaand 2 respectively, while the normal
state is operated in between the two boundaries. rékalt suggests that sustained
fundamental mode ferroresonance (i.e. Period-Ihase prone to occur as the grading
capacitances is increased against the ground ¢apees. In fact, the most influence range
is from 4000 pF to 8000 pF because this responsbles to be induced widely for the
whole range of ground capacitance (as shown indiraled line). On the other hand,
subharmonic mode has also been induced but this®dor the lowest value of grading
capacitance (1000 pF), against the highest valfiegraund capacitances (8000 pF to
10450 pF). The one without the ground capacita@geshows that Period-1 can still exist.

3.4.2 Ground Capacitance Cy)

The ground capacitance is mainly due to the bushingbar and winding to the tank or
core, for example, the capacitances exhibit betwbenbusbar-to-ground with air as an
insulation medium. Now, let us look at how the systresponses to ferroresonance if the
ground capacitanc€s is varied from 1000 pF up to 10,450 pF, for a wialege of grading
capacitances (1000 pF 8000 pF). The overall result of the findings is preéed as shown
in Figure 3.9.
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Figure 3.9: Overall system responses to change of capacitances
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The overall scaterred diagram of Figure 3.9 showaslibth the subharmonic mode and the
fundamental mode have been induced in the systenthey are operated within the

boundary regions as shown in the diagram, as iteticas Boundary 1 and Boundary 2.

From the result, it can be seen that fundamentalenferroresonance is more pronounce
for the grading capacitance working in the rang&@30 pF to 4000 pF against the whole
range of ground capacitances (as indicated in lorgkeen line). However, its occurrence
becomes less likely to occur as the ground capa@tas increased further, against the
lower part of the grading capacitance. A bordee lmarked as Boundary 2 in the diagram
is used to indicate the limit where Period-1 occudsspite of this, the occurrence of
subharmonic modes begins to show up for the highastof ground capacitance but this
only happened against the lowest value of gradapgacitance of 1000 pF. The operating
limit for the occurrence of subharmonic mode is kedras Boundary 1. In between the
two boundaries, is a region where normal state rsccuthe system. In contrast, it is also
found that the fundamental mode ferroresonancglligisle to be initiated into the system

even without the presence of ground capacitancetduiccurrence is more likely at the

lower range of grading capacitances from 1000 pEO@0 pF. The time-domain voltage

waveforms of different kinds are shown in Figur&GB.
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Cg =1000 pF, Cs = 10,000 pF

700 : : : A A
[kv] Enlarge view of __ix FA-AT AT
350 broken blue Iinel:> VIVAVEL VIV YNY,
OJHWWW PAVANAWA AW \WAW L Vo WAWANCHAWAW WA AW\ WA W WAWAW) W AW WA W WA WAL WO WAW LN,
N TRV VARV VAAVAVAVAS VL VANV VIS VAN VAR VAL VAL VIAVIA VAL VAL VAR VAVAL VA VAL VAR VARVA VA VAR VIV VALV VIVl
-350
-700
0.0 0.4 08 1.2 1.6 [s] 20
00 Cg = 2000 I:F,I Cs= 7090 pF S .
[kV] nlarge view o : T e
350 broken blue Iinelzi> :
0 ‘MWVNVW\VA ﬂwﬂvr\vm'"WN ffv"MAv‘vAu“IAWMWWMWWWfW
-350
-700
0.0 0.4 08 1.2 16 [s] 20
00 Cg = 8000 pF, Cs = 5000 pF
Enlarge view of __{ [+drhordidodordidod 2
k] T MR
250 broken blueélin‘ :'l>\} N “V“,\V“ {V“ tv“ ‘V“ N {V‘ “j‘_y‘_‘_‘ “
L O dild | ‘ | A i { : ARRRERY 14
ol A R I{\ HI(I{HI ‘IIII {II\ IIe |
R I
-350 | .
-700 |
0.0 0.4 08 1.2 1.6 [s] 20

Figure 3.10: Time-domain voltage waveforms

The frequency contents of the sustained steady-stétige waveforms of Figure 3.10 are

analysed by using FFT,
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Figure 3.11: FFT plots of the time-domian voltage waveforms afufe 3.10
The characteristics of the FFT plots correspondintpéovoltage waveforms of Figure 3.10
are explained as follows:

(1) Voltage waveform with Cg = 1000 pF, Cs = 8(Qf®

The FFT plot shows that the corresponding voltageefoain is dominated by a 20 Hz

frequency and it is also referred to as a periderdresonance.
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(2) Voltage waveform with Cg = 1000 pF, Cs = 9(qf/®

The signal has a strong influence of 20 Hz frequermyponent and superimposed by
33.25 Hz frequency component. This signal is stiérred to as period-3 ferroresonance.

(3) Voltage waveform with Cg =1000 pF, Cs = 1@QfF

The FFT plot shows that the signal consists of oflyH2z frequency without any other
frequency contents. It is a purely period-3 fersoreance signal.

(4) Voltage waveform with Cg =2000 pF, Cs = 7(fF©

The signal shows a repeatable oscillation with thistence of 6.67 Hz and with a strong
influence of 60 Hz frequency component. This sigmalreferred to as Period-9

ferroresonance of 6.67 Hz subharmonic mode.

(5) Voltage waveform with Cg = 8000 pF, Cs = 5G40

The steady-state resonance voltage is 1.61 per-whiish is higher than the system
amplitude. This signal mainly consists of a stramtuence of 60 Hz frequency component
followed by the & and %' higher order harmonics. This phenomenon is refetoeds

Period-1 ferroresonance or sustained fundamentalré&sonance.

3.4.3 Magnetising ResistanceR,)

The main function of transformer magnetic core isptovide magnetic flux for the
development of transformer action such as to tatdistep-up or step-down of voltages. In

this study the core-losses of the transformerpsagented by a linear resistance.

The main aim of this study is to investigate théuiehce of core-losses on ferroresonance,
by varying the value of the magnetising resistafeover three different values. In this
case the base value of 9ZMs varied to 10 M2 and 5 M2. The magnetising plot for each
resistance is shown in Figure 3.12 with the nartoss per-cycle corresponds to the
magnetising resistance of 92Mand the one with the widest loss is for the rasis¢ of 5
MQ.
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Figure 3.12: Core-losses foR, = 92 MQ, 10 MQ and 5 M2

The study is carried out by assuming t@gt= 4500 pF andCs = 10450 pF. The voltage

waveforms across the transformer are recordedagrsim Figure 3.13.
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Figure 3.13: Voltage across transformer with variation of caresles
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Initially, with low loss i.e.R, = 92 MQ, Period-1 ferroresonance is induced into the
system which can be seen in the top diagram ofr€i§ul3. As the loss is increased by
having R, = 10 MQ, the result shows that the transient part takagdo time to settle
down, with resonance being damped. However, whenass is further increasedRg, =

5 MQ, Period-1 ferroresonance is damped more effegtisald ceases to develop. This
study suggests that ferroresonance can be dampesirxy core material with larger loss

per cycle, such as soft steel core material.
3.5 Influence of Core Nonlinearity on Ferroresonance

The core characteristic employed in the previouslystoas a level of nonlinearity as

indicated in red line of Figure 3.14.
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Figure 3.14: Core characteristics

In order to assist further on how both the grading the ground capacitances can further
influence the occurrence of ferroresonance, there#egf nonlinearity of the core
characteristic marked in red is adjusted to bectase nonlinear as indicated by the blue
line shown in Figure 3.14. The adjustment of theréegof nonlinearity of the core
characteristic can be accomplished by using theténos polynomial equation of i =

AM+BA" [33-35]. The core-losses of the transformer ar¢ kaphanged.
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35.1 Grading Capacitance Cy)

Similar to the previous case study, the gradingacaignce is varied from 1000 pF up to

8000 pF, with a range of ground capacitances froG0Q pF to 10,450 pF. The result from

the simulations is presented in Figure 3.15. Whih type of core characteristic, the results

suggest that there is more likelihood that subhaimonode can be induced into the

system, patrticularly a strong influence of PeriotkBoresonance. In contrary, other type

of response such as chaotic mode has also beetifi@grbout its occurrence is at higher

value of grading capacitance.
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Figure 3.15: Overall responses of the influence of capacitances

The plot suggests that the occurrence of Periodibrisonance is more likely to be

induced as the value of grading capacitance is#aftiom 1000 pF up to 8000 pF, up

against escalating values of ground capacitanaa ft600 to 8000 pF. In contrary, the

likelihood of inducing the subharmonic mode is maevelespread at lower range of

grading capacitance (1000 pF to 5000 pF) agaimgtenivalue of the ground capacitance
(8000 pF to 10,450 pF), as marked in broken bloe. IOn the other hand, chaotic mode

will also be exhibited but its initiation is moreadtered around the high side of the grading

and ground capacitances, that is in the regioniwiBoundary 1 and Boundary 2. In

addition, the normal state is also operated with@se two bundaries.
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One interesting observation from the plot is theew the system is operatedCgt= 5000

pF andCs = 8000 pF, it responded to the chaotic mode wlinen kireaker current is
interrupted at negative peak voltage. On the otteerd, the system also responded to
subharmonic mode when the current is interruptgubsitive peak voltage.

3.5.2 Ground Capacitance Cy)

Similar to the previous characteristic, the overadponses subject to this type of core
characteristic is presented as shown in Figure %itb a plot of grading capacitance

versus ground capacitance varying over a wide range
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L S SN Gt e Sl B S S Je i ¥
G S S G S e ey s s B S E
3000f 18- 608,614 ¢ ¢ & -0 8
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1000] @il e e e el
L e s T SO SN

Without 1000 20003000 40005000 6000 7000 800090001000010450

Cs Ground capacitance, C{pF)

Legend ® - Subharmonic mode@ - Chaotic mode® - Fundamental mode

Figure 3.16: Overall responses of the influence of capacitances
The overall responses are explained as follows:

(1) Period-1 ferroresonance is more likely to occuithet lowest part of the ground

capacitance i.e. at 1000 pF over the whole rangleeofrading capacitances.

(2) Period-1 ferroresonance becomes less frequenteagréiuling capacitance is in the
range from 1000 pF up to 8000 pF, against the loaege of grading capacitance.
However, this response is in fact becoming lessceqitble as the grading
capacitance is increased further, the likelihood@furrence of subharmonic mode
on the other hand is more pronounced, favoringhat lower range of grading

capacitance (as indicated in broken red line).
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(3) Without exception, Period-1 ferroresonance willoalsccur without the ground

capacitance connected to the system but this omppdéned at the lower value of

grading capacitance.

(4) Chaotic mode and normal state is operated withenrdgion between Boundary 1

and Boundary 2 but chaotic mode is more pronouratekigher range of ground
capacitance.

The time-domain waveforms and their corresponding@ pléts are shown in Figure 3.17
and 3.18 respectively.
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Figure 3.18: FFT plot of the time-domain waveforms of Figure 3.17

The characteristics of the FFT plots correspondinpéovoltage waveforms are explained

as follows:
(1) Voltage waveform with Cg = 1000 pF, Cs = 740

The FFT plot shows that there is a strong nominabiba 20 Hz frequency component

contained in the signal which is called a Periaol-a 20 Hz subharmonic ferroresonance.

(2) Voltage waveform with Cg = 2000 pF, Cs = 9(Qi®
The response shows repeatable oscillation of 8.5viz the strong influence of 60 Hz
frequency component. This signal is called a 8.5sdkharmonic mode or a Period-7

ferroresonance.

(3) Voltage waveform with Cg = 3000 pF, Cs = 8(Qi®

The FFT plot shows that the signal consists of strimlgence of 20 Hz frequency,

therefore it can be considered as a Period-3 ¢t28ubharmonic ferroresonance.

(4) Voltage waveform with Cg = 3000 pF, Cs = 9(Qi®

This type of signal is Period-3 or 20 Hz subharmanizde because the signal contains

mainly the 20 Hz frequency component.

(5) Voltage waveform with Cg = 8000 pF, Cs = 9(Qi®

The time-domain waveform shows that the amplitudeaisdomly varied with time,
oscillating at different frequencies. The FFT ploggests that there is evidence of
continuous frequency spectrum spreading in theoregi 20 Hz and 60 Hz. This type of
signal is categorised as chaotic mode.
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(6) Voltage waveform with Cg = 8000 pF, Cs = 5G40

The sustained amplitude of this signal is 1.45 pet-which is higher than the system
voltage amplitude. The content of this signal ismyab0 Hz followed by higher odd order
harmonic of 180 Hz. The phenomenon is referred toPasod-1 ferroresonance or

sustained fundamental ferroresonance.

3.6 Comparison between Low and High Core Nonlinearity

In the previous sections, the study of ferroresoaaaccounts for the variation of both the
grading and ground capacitances and the degremsehonlinearity have been carried out.
For comparison between the two characteristicsy #re then presented as shown in
Figure 3.19.

(1) High Core Nonlinearity
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3.7

(2) Low Core Nonlinearity
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Figure 3.19: Top: High core nonlinearity, Bottom: Low core nioelarity

Analysis and Discussion

From Figure 3.19, it can be seen that both typesosé nonlinearities have a great

influence on the occurrence of a Period-1 ferranesace when the value of the grading

capacitance is increased. The main reason can Haireegb by a graphical diagram of

Figure 3.21. The equation of the ferroresonanceiitiof is given as

VLm = E'Thev + VC (31)
. : Cer .
where Thevenin's voltage at terminals X-¥, , = EX% and Thevenin’s
series shunt
capacitance at terminals X-;=C_ ..+ C,...
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Cseries

il
E @ Cshunt == X Lm

Y

X

Figure 3.20: Single-phase ferroresonance circuit
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|VLm|c J Magnetising characteristic
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WhereErey.= Thevenin’s voltage sourc®,, = voltage across transformér, Vc =
voltage across capacitane®)(w= frequency of the supply voltage

Figure 3.21: Graphical view of ferroresonance

As can be seen from Figure 3.21, the straight l@pgesents th¥-1 characteristic across
the transformer [36-42]. On the other hand, thehape curve represents thél
magnetising characteristic of the core. The intérse®f the supply voltage acrokg, i.e.

the straight line with the magnetising curve of tlwtage transformer is to provide the
operating point of the system behaviour. From ttaglky, it can be seen that there are three
possible operating points of this circuit for a gyivvalue ofXc. Point A in the positive
guadrant of the diagram corresponds to normal ¢diperan the linear region, with flux and
excitation current within the design limit. This pbiis a stable solution and it is
represented by the steady state voltage that appmanss the voltage transformer

terminals therefore ferroresonance would not tdkegy Point C is also a stable operating

-83 -



Chapter 3 Single-Phase Ferroresonance — A Cased$t

point whereVc is greater thav , which corresponds to the ferroresonance conditions
charaterised by flux densities beyond the desigoevaf the transformer, and a large
excitation current. Point B, which is in the ficgiadrant, is unstable. The instability of this
point can be seen by increasing the source voltggg,) by a small amount follows a
current decrease which is not possible. Therefarednematic solution at this point does
not exist [24].

Moreover, the presence of the grading capacitanggests that core characteristic with
high nonlinearity has a high probability of indugisustained ferroresonance as compared
to the low one. The reason is because of core desistc with high degree of
nonlinearity has an approximate constant saturslbjge (see Figure 3.22) which can cause
the core to be driven into deep saturation if thisr@nly a small increase of voltage

impinging upon the transformer.

Core Characteristics
2000 [ [ [ [ I

I
High Core Nonlinearity 1

1500 Low Core Nonlinearity

1000

500

-500

Flux-linkage (Wb-T)
o

-1000

-1500

-2000
-10

Current (A

Figure 3.22: Top-High core nonlinearity, Bottom-Low core nonlinga

In order to study the effect of degree of core m@drity on ferroresonance, let us consider
an example by looking into a particular workingmicatCs = 10450 pF an€y = 4000 pF

as indicated in broken line of Figure 3.19. The gisation of Period-1 ferroresonance
using high core nonlinearity has the voltage anmtecu characteristics as shown in Figure
3.23.
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The sustained ferroresonance voltage of Figure B&3a magnitude of 1.40 per-unit
which has an increase of voltage of 40%. This chawfgeoltage will over-excite the

transformer and then pushes the core into profeanaration therefore withdrawing a high
peaky current from the system (bottom diagram glfg 3.23). The sustained amplitude
oscillates between point A and A’ along the magegj characteristic of Figure 3.22,

marked in red.

High Core Nonlinearity

= 4000 pF and Cs = 10450 pF
300 Cg p P

kV]
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Figure 3.23: Top-Voltage waveform, Bottom-Current waveform

In contrary, the employment of low degree of comnlmearity has generated totally

different types of voltage and current responseshasvn in Figure 3.24.

Low core Nonlinearity
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Figure 3.24: Top-Voltage waveform, Bottom-Current waveform
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The results show that low current Period-3 ferronesae has been induced into the
system. This observation suggests that the transfoh@s been working around the knee
point i.e. at point B of the core characteristicnaarked in blue of Figure 3.25. Since the
response oscillates between point B and B’ at@dbR0 Hz, therefore core characteristic
with this kind requires larger change of voltageomler for the transformer to induce
Period-1 ferroresonance. The reason that the tnansfooperating around the knee point

when it is impinged by a subharmonic mode respoasdbe explained as follows.

Dividing equation (3.1) by frequencythen it becomes

—_ —_ E'Th VC —_ ETh l
V =wF(l)=——%4+ ==_1"&4_ 3.2
tm (1) w w w «C (3.2)
then
_Eq '
F(])=—The 4 3.3
( ) w «C (33)

Equation (3.3) represents the straight line markealue and green of Figure 3.25, but the
position and the gradient of the line changes breaith frequency [43]. For high
frequency atwy, the gradient of the line is less steep therefotersects the magnetising
characteristic on the negative branch at point A.tiee other hand, with lower frequency,
w, the gradient of the line is steeper as indicatetlue line hence crossing at point B

against the magnetising characteristic.

E
W A
wT ,
B Magnetising characteristic
] of transforme

v

Figure 3.25: Effect of frequency on magnetic characteristic

- 86 -



Chapter 3 Single-Phase Ferroresonance — A Cased$t

Lower frequency such as the response having theacteagistic of subharmonic mode is
more likely to operate around the knee point regibtihe core characteristic, inducing low

current in magnitude.

3.8 Summary

Two case studies employing two different types adreharacteristics to investigate how
the grading and ground capacitances can influémegypes of ferroresonant modes have
been performed in the preceding sections. The casgrabetween the two is summarised

as shown in Table 3.1.

Table 3.1 Comparison between high and low core nonlingarit

Core characteristic Types of responses
Fundamental mode| Subharmonic mode| Chaotic mode
(A) High
Nonlinearity
- More likely to - Less likely to - Not available
occur at high Cg occur
- Prone at high Cs &
low Cg
(B) Low Nonlinearity
- Less likely to occur | - More likely to - Likely to occur
- More likely at occur - More likely to
high Cg but limited | - Likely at high occur at high Cs &
at higher range of Cs & low Cg high Cg
Cs

In summary, Period-1 ferroresonance is more susdepb occur for core characteristic
with high degree of nonlinearity as compared to ltwe one, covering a wide range of
grading capacitances against ground capacitan@ageVer, this type of core characteristic
has a less likelihood of initiating subharmonic modn fact the occurrence of this
subharmonic response is only limited at high vadfiegrading capacitance against low
value of ground capacitance. Other type of respesnsk as chaotic mode has not occurred
for high degree nonlinear core characteristic.

One of the main observations throughout this stgdfat the ground capacitance has in
effect provided a wider range of grading capacikafur Period-1 to be more frequently
occur, particularly for the core characteristichwhiigh degree of nonlinearity. The grading

capacitance on the other hand acts as a key pamafoethe initiation of ferroresonance.
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This is because Period-1 response is still ableettnduced without the presence of the

ground capacitance.

In contrast, core characteristic employing low @egof nonlinearity has a less chance for
the Period-1 ferroresonance to occur. Insteadtyims of response occurs in a confined
range of high ground capacitance against high valgading capacitance. Subsequently,
it is more pronounced for subharmonic mode to lwuded, confining at high ground
capacitance and low value of grading capacitarfe@shermore, chaotic mode can also be
exhibited but restricted around high ground andligigacapacitances.

The overall study from the above can thus provideeerall glimpse on how a system
network responds to ferroresonance for the vanatb the following parameters; the
grading capacitance, the ground capacitance, tteelosses and the use of different degree

of nonlinearity of core characteristics.
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CHAPTER 4

4, SYSTEM COMPONENT MODELSFOR
FERRORESONANCE

4.1 Introduction

In the preceding chapter, the study of a singlespHarroresonance circuit has been carried
out to investigate the fundamental behaviours efghenomenon when the parameters are

varied.

One of the main aims of this thesis is to deterntimeebest possible predefined models in
ATPDraw so that each of the components can be $yitepresented for modeling the real
case circuit which has experienced ferroresonahicis. therefore the objective of this
chapter to firstly introduce the technical aspexftshe power system components, and to
identify the best possible model for the study efrdresonance that are available in
ATPDraw. As ferroresonance is classified as a l@gudency transient, much attention is
then concentrated on the circuit breaker, the mésson line and the power transformer
which are concerned. The criteria to be used fogrdghing the suitability of each of the
predefined models are taken in relation to the roglguidance proposed by CIGRE and
are explained accordingly.

4.2 400-kV Circuit Breaker

A circuit breaker is a mechanical switching devi@gardless of its location in the power
system network, it is required for controlling posgs by switching a circuit in, by
carrying load currents and by switching a circuff ander manual or automatic
supervision. In its simplistic term, the main fuonat of the circuit breaker is to act as a
switch capable of making, carrying, and breakingents under the normal and abnormal

conditions.

There are five basic types of switch models [44]latée in ATPDraw namely: the time-
controlled switch, the gap switch, diode switche thyristor switch and the measuring
switch. The only one relevant to the circuit breakethe time-controlled switch which is
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an ideal switch that can be employed for openirdy@dosing operations. The way in which

it is operated is explained by referring to Figdre.

Current flows through

Current flows through ) ;
I switct the switch

i switcr the switch

A

Current interrupts as
it is less thanlargin

— Toper
Current force to zel
in next time step

l Imargir

t Imargir

At

Commands switch
to open T

Commands switch Current force to zero

Current interrupts as ; )
to open in next time step

it changes sign
(@) Current going through zero (b) Current lémstcurrent marginyhrgin

Figure 4.1: Circuit breaker opening criteria

(@) No current margin ghrgir= 0)

If the circuit breaker is assumed to have no cumeargin and it is commanded to open at
Topen, the breaker will not open if t <Topen. Howewewill open as soon as the current
goes through zero by detecting changes in curigntvghen t >Topen. Once the current is
interrupted successfully, the breaker will remapemn. The detailed switching process is
shown in Figure 4.1(a). Note thay,d, is the idealized time commanding the opening of

the circuit breaker before full current interruptjeimply for simulation purpose.
(b) With current margin {argin# 0)

With current margin @lagi) defined as a value which is less than the peateny the
breaker will open if the current is within the regiof predefined current margin as soon as
the breaker is commanded to open (i.e. t>Topen).dEtaled switching process is shown
in Figure 4.1(b). thargin IS actually the current chopping which relateseal circuit breaker

operation.

From the above, the criterion employed by the teuoetrolled switch to command the
opening of the circuit breaker considers ideal kireaaction without taking account of arc
and restrike characteristics. Are these charattrigeally needed and what level of model
complexity for a circuit breaker is required forrfgesonance study? For ferroresonance

study, the circuit breaker with its simplistic foimsufficient because of the following:
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* In respect to the Thorpe-Marsh/Brinsworth systengrgo the reconfiguration of the
system the current passing through the circuit Keeanvolved the line charging
current and the current for the affected powerdi@mner (SGT1) which is at no-load
with a small cable charging current at the secondaherefore, modeling circuit
breaker with its arc mechanism is not requiredhas s only applicable for high

current interruption such as a short-circuit cutren

e Circuit breaker’s restrike characteristic repreagoh is normally employed in a
situation where high frequency current interruptairbreaker occurs, typically in a
frequency range from 10 kHz up to 3 MHz [2, 45, .4®herefore, modeling to
account for this behaviour is not required as f@sonance is a low frequency
phenomenon which has a range of frequency fronH@.1ip to 1 kHz [45]. Indeed,
50 Hz and 16.67 Hz ferroresonance have been inducedthe Thorpe-

Marsh/Brinsworth system [47].

In addition to the above, the model criteria ascdbed in Table 4.1 [45] have not
recommended any but the mechanical pole spreadr utheée category of the Low

Frequency Transient to which ferroresonance fatls in

Table 4.1: Modeling guidelines for circuit breakers proposgddGRE WG 33-02

OPERATION Low Frequency Slow F_ront Fast-F_ront Very Fas_t-Front
Transient Transient Transient Transient

Closing
Mechanical pole Important Very important Negligible Negligible
spread
Prestrikes (decrease of  Negligible Important Important Very important
sparkover voltage
versus time)

Opening
High current Important only Important only for Negligible Negligible
interruption (arc for interruption interruption
equation) capability studies| capability studies
Current chopping (arg Negligible Important only for | Important only for Negligible
instability) interruption of small interruption of

inductive currents small inductive

currents

Restrike characteristic Negligible Important only for Very important Very important
(increase of sparkove interruption of small
voltage versus time) inductive currents
High frequency Negligible Important only for Very important Very important
current interuption interruption of small

inductive currents

It is therefore suggested that for modeling cirdugaker’'s opening operation, 3-phase

time-controlled switches are employed in ferroresue study.
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4.3 Power Transformer

Electrical power produced from generation statices o be delivered over a long distance
for consumption. To enable a large amount of powebé transmitted through small
conductors while keeping the losses small the diseexy high transmission voltages is
required. Therefore, a step-up transformer is engaldp increase the voltage to a very
high level. In the distribution level, the high texjes are then step-down for distribution to

customers.

Transformers are considered to be one of the masensal components employed in
power transmission and distribution networks. Tieeimplex structures mainly consist of
electromagnetic circuits. They are operating in m@edr region of their magnetic
characteristic, drawing transformation of steadstestsinusoidal voltages and currents.
However, there are instances the operating linegion is breached when the transformer
is subjected to the influence of an abnormal eveEhis incident could eventually lead to

one of the low frequency transient events, a ph&mam known as ferroresonance.

High peaky current will be drawn from the systenc®transformers are impinged upon by
ferroresonance. In view of this, transformers arastrained in their performance by the
magnetic flux limitations of the core. Core matkrieannot support infinite magnetic flux
densities: they tend to “saturate” at a certawellemeaning that further increases in
magnetic field force (m.m.f) do not result in propanal increases in magnetic field flux
(®). In this regard, the transformer cores becomdimesr and they have to be modeled
correctly to characterise saturation effect. Saitmaeffect introduces distortion of the

excitation current when the cores are under tHaente of nonlinearity.

In modeling the nonlinear core of transformer, cemuration effect can be represented by
either a single-value curve alone or with loss d¢ooant for major hysteresis curve. Both
representations are studied to differentiate thamiations in generating the excitation
currents. In addition, the harmonic contents of ékeitation currents operating along the

core characteristic are also studied.

Two mathematical approaches based on [35, 48, 49]uaed to characteristic core
saturation; they are the single-value curve (withoss) and the major hysteresis curve

(with loss), and each of them is presented in dflewing section.
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4.3.1 The Anhysteretic Curve

The anhysteretic curve is the core characteristibout taking any loss into account and it
is represented by the dotted curve labelledyad’*which is situated in the first and third
quadrants ofi-i plane of Figure 4.2. The curve is also called tinee‘ saturation part” or
“single-value curve”, which gives the relationshigtween peak values of flux linkagg (

and peak values of magnetising current This curve is represented by a nonlinear

inductanceln,
/. (Webe-turn) 1 — .
,,,,, b Im
, L v=H
)/ dt
/ i (A) — |
N:1 N
Nonlinear magnetisin
inductanc

Figure 4.2: Hysteresis loop

The curve is represented bp®order polynomial which has the following form:
i, =AA+BAP 4.1)

wherep=1, 3,5 ... and the expongnepends on the degree of saturation.

The core characteristic of a 1000 MVA, 400 kV/275X¥kV derived from equation (4.1)
is shown in Figure 4.3, whepe= 27.
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Core characteristic - Single-value curve
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Figure 4.3: A-i characteristic derived froig=AA+BA"

With a sinusoidal voltage; applied to the transformer, the flux linkage viaé sinusoidal

in nature and it is given as

A=A, sin(a) (4.2)
Substitute (4.2) into (4.1) and rearranging, tHe¥ang is obtained:
i, = A[A,sin(at) ]+ B[ A, sin(at)]" (4.3)

With the exponentp = 27, then the expansion of Sift) is carried out using Bromwich
formula (4.4) [50] of,

2 a2 2 o
Sin(na'):nx_n(n 1)X3+n(r12 1)(”2 3))(5
3! 5
_n(nz—lz)(nz—Sz)(n2—52) X for n odd
7!

(4.4)

Where x=sina

The outcome of the expansion reveals as the follgwin

a sin(at)— a, sin(Iwt 1+ a, sin(vt )

L —a, sin(7ax )+ a, sin(wt )- a, sin(ldt )
sin’’ (a1)=6 +a,, Sin(13ut - a,. sin(Let ¥ a, sin(ldt (4.5)
—a,,SiN(1ut )+ a,, sin(2t ) a,, sin(2at
+a,,Sin(25u )- a,, sin(2%t )
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where the constants are found to be:

b=67108864p; = 20058300a; = 1738386035 = 130378955, = 843628539 = 4686825,
ap1= 2220075a13= 888030215 = 296010317 = 80730;a19= 17550;a21 = 2925;a,3= 351;

A= 27,7 =1,

Substituting (4.5) into (4.3)

a, sin(awt)—a, sin(3ut 1 g, sin(wt )

—a, sin(7at )+ a, sin(Iut ) a, sin(ldt )
+a, Sin(l3uvt - a, sin(l&t ¥ a, sin(lot (4.6)
—a,,SIN(Lt )+ a,, sin(2wt ) a,, sin(23t
+a,.sin(25ut )- a,, sin(2wt )

i, =A'sin(at) +B"

olr

Where A = A1, B'=BAY

Finally, the general equation of magnetising currenthe time domain without the

hysteresis effect is derived as,

i, =0, sin(a )+, sin( )+, sinG ¥, sin@ 3, sin@ )
+1,,sin(dt }+1, sin(13d »I , sin(l& Ya,, sin(kd )
+1,,sinAat }+ 1, sin(2& }I ,, sin(2&@ 3}, sin(2b 9 ,, sin(@’ )

4.7)

Where

fle'+%B', ng—%B', f5=%8', f7:—%B', fQ:%B', fllz—%B',
f13=%|3', o=-288", f17=%|3', |“19=—%B', |“21=%B',
IA23——%B',IA25=?58',IA27——%B

The magnetising curreni, together with its harmonic contents up td"Z&an be plotted
using MATLAB The magnetising currents, operating along the coréi characteristic
labeled as A, B, C, D and E of Figure 4.4 are stidi
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Single-value curve without loss
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Figure 4.4: A-i characteristic

The magnetising currents operating at points ACBD and E along the core characteristic

of Figure 4.5 are depicted accordingly as showriguire 4.5 to Figure 4.9.

Legends:

5111

?111

1% harmanic F9 harmonic o harmaonic

harmanic harmonic

113! harmonic 13" harmonic 151 harmaonic 17 harmonic 18" harmonic

251h harrmanic

23 harmanic

— 24%! harmonic agnetising curment

2?'“ harmonic

Operating point at A
10 \

Magnetising current (A)

0.06

Figure 4.5: Generated current waveform at operating point A
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Operating point at B

(¥) 1uauno Buisnauben

0.06

timé (s)

Operating point at C

Figure 4.6: Generated current waveform at opeggioint B

100

(w) uana Buisnaube

0.06
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Figure 4.7: Generated current waveform at operating point C

Operating point at D

() wauno Buisnaubey
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Figure 4.8: Generated current waveform at opegaioint D
-97 -




Chapter 4 System Component Models for Ferroresonanc
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Figure 4.9: Generated current waveform at operating point E

Operating point A lies in the linear region of th&i characteristic as shown in Figure 4.5.
The magnetising current is expected to be in sidasdashion. Core operating at this
point has its magnetising current equal to the &mental component with all other

harmonics negligible in amplitudes.

Operating point B is in the actual operating point i.e. near the kpaeat, the magnetising
current is not sinusoidal but slightly distortedsimape because the amplitudes of the 3rd,

5th and 7th harmonic contents are very small beipagsent in the magnetising current.

Operating point C is slightly above the knee point. The magnetisougrent is not
sinusoidal but peaky in shape as a result of intcod) higher amplitudes of the harmonic

contents.

Operating point D is at the middle of the core characteristic. Theresu waveform
becomes much more peaky in shape. The magnituddése diarmonic contents increase

further causing the relative reduction in the magie of fundamental current.

Operating point E is in the deep saturation region of thlei characteristic, the
magnetising current generated is high in magniamtepeaky in shape as a result of higher

amplitude of harmonic current being generated.

The main observation in this study suggests thathmhigher amplitudes of harmonic
signals are generated, particularly tffe 8" and 7' harmonics when the core is driven into

deep saturation.
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4.3.2 Hysteresis Curve

Based on the investigation from the preceding sectihe magnetising branch can be
represented by a non-linear inductanicg,which is used to characterise the saturation
effect without hysteresis effect.

In order to represent saturation with hysteresiscef(i.e. hysteresis loop) in the core, a
parameter called a loss function is introducedigufe 4.10 by drawing a distance ek’
in the hysteresis loop. This corresponds to addimgsistorRc connected in parallel with

the nonlinear inductot,,. Base on [33], the loss function is given as,

A (webe-turn)

/ )

/ Core loss componemJ / Ni Nz

Nonlinear magnetisir
inductance

Figure 4.10: Single-phase equivalent circuit with dynamic conmgrus

: . dA
f(A)whaeA—7ﬂ- (4.8)

Incorporating the loss function to the true satoratcharacteristic, the mathematical

expression for the hysteresis loop is

i, =A1+BA" + £ () (4.9)

The loss function which represents the loss paapjzroximately determined by even

order polynomial and it is expressed as

f(/i):{m D(%) }% q=2,4,6 ... (4.10)
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The total no-load current is
o =iyt

[aavar] e |4 (@11

wherein is the magnetising current due to magnetic cadectance, and, is the resistive

current due to hysteresis loss.

The flux linkage is expressed ds= A, sin(at), then% = A,,wcos(at) and substituting

into (4.11) then

I,y

={ A A, sin(at) ]+ B[ 4, sin a)t)]p} +{ C[ A, wcogwt) |+ D[ A, w co(scut)]q+l} (4.12)
=[ A'sin(at) + B'siff (wt) |+ C 'cogwt) + D 'cd8' () |

IO

where A= AJ , B'=BA.°, C'=CAl w, D'=D(A, 0™

The true saturation characteristic is approximdtg®7" order polynomial and the loss

part f (/1) is approximated by thg" order polynomial which will be determined by curve

fitting using the power loss equation. The arethefhysteresis loop which determines the

power loss per cycle is given as

Iosses J-I: () I(\)

zj{[v cos(at) | [ C 'cogat) + D *cds'( )]} d(wt) (4.13)

I
Sk
—
1
(@)
o
(@)
(28
—
g
~
+
O
(@)
o
R
N
—~
N—
| E—
o
—
3

For the first term, sinceos 8 ——[ cos{ Z? 3[ and solving it yields,
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First term: V—J' C'cog (wt) d a)t) ¢ J'[coi )+ 1 dw)

2

vVCi|1l.
= 2(”‘2”) [—25|n(2a1)+a1}
_V,C'(2n)
- 2(2n)
_C'V,

0

:Vmg[L n—Z:I |
2 [ n
_ D\Z/;:z {(nn(lr)]( n2—) (32](_n;) 5) e 277}

2
whera=q+2, 1 = j cos?(at)d (at)
0
2
Note: |0=ICO§(aI)d(Cd)= 21
0

Finally, the general core loss is expressed as,

_ovr (@ )(a-)(a-3(a-9(a 7
owes™ 5PV g ) (a) (0= D (- (- § .- (449

To confirm the correctness of equation (4.14), aamgXe is carried out by deriving the
power equation without using equation (4.14). lassumed that in a modern transformer,

the true saturation characteristic is approximdigd fifth order polynomial and the loss

part f (/1) approximation by the cubic order, ipe= 5 andq = 2. Then,
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Iosses 2”'[[() Y

= o [{[Vacosaa)] [C cotan)+ O e (wn]] o

(4.15)
—;‘TI[C cos (at)+D 'coé*z(a)t)}d(wt)
{J'C cos (at J'D co$(wt) d(w )}
For the first term, S|nce0526——[ co:{ E }and solving yields,
First term: V—j C'cos (wt) d 2 ¢ co§ )+ 1 dwd
2V( [1sm(2wt)+ax}:ﬂ
_C'V,(2nm)
2(2n)
_CV.?
-2
Second term—J' o< (w) (jw)t—(v )41”{[c0£ )t I cos @)t ]} b )t
= (\;”;TD42J:{ cos( 4;«1)+ + 2co$ at)+ }Ld
S A
_3DV.*
R

Finally, the core-loss is expressed as,

R o [ e () e | 0 ect (o) )]

=lev2+3py
2 8

(4.16)

The power-loss which has been derived in equatialt) is proved to be mathematically

correct with the power loss equation (4.14) by gdhe previous assumptions pE5 and
g=2 then
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PlOSSeS: CVm2_+ DVI.T(-;I+2 __(q+1)(q_l):|
2 | (a+2)(a)
then i
I:?osses: CVm2 + DV”21+2 (2+1)(]):|
2 I (2+ 2) 2
_CV 35y
2 8

which is the same as equation (4.16)

As can be seen from the power-loss equation, the loss is dependent on the voltage
across the transformet.andD are constants that need to be obtained by cutuiggfover
the open-circuit test data of the transformer.

Power loss Versus voltage curve
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Figure 4.11: Power-loss data and curve fit curve

Once all the constants have been determined, tke step is to develop a saturation

characteristic with hysteresis effect (i.e. thetbgesis loop) based on equation (4.12). Then

{A[/} sin(at) |+ B[ 4, sin(a)t)]p} +{ C[ A, cogwt) |+ D[4, co(iwt)]q+1} (4.17)
=[ A'sin(at) + B'sirf (at) | +] C 'coget) + D 'cd' (wt) |

where A= AJ , B'=BA.°, C'=CA w, D'=D(A, )"

Expanding the above equation uspg 27 andg = 2,
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a sin(at)— a, sin(Iwt 1+ a, sin(wt )

—a, sin(7at )+ a, sin(wt )- a, sin(ldt )
+a, sin(13uvt - a, sin(lat } a, sin(lot
—a,,Sin(1ut )+ a,, sin(2ut ) a,, sin(2at
+a,;sin(25u )- a,, sin(2t )

+[C'cos(a)t) +D 'co%*l(a)t)}

i, =A'sin(at) +B"

ol

(4.18)

Rearranging in the fundamental of st and cosgt), and the third harmonics of sing

and cos(&t) terms yields,

; (C)lma)+j D)liaﬁj

2
iO:\/(A/]m+ﬁB/1§]j +(C/1ma)+§ D/]?#)Sj sin| wt+ tan*
b 4 (Mm+al B/Lf]j
b

4.19

I Soniw) 39
+ (—38/1;7j +(— DAniafj sin| At+ tam 2t g
b 4 A o y27
- 2B

+BA§7{%[8SSi“(5‘4)‘av sin( &) +a, sir{ @t) .+ a,, sif 2‘7”)]}

Using MATLAB, the single-value with loss characteristic as shawrFigure 4.12 is

determined using equation (4.19) ahe A, sin(at).
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Flux-linkage (Wb-T)
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Single-value curve with loss

Current (A)

Figure 4.12: Effect of introducing the loss function

With the effect of the hysteresis, the currentsratpeg at points as labeled similarly in the

previous study i.e. A, B, C, D and E along the euave plotted as shown in Figure 4.13 to
Figure 4.17.

No-load current (A)

[N !
X:0.0436
___Y:8488 _______]|

05 0.06

1
.04 0.

Figure 4.13: With loss function current waveform at point A
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Figure 4.14: With loss function current waveform at point B
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Figure 4.15: With loss function current waveform at point C
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Figure 4.16: With loss functioncurrent waveform at point D
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Figure 4.17: With loss function current waveform at point E

The current waveforms as shown in Figure 4.13 gui@ 4.17 suggest that there is an
influence of the loss on the shape of the currestefiorm, particularly around the knee
point region. A comparison between the anhystegetiit the hysteresis curves is taken in

Figure 4.18 when the core is operating at point C.

Operating point C

100
N e B e L e B S
<
2 o
g
5
O
B0 N e ww——
! ! ! | — Without loss
1 1 | 7 Withloss
_100 | | | | T
0 0.01 0.02 0.03 0.04 0.05 0.06

time (t)

Figure 4.18: Comparison between loss and without loss — aromeé kegion

The influence of the loss on the waveform of theremt is noticeable as indicated by the
dotted line, the current without the loss as shawthe diagram has a symmetrical shape
against the vertical axis. However, the one witha tbss, the current (blue colour) as
indicated in broken line shifted slightly. Depenglion the loss, the greater the area of the
loss, the higher the shift will be. On the othendhawhen the core is driven into deep
saturation, the influence of the loss is not sigaifit on the waveform anymore and the

comparison can be seen in Figure 4.19.
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Figure 4.19: Comparison between loss and without loss — deejadain

Figure 4.19 suggests that similar current amplguded shapes have been produced by
both the cases with and without loss when the isodeiven into deep saturation.

In view of the above, it is therefore suggested thea participation of the loss in modeling
the core is necessary as ferroresonance can irtheceubharmonic modes which are
believed to operate around the knee region of tire characteristic. However, for the
generation of high peaky current such as the ortearfundamental mode (Period-1), the
loss can be disregarded and the core can be repedsey only a single-value nonlinear

inductor.

Now, let us look at the types of predefined transfer models which are offered in
ATPDraw for the study of ferroresonance.

4.3.3 Transformer Models for Ferroresonance Study

The characteristics of power transformers can bapbtex when they are subjected to
transient phenomena because of their complicateactste which account for the
variations of magnetic core behaviour and windingsziew of this, detailed modeling of
power transformer to account for such factors fcdit to achieve therefore CIGRE WG
33-02 [51] have come up with four groups of clasatfons aimed for providing the types
of transformer model valid for a specific frequeneynge of transient phenomena. The
classifications are shown in Table 4.2.
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Table 4.2: CIGREmodeling recommendation for power transformer
Very Fast
Parameter/Effect Low F_requency Slow I_:ront Fast F_ront Eront
Transients Transients Transients .
Transients
SINeIEEEL Very important | Very important Important Negligible
impedance yimp yimp P g'9
Saturation Very important | Very important’ Negligible Negligible
Iron Losses Important® Important Negligible Negligible
Eddy Current Very important | Important Negligible Negligible
Capacitive . : .
coupling Negligible Important Very important Very important

(1) Only for transformer energisation phenomena, dterwise important
(2) Only for resonance phenomena

As ferroresonance is having a frequency range ngrifiom 0.1 Hz to 1 kHz [20] which
falls under the category of low frequency transetite parameters/effect which have been
highlighted in Table 4.2 are necessary to be taktmaccount when modeling a power

transformer for ferroresonance study.

Two types of predefined transformer models in AT&BRrhave been taken into
consideration for ferroresonance. They are nameéy BCTRAN+ and the HYBRID
transformer models. The detailed representatiomaoi of the models are explained in the

following sections.

4331 BCTRAN+ Transformer Model

BCTRAN transformer model [44, 52-56] can be foundhe component selection menu of
the Main window in ATPDraw. The derivation of thamx is supported by the BCTRAN
supporting routine in EMTP which required both tien- and short-circuit test data, at
rated frequency. The routine supports transformtstwo or three windings, configuring
in either wye, delta or auto connection and as aeBupporting all possible phase shifts.

The formulation to describe a steady state singlsp multi-winding transformer is

represented by a linear branch impedance matrigiwimas the following form,
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Vi 211 Zpp Zn || 11

\Z Zy1 Iy Zn || 12
_ (4.20)

IVN] [Zne Zn2 - - - ZandLIn

For a three-phase transformer, the formulation mamxtended by replacing any element

of [Z] in equation (4.20) by a 8 3 submatrix of

ZS Zm Zm

Zn Zs Zpn (4.21)
whereZs = the self-impedance of a phase &pdis the mutual impedance among phases.

For transient solution such as ferroresonance, tequd4.20) is represented by the

following matrix equation,

. -1 -1 .
Iy Liz Lo - L vi| L1z Lo . Ly Riyp Ripp. Ryl i
i L L . L \% L L . L R R . R i
dliz 21 L2 N 2| | L2 L2z B 21 R 2 (4.22)

iN] |Lna Ln2 - Land VN [Ln Lne - Lanl [Rn R - Rpnnlin

where L] is the inductance matrixR] is the resistance matrixy][is a vector of terminal

voltages, andi] is the current vector.

The complete transformer models for either 2- awi@ding configuration employing
BCTRAN, with an externally connected simplistic hoear inductive core element are
shown in Figure 4.20 and Figure 4.21 respectivélyis model is named BCTRAN+

transformer model.

_ 0— Short-circuit |T—2
Primary o—— model —© Secondary

O—1 (BCTRAN+) T

Add externally—, |Core nonlinegr
element
L

Figure 4.20: BCTRAN+ model for 2 winding transformer
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f Add externally

Core nonline
element

. 0— Short-circuit o
Primary o—— model O Secondary
O—1 (BCTRAN+) °

Figure 4.21: BCTRAN+ model for 3-winding transformer

The data from both the open- and short-circuitstl aee employed to calculate the model
parameters. In order to employ the BCTRAN+ modaigjaresent both the magnetic core
saturation and losses, the core effects are omiitédte BCTRAN model and replaced by
external nonlinear elements. This element is camdedo the winding close to the

magnetic core of the transformer.

433.2 HYBRID Transformer Model

[54, 57] described that the drawback of the BCTRANedel as not being able to include
core nonlinearities to account for deep saturat®ince it can only be modeled externally,
multi-limb topology effect on nonlinear core cannoé¢ represented. In view of the
limitation, a new transformer model known as HYBRiRs then developed where its core

representation is derived based on the principtuafity.

The principle is based on the duality between miagmad electrical circuits, which was
originally developed by Cherry [58] in 1949. Whermaking calculations on an electrical
circuit especially involving both transformers aabbctric components, it is frequently
desirable to remove the transformers and replaoenh ty electric components connected
to their terminals. With the use of the Principfdbuality, the transformer magnetic circuit
can be converted to its equivalent electric cirauhich is then used to model transformers

in an electrical circuit.

For the purpose of understanding, a three-phaseg-thmbed core-type auto-transformer

with its tertiary (T), common (C) and series (Shding configurations as shown in Figure
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4.22 is considered. The HV winding consists of eeertonnection of the common and

series windings while the LV winding is the commwimding itself.

S Transformer core
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Lower yoke
~ YT ~ —~ ~ ~ ~
Winding R Winding Y Winding B

Figure 4.22: Three-phase three-limbed core-type auto-transformer

The way the leakage fluxes are distributed aredasethe assumption that not all of the
fluxes stay in the core and a small amount willkleat into the airgap between the
windings. The fluxes named &%, ®v, Pz and the leakage fluxes markedds:, ®+c,

@¢s are distributed in the main limbs and between ttiree windings respectively, as

shown in Figure 4.22.

The next stage is to derive the equivalent magreetozit [59] of the core representation
which is shown in Figure 4.23 and then the graphitethod of applying the Principle of
Duality over the magnetic circuit is carried out.
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Figure 4.24: Applying Principle of Duality

In the interior of each mesh (loop) of Figure 4.240int is given namely a, b, cto . These
points will form the junction points of the new @elent electric circuit. Each of these
points to its neighbour only needs to be joinec (e dotted line). These points become

the nodes of the electric circuit and the compbateuit is drawn as shown in Figure 4.25.
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Figure 4.25: Electrical equivalent of core and flux leakages eiod

HYBRID model consists of the following four maincsens which need to be determined
in order for a complete transformer to be repressbnthey are the leakage inductance, the

resistances, the capacitances and the core.
(1) Leakage inductances

The leakages fluxes between the windings are repted by linear inductance lass, Ltc

and L.

- 114 -



Chapter 4 System Component Models for Ferroresonanc

(2) Resistances

The ways the winding resistances are representiaimodel are to be added externally at
the terminals of the transformer. Moreover, thastaaces can be optionally presented as
frequency dependent which is derived from the Fodteuit. A Foster circuit [51, 59] is
used to represent the resistance of the windinghwkiaries with the frequency of the
current, i.e. the change of resistance of the wigdiue to the skin effects. Skin effect is
due to the non-uniformly distribution of current tinle winding conductor; as frequency
increases, more current flows near the surface oosidactor which will increase its

resistance.

(3) Capacitances

External and internal coupling capacitive effects the transformer are taken into
consideration in the HYBRID model, they include

- Capacitances between windings primary-to-ground, secondary-to-ground,
primary-to-secondary, tertiary-to-ground, secondartertiary and tertiary-to-

primary.

- Capacitances between phases performed at primacgrglary and tertiary Red-
to-yellow phase, yellow-to-blue phase and blueetd{hase.

(4) Core

The core model is developed by fitting the measuedtation currents and losses. The
user can specify 9 points on the magnetising cheniatic to define the air-core for the

transformer.

There are three different sources of data thaHt¥iBRID model can rely on, they are

. Design parameters Winding and core geometries and material progeert
. Test report- Standard open- and short-circuited test data tlee manufacturers.
. Typical values Typical values based on transformer ratings Wwic&n be found in

text books. However, care needs to be taken simtk Hesign and material

properties have changed a lot for the past decades.
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The differences between the BCTRAN+ and the HYBRibBdels have been addressed in
previous sections. Let us look at whether eachhefrepresentation is able to meet the

criteria proposed by CIGRE as listed in Table 4:3tiie study of ferroresonance.

Table 4.3: Comparison between BCTRAN+ and HYBRID models

Parameter/Effect Low Frequency Transients | BCTRAN+ HYBRID
Short-circuit impedance | Very important v Vv
Saturation Very important v Vv
Iron Losses Important® v v
Eddy Current Very important v v
Capacitive coupling Negligible v v

(1) Short-Circuit Impedance

The way the short-circuit impedance being modetedath the BCTRAN+ and HYBRID
models is based on the short-circuit test carrigdom the transformer alone. These data
are available from the test report produced byntla@ufacturer. The main aim of this test

is to represent the resistance and inductancesdfainsformer windings.

(2) Saturation

Detailed analysis concerning the saturations ofisfiaimer has been covered in the
previous section. The ways both the BCTRAN+ and IRYB models deal with the

saturation effect are explained in the followingtsm.
- BCTRAN+ model

The way the core is being modeled in BCTRAN+ canrdferred to Figure 4.26. This
model is based on the open-circuit test data of ,9080% and 110% and then converted
into A-i characteristic using the supporting routine “SMAA” [44, 51]. The core is then
represented by three non-linear inductors connedtedielta which are connected

externally at the tertiary terminals of the BCTRARwdel.
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Figure 4.26: Modeling of core in BCTRAN+

The three points which have been converted Ant@haracteristic are not sufficient for the
study of ferroresonance therefore deep saturathamgto represent air-core is necessary

such that peaky current can be drawn from the fioam&r. The way to determine the air-

core is by using the following equation,

i =AAl+BAP
- HYBRID model

The core model is developed internally by fittitng ©90%, 100% and 110% data from the

open-circuit test result based on the followinglieroequation [59],

B= H
a+b|H|

Nondinear
inductor

(4.23)

(4.24)
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The flux-linkage versus current characteristicstted leg, yoke and outer leg using the
following two equations [59] based on core crossieaal area and core length can be
determined,

A =BANandi ZHWl (4.25)
whereN is the number of turns of the inner windidgis the cross section of the core, and

| is the length of the core.

The air-core point is determined internally via tbelection of 9 points of the core

characteristic.
(3) Iron-losses

In BCTRAN+, the core loss is represented by dynalwmss which is based on the 90%,
100% and 110% open-circuited test data.

On the other hand, the way the HYBRID represengsldls,R. consists of the hysteresis
loss, Ry eddy current los$e and anomalous losRa. The loss is dynamic which is based
on the 90%, 100% and 110% data. The loss reprdégenfa7] is shown in Figure 4.27.

Figure 4.27: Each limb of core

(4) Eddy current

Basically, iron-loss consists of hysteresis and yeddirrent losses therefore both
BCTRAN+ and HYBRID model have taken eddy curressloto consideration.
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4.4 Transmission Line

Transmission lines are an important connectionirde in power systems for delivering
electrical energy. Electricity transmission is eittby overhead lines or by underground
cables. Overhead lines are of bare conductors raa@uminium with a steel core for
strength. The bare conductors are supported otatossi made of porcelain or glass which
are fixed to steel lattice towers. All steel lagtitowers use suspension insulators. Three

phase conductors comprise a single circuit of @gfphase system.

On the other hand, some transient phenomena sushaascircuits (e.g. single-line to
ground fault, two-phase-to-ground fault, three-ghimsground fault and line-to-line fault),
and lightning impulse are originated in the linegh€s are due to switching events in
substations creating switching surges which progsgalong the lines to other substations.
The transmission line when subjected to these phena behaves differently because

each transient event has its own frequency contents

4.4.1 Transmission Line Models in ATP-EMTP

There are two classifications of line models [60jieth have been readily employed in the

ATPDraw and they are shown in Table 4.4.

Table 4.4: Line models available in ATPDraw

Time-domain models in ATP-EMTP
Line Lump-parameter Distributed-parameter model
models model Constant | Frequency- dependent
parameter parameter
PI v - -
Bergeron - v -
JMarti - - v
Semlyen - - v
Noda - - v

Some applications and limitations of each of theleidave are explained in the following

sections.
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44.1.1 Lump-Parameter Model

The lumped-parameter model is represented by tlor@iit which is the simplest version
to represent a transmission line. Basically, theifeuit is based on the lumped-parameter
configuration consisting of a series impedance taral shunt capacitive admittances [61,

62]. Its representation is shown in Figure 4.28.

Rg Lr
R o ’ ‘/VV\ m * 0
Ry Ly
1 o
B o —O0
clalal W lelclc
2 :1:: 2l 2l lz 2T 2

1l
1l

Figure 4.28: Transmission line represents by lumped PI circuit

Transmission lines modeled by lumped parameters dRd sufficient for steady state
power flow calculations or applications [46] beaatise values of the lumped elements are

accurate around the fundamental frequency.

In order to approximate the distributed characfea tong transmission line, a number of
sectionalised short REctions is required, however, this results in ésrgpmputation time
and less accuracy [63]. Pl model is only suitabletfansient studies when one needs to
save the time so the simulation time st&f) €an be greater than the travelling-wave time
(1) of the transmission line which needs to be matl§d]. PI circuit is not generally the
best model for transient studies because the llistd-parameter model based on

travelling-wave solutions is faster and more aceufé4].

441.2 Distributed-Parameter Model

Transmission lines represented by distributed-patanmodels are the most efficient and
accurate because the calculations are based ailingwave theory. The parameters of a
long transmission line are considered to be evdidiributed and they are not treated as
lumped elements. Bergeron, J.Marti, Semlyen and aNtéde models are all the

representation in the distributed-parameter manner.
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(1) The Constant-Parameter Model

The first distributed-parameter line model employedhe ATP-EMTP is the constant-

parameter model which is known as Bergeronmodel [64]. It is a constant frequency
method, which is derived from the distributed LGgmaeter based on the traveling wave
theory, with lumped resistance (losses) [44]. #tlig, the line is modeled by assuming it is

lossless with. andC elements taken into consideration. This is shawfRigure 4.29.

i (V) i (t)m
o——f PR S S D—e—0
Y
| S AX L !
vie(t) e V()
! | |
<|: ' H : o
L {}distributed 5_|
X= parameter* ~
i(xt) RA> LAX | (x+Ax.t)
0_’_\/\/\/\_/WY\ o > A _ _
3 27y o T For Ioisless lineR=0andG =0
v(xt) GMOS = v(x+Ax 1) V:ﬁ’ r=14/LC
! | N ;
1 1 Z = _
' < AX > °\c
X Unit element X+AX

Figure 4.29: Distributed parameter of transmission line

The observer leaves nodeat time ¢ —7) must still be the same when arrives at nodé

time t and vice versa, then

Vin (t=7) + Zimi(t=7) = vi(t) + Z e = T (1) (4.26)
Vi (t=7) + Zgigm(t=7) = v () + Z = i i ¥) (4.27)

Then ikm(t):ziyk(t)+|k(t—r) ,Wherelk(t—r):—zi.vm(t—r)—imk(t—r)

imk(t)=z—1c.vk(t)+l Wt-1) ,Wherelm(t—r):—z—lc.vk(t—r)—ikm(t—r)

Then finally the single-phase transmission linen@leled as shown in Figure 4.30.
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Figure 4.30: Lossless representation of transmission line

In order to gain the usefulness of the travelliray/theory for transient studies, losses are
then introduced into the lossless line by simpping resistanceR in three places along
the line. This is carried out by firstly dividinbe line into 2 sections and then placing R/4
at both ends of each line [44]. The constant-patammodel (i.e. the Bergeron model)
represented in time domain simulation is shownigufe 4.31.

The transmission line’s equations at the sending m@teiving-ends are given by the

following equations

Sending- end Receiving-end

ikm(t) :%Vk(t) +1 Ik(t _T) imk(t) :%Vm(t) +1 Im(t B T)

e=r) =B v e-r) it 1) | 5 - 2uiemn) i )

Z
L (t-1)= (12h)(—%vk(t—r)—i o —r)j+ (1_2h)(—%v (=) =i it —r)j
h:Z;‘I : Z:Zc+%1 andZC:\/g

4
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Figure 4.31: Bergeron transmission line model

The limitation of the line model is that the sintida time step At must be less than the

travelling time,t such that the decoupling effect between the eraliand m takes place

during the simulation time [44, 65, 66]. In other words, as long As<7 then a change
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in voltage and current at one end of the line ajpear at the other end until a periduas

passed.

Like the Pl model, the Bergeron model is also a good choicsifoulation studies around
the fundamental frequency such as relay studies, flow, etc. Moreover, it also provides
better accuracy if the signal of interest is oatdtl near the frequency to which the
parameters are calculated and involving positivejusace conditions [63]. The
impedances of the line at other frequencies arentakto consideration except that the

losses do not change.

However, this model is not adequate to represéinedor a wide range of frequencies that
are contained in the response during transient itond [65]. In addition to that, the

lumped resistance is not suitable for high freqiemdecause it is not frequency-
dependent [67]. In addition to that, higher harrsamiagnification is produced as a result

of distorted waveshapes and exaggerated amplif6édégs
(2) The Frequency-Dependent Parameter Model

Semlyen model was one of the first frequency-depentine models and it is the oldest
model employed in ATP-EMTP.

The frequency-dependent model considered hereeiMtrti model. The line is treated as
lossy which is represented 8, G, L and C elements of Figure 4.30. The frequency
domain of the matrix equation of the two port nataimr a long transmission line is given

as [44, 66]:

o) cost(t)  Ze() sin) i

[Ikm(w) - ﬁsinh(yi) COSI’(y{) _|mk(w)} (4.28)

where characteristic impedancg, (w) = \/% , propagation constang(w) =vZ.Y, series

impedanceZ (w) = R+ jwL, and shunt admittanc¥,(w) = G+ jwC.

By subtractingZ, (a)) multiplies the second row from the first row oluatjon (4.28), then

Vie (@) = Z (@) Jian( @) = [V @) + Z{ @)1 i ) ] €
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Vi (@) = Ze (@) lym(@) = [ Vi @) + Z { @) .1 i w) | Al w) (4.29)

_ Vi (@)

lin (@) = 7 (@) { ACM mk(w)}A(w)

Similarly for end line at noden,

Vin (@) = Z (@) (@) =[ V(@) + Z { @) 1 nh ) |- Alw) (4.30)

Equation (4.29) and (4.30) are very similar to Beog’'s method where the expression

[V + ZI] iIs encountered when leaving node m, after haviegnbmultiplied with a
propagation factor oﬂ(a)) =&, and this is also applied for node k. This is vamilar

to Bergeron’s equation for the distortionless liegcept that the factor & is added
into equation (4.18) and (4.19). These equatioasrathe frequency domain rather than in

the time domain as in Bergeron method. The fregueiaenain of transmission line model

Is shown in Figure 4.32.

VI

|km w

( ) Imk(f‘))m
m@l (@) m(w)l@zc(w) Vin ()

k

o—>
(@) Z
o

Figure 4.32: Frequency dependent transmission line model

lem (@) = \Z/EEZ; +1 () (4.31)
)= 2 1) 422
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Vi ()

et (o) =| 2L 41 () |A(6). ()= 201 infe | (),

Alw) = e/

Since time domain solutions are required in the PMimulation, therefore the frequency
domain of Equation (4.31) and (4.32) are then cdedento the time domain by using the

convolution integral.

Let,
By (@) = Vi (@) = Zo(@)- Ikm(@) » B (@) = Vin(@) = Zo(@)- | mi @)
Fin (@) =Vin(@) + Z (@)1 m @), Fic (@) = Vi (@) + Ze(@). 1 @)
Equation (4.31) and (4.32) become
By () = Fin(@).Aw) (4.33)

By (@) = Fy (@) A() (4.34)
Applying convolution integral to equation (4.33)daf@.34) then,

t
Fn(w).A(w) = fhOa(t Ifm
T

t
R (w).A(w) = fyOa(t) jfkt u
T

However, the above method involves lengthy procelssvaluating the convolution

integral therefore an alternative approximate aggind.e. a rational function suggested by

Marti [66] is best to approximatA(a)) =& " which has the following term,

Aapprox(s) = e—y(s)l :{ kl +—k2 + ...+ km } ésr (435)

stR stR st R

Then in time-domain form as

Apporoe () = k€ PUTm) 4 o gPlmmd g @bl for t 27,

=0 fortsr,,
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Similar method is also applied to the characte:ri'stipedancic(a)) as shown in Figure

4.33. Foster-l R-C network representation was eggaloto account for frequency-

dependence of the characteristic impedance.

~

—_
~—+

N

Figure 4.33: Frequency dependent transmission line model

Using the rational function, the characteristic @danceZ, (a)) is approximated as

Z, aoprox(S) = ko + % % 4+ K which corresponds to the
" SR st s p

R-C network of Figure 4.33, with

1

Feo:ko,R:ﬁanolq:K

,i=1,2,..n

o)

This line is accurate to model over a wide rangé&eduencies from d.c (0 Hz) up to 1

MHz [65]. However, this model has the similar ssge constraint as the Bergeron model.

4.4.2 Literature Review of Transmission Line Model for Feroresonance

There are a number of literatures in which transiois line models are used for

ferroresonance studies, some of which are deschbetfly as follows:

[7] explained that a catastrophic failure of rigee arrestor occurred when switching

operation of disconnector in a 12 kV distributiceeder connected to a station service
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transformer has been carried out. The simulatiodysts modeled using ATP-EMTP. For

the component modeling, the overhead line has bexteled as Pl model.

[68] mentioned that ferroresonance occurred wheao-kad transformer was energised by
adjacent live line via capacitive coupling of theudle-circuit transmission line. In the
simulation model, the transposed transmissionHa been modeled by using a frequency

dependent line model.

[24] described that a blackout event has occurtédesr nuclear power station because of
ferroresonant overvoltages being induced into yiséesn. The aim of building a simulation

model of the affected system is to determine if $imaulation results matched with the

actual recording results such that the root cadidgbeoproblem can be investigated. The
transmission line was modeled by connecting seveeatical Pl divisions to represent an
approximate model of distributed parameter line.

[5] explained the modeling work which has been grenked to validate the actual
ferroresonance field measurements. The transmidgieninvolved in the system is a
double-circuit with un-transposed configuration.eTiype of line modeled in ATP-EMTP

has been based on a Bergeron model.

Paper on ‘Modeling and Analysis Guidelines for Slovansients-Part 1ll: The Study of
Ferroresonance’ [69] quoted that either the distatl line or the cascaded Pl model for

long line can be employed for ferroresonance study.

There is no specific type of line model which haset proposed or suggested for
ferroresonance study after surveying some of theralures. Therefore assessment
procedure has been developed to evaluate the tiypmeo model that is suitable for

ferroresonance study.

4.4.3 Handling of Simulation Time, At

It is important to choose the correct simulationdistep before a simulation case study is
carried out in ATPDraw to avoid simulation erroffierefore, the main aim of this section
is to aid users to handle the simulation time-stepAt when either the lumped- or the
distributed-parameter transmission lines is chdseferroresonance study. A flowchart as
shown in Figure 4.34 has been setup for this perpos
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ﬁ Lumped-parametel‘T Distributed-
mode | parameter
v v

-
Frequency range of
STEP 1 interest CIGRE Working Group WG 33-02 ]
\_ fmin < f< fmax Classification of transients | Frequency range
Low frequency oscillations 0.1 Hz to 3 kHz
g A £V Slow-front surges 50/60 Hz to 20 kHz
Fast-front surges 10 kHz to 3 MHz
At <
STEP2 ] Very-fast-front surges 100 kHz to 50 MHz

\ 10f ax

At < travelling
time, 1?

> Where N is a number

STEP 3<

Figure 4.34: Flowchart for transmission line general rule

STEP 1:

Before any simulation is carried out, it is impaoitao firstly identify the frequency range
of interest. In the case of ferroresonance, a #rqy range from 0.1 Hz to 1 kHz which
falls under the category of the Low Frequency Qetoiln is suitable. Thereforgax, = 1
kHz

STEP 2:

Secondly, it is important to select an appropriatee step fAt) for generating good and

accurate results. As a general rule, the simulairoa step is,

At < where
10 fI’]’IEEIX max

is the period of oscillation of interest
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At <100us

If a lumped-parameter such as the Pl model is tlsealAt = 100 s is sufficient for the

simulation.

STEP 3:

However, if a distributed-parameter is employedheck of the following is necessary.

At < travelling time
17

No +N
.| Where N is a number

Is No

10< (U/At) < 10000
?

Next, the travelling timet along the line needs to be determined. The tragetime is

given as
N I
Travelling time,r =— (s)
c

wherel = the line length (m) and= the speed of light3x1F m/s

In our case study for the Brinsworth system, theagmission line length is 37 km then the
travelling time,t is calculated as 123s which is greater thaaAt <100 ps. Then the next
test is to check whether it lies within the 10 df@®00 range and this is presented in the

following table.
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SILEE Propagation r Is
: - . T
time step, time, 7 (s) Is 7>At? | Ratio of e 10< (T/Af) < 10000 ?
At (S)
100pus Yes 1 Not Acceptable
10us 123ps Yes 12.33 Acceptable
1us Yes 123.33 Acceptable

A change in the voltage and current at one endhefttansmission line will not appear at
the other end it is greater than. Therefore, simulation time-step of either@®or 1us

can be preferred

4.4 Summary

In this chapter, the technical aspects of the corappb models suitable for the study of
ferroresonance have been discussed. One of theimpsittant aspects of modeling power
system components for ferroresonance is to idettigyfrequency range of interest so that
the parameters are being modeled correctly. Thomeponents which are involved in
ferroresonance are circuit breakers, transformads &ransmission lines. The criteria in

modeling each of the components are explainedliasvia
- Circuit breaker

As the occurrence of ferroresonance is mainly dugatitching events this component has
therefore to be considered. Opening/closing ofutiirbreakers involved transients, i.e. a
change of energy takes place and then transietagesl and currents are distributed into a
system. The way the circuit breaker is modeledféororesonance can be based on the
simplistic representation without taking into acebof high current interruption, current
chopping, restrike characteristic. The reason @& flerroresonance involves only low

frequency and low current transients.
- Power transformer

The parameters such as the saturation effecthibr-sircuit impedance, the iron-loss and
the eddy current have to be taken into considerasio that the simulation model can
correctly represent the low frequency transientgo Ppredefined transformer models, the
BCTRAN+ and the HYBRID have been looked into to sdeether they are capable for

ferroresonance study. The review suggests thatinottels are able to feature the criteria
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(parameter/effect) for low frequency transientsndee for ferroresonance. In addition
BCTRAN+ and HYBRID models are valid for up to 2 kidad 5 kHz respectively. The

only difference between the two is the way in whtich core is taken into consideration.
- Transmission line

Again, frequency range of interest needs to berchted so that a proper predefined
model can be used. The three predefined modelsPth®&ergeron and the Marti are

considered to be adequate for modeling ferroresmndror a short-line up to less than 50
km, a Pl model is considered to be adequate faooresonance. Bergeron model is a
constant frequency method, based on traveling wheery, and can also be used for
ferroresonance study. On the other hand, transonidgne represented by the J. Marti

model can also be used for ferroresonance studgusecthe parameters of the line are
frequency-dependent which can cover up to 1 MHz.
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CHAPTER 5

o. MODELING OF 400 KV THORPE-
MARSH/BRINSWORTH SYSTEM

51 Introduction

In chapter 4, the technical aspects of transforeauration have been explained. The
predefined transformer models in ATPDraw which meée criteria i.e. the
parameters/effects for the study of low frequemapgients proposed by CIGRE have been
identified. In addition, the differences betwees BCTARN+ and the HYBRID models

have also been discussed in terms of the way hewdhe characteristic has been modeled.

On the other hand, different types of predefineshamission line models such as the PI,
Bergeron and Marti models have also been introdutied suitability of each of the model

for ferroresonance study is also highlighted.

As much attention has been given to the predefmedels as mentioned above, this

chapter is allocated with the following aims:

(1) To model the 400 kV Thorpe-Marsh/Brinsworh samssion system,
(2) To validate the transmission line models andgraransformers models.

(3) To determine the best possible power systempooent models, particularly the
power transformer and the transmission line moaetslable in ATPDraw that can

be used to accurately represent a power systethdatudy of ferroresonance.

5.2  Description of the Transmission System

The overall circuit configuration of Thorpe-Marshifisworth 400 kV system [29] is
shown in Figure 5.1 where ferroresonance tests haea carried out. The circuit consists
of mesh corner substation, a 37 km double-cirearigmission line, Point-on-wave (POW)
circuit breaker (X420), two power transformers (9Ghd SGT2), 170 m cable and load.
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Brinsworth Brzir;SSV\{(cUth
@—/— V& (1) 400 kV
1 x 03| ________ X103 SGT1 T10
— il DG e—
/ / /! B 7 1 Circuit 1 | m
b, 1
V4 :/ ! : \ 170 m
. I I Loac
Mesh Corner ("1, 3 ! I POW circuit
Substation [\ \ : breaker (X420)
| 1 1
7 e | | Cireuit 2 : SGT4
| 1 Circuit 2 1
—/ =L~ (D>
- Double circuit line |

Thorpe Marsh
@/ 400 KV /—O
Figure 5.1: Thorpe-Marsh/Brinsworth system

Prior to the test, disconnector (X303) was oped, iesh corner 3 was restored to service
at the Thorpe Marsh 400 kV substation. At the Briokh 275 kV substation, circuit
breaker (T10) was also open. Moreover, all othecahnectors and circuit breaker (X420)
are in service. When testing, the initiation ofréeesonance may occur as a result of
opening circuit breaker X420 (Point-on-wave switch)

There have been two types of ferroresonance moxleibited at the 400 kV side of

transformer (SGT1) following the switching event$iere are the sustained fundamental
frequency ferroresonance and the 16.67 Hz subhacnferroresonance. The 3-phase
voltages and currents for both the cases are @epags shown in Figure 5.2 and Figure 5.3

respectively.

The 3-phase ferroresonance voltage and currentfarane of Figure 5.2 have a frequency
of 16”3 Hz. The recorded field test voltages and currenmnged upon the 400 kV side of
the transformer were found to be having peak velkagf approximately +100 kV and -50
kV for R-phase voltage, +100 kV and -100 kV for Wase voltage, and +50 kV and -50
kV for B-phase voltage. On the other hand the meakents are: +50 A and -50 A for R-
phase, +50 A and -45 A for Y-phase, and +45 A atfil A for B-phase. It has been
reported that the implication of the initiation tbe subharmonic mode ferroresonance has
caused the affected transformer to generate adigjrumbling noise, which can be heard
by all the staff on site [29].
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Field test recording of Period-3 ferroresonance
(1) 3-phase voltage waveforms
(kv) Field Test Recording
R phase
Voltage
1.6C 1.62 1.64 1.66 1.68 1.70 1.72 1.74 1.76 1.78 1.80 1.82 1.84 1.86 1.88 1.90 1.92 1.94 1.96 1.98 2.00
(kv) Field Test Recording
200
Yphase  j00]
Voltage 1
0 .
-100]
-200
1.6( 1.62 1.64 1.66 1.68 1.70 1.72 1.74 1.76 1.78 1.80 1.82 1.84 1.86 1.88 1.90 1.92 1.94 1.96 1.98 2.00
(kv) Field Test Recording
200
Bphase g0 L -—t__ 4 __C % TP T
Voltage o0 |
-100]
T——t——d-—d- -l -—ft-—t-—d-——l- -k -—f--d-—d-——F-—F-—t--d-—-l--—-F-— (s)
2 .
1.6( 1.62 1.64 1.66 1.68 1.70 1.72 1.74 1.76 1.78 1.80 1.82 1.84 1.86 1.88 1.90 1.92 1.94 1.96 1.98 2.00
(2) 3-phase current waveforms
Field Test Recording
100
R phase
Current i
1
S H N N N O A A S T A O R B A 1O
1.6C 1.62 1.64 1.66 1.68 1.70 1.72 1.74 1.76 1.78 1.80 1.82 1.84 1.86 1.88 1.90 1.92 1.94 1.96 1.98 2.0
Field Test Recording
100
| | | | | | | | | | | | | | | | | | |
Yphase 50 oo ooy oo bl
Current 0l |- e i Wﬁ#ﬂ#ﬁmﬁm’w
ﬂl | | | | | | | | | | | | | | |
51 ey
00 00 )
1.6C 1.62 1.64 1.66 1.68 1.70 1.72 1.74 1.76 1.78 1.80 1.82 1.84 1.86 1.88 1.90 1.92 1.94 1.96 1.98 2.00
Field Test Recording
100
B phase 50 -
Current 0
-50 o I
-100 S S S S S )
1.6( 1.62 1.64 1.66 1.68 1.70 1.72 1.74 1.76 1.78 1.80 1.82 1.84 1.86 1.88 1.90 1.92 1.94 1.96 1.98 2.00
Figure 5.2: Period-3 ferroresonance
On the other hand, the sustained fundamental freyugerroresonance induced into the

system exhibits the voltage and current waveforsnsh@wn in Figure 5.3.
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Figure 5.3: Period-1 ferroresonance

The peak voltage and peak current magnitudes reddrom the field test were depicted

in Figure 5.3: £200 kV for the R-phase voltage300 kV for the Y-phase voltage and

+180 kV for the B-phase voltage. The 3-phase cusraré+200 A. The consequence of

such phenomenon has resulted the affected transfotm generate a much louder
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grumbling sound which can be heard by the stafima distance of 50 m away from the
transformer. In addition, the ferroresonance deieqgtrotection which was installed at the

Brinsworth substation has not functioned correctly.

5.3 Identification of the Origin of Ferroresonance Phemmmenon

The cause of the onset of ferroresonance is thielswg event that circuit breaker (X420)
Is opened. It is evident that this phenomenon acedren Circuit 1 is energised by the
adjacent live line (Circuit 2) via the transmissiore’s coupling capacitance as a result of
opening circuit breaker (X420). The initiation arforesonance path is indicated by the
dotted line of Figure 5.4 where the power transEnnSGT1) is interacted with the
transmission line’s coupling capacitor when sumpbg the 400 kV mesh corner source.

Network 1 shows in Figure 5.4 acts as the voltagerce, however, Network 2 is
considered to be the key circuit because of itspmmnts being interacted with each other
exhibiting ferroresonance phenomenon following pbet-on-wave opening of the circuit
breaker (X420).

e N7 Brinsworth Brinsworth,
J GD_/ NS /@ 400 kV 275kv
| y i X, oo X103 SZXGH T1@0| :
I < —l l— i /- /- 1
! 7 /::| ' Cirduit1, = — 4 = —> o !

1 1

I 7 :E/ b a 170n || oac!
|

| Mesh Corner 1 ! o= POW circuit |
: Substatior |, ! : 1 breaker (X42( '
1 1! 1 1
! 4 ::/ H : SGT/ !
o 1@ :
! o o Double circuit lint !
\ 1 Thorpe Marsh, [\ p
N @/ 400 kv ‘

I s N e e e e e e e e e e e e e e e e e e e = e

Network ] Network 2

Mesh corner
Figure 5.4: Thorpe-Marsh/Brinsworth system

5.4  Modeling of the Transmission System

With Network 1 acting as a voltage source, theudirof Figure 5.4 can therefore be
deduced into a more simplified circuit as depiate#figure 5.5.
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SGT4

\ 1

1 .

i Thorpe MarsH Brinsworth : Br2|nsvxll<orthI
' 400 kV : 400 kV : 75 kv !
\ ! X103 SGT1 , |
: | X303 ro-oo-ooo-- . T101 !
1 =T ; - - T / /_@—M {_ .
! ! \ Cm%wt 1 A= —f—- <—b|> ! :
1 20 GVA —> 1 1 I cable 1

: ! : L FR flow 170m | :
R ' : —L L POW circuit | Loac :
! “.":. ! I 1
Lo ! i —— 1 1L breaker (x420) E —>
1 1 1 ] |
I Grid System ! ! I | ' I
1 1 ! | X
1 1 1 1 Vi : 1 i
1 1 - — o = \ 1 .
1 1 I | 1 .
1 + 1 1 .
1 1 . 1 .
1 1 ! 1
1 1 ! 1
1 1

' Source ABOOQN i : i

! impedance usbar L !

i 1 stray 1 :

: T capacitancé :

O N i
(a) b) (

Figure 5.5: Modeling of (a) source impedance (b) load

In order to represent a strong system at the 408uUbétation at Thorpe Marsh, an infinite
bus with an assumed fault level of 20 GVA is usHte load connected at the Brinsworth
275 kV side is assumed to draw 30% of 1000 MVAngtiat 80% of power factor. In
addition, the stray capacitance to ground of trebbuat both the 400 kV substation is also
taken into consideration and its value was estichae around 10 pF/m [12]. The
representation of the equivalent source is predeageshown in Figure 5.5.

54.1 Modeling of the Circuit Breakers

Detailed time-controlled switch models employedAinPDraw have been highlighted in

Chapter 4. In addition, the reasons why a simplistodel can be used for ferroresonance
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study is also explained. The time-controlled switeith no current margin is used

throughout this study.
54.1.1 Opening of Circuit Breaker at Six Current Zero Crossing

For a single-phase switch, the current interruptiakes place twice within a cycle of
sinusoidal signal. However, for three-phase cusréiné¢ interruptions can occur six times

within a cycle as indicated in the dotted line feaaf Figure 5.6.

60
[A]
40}

«—— Firsicycle Secorii cycle f Third: cycle

60} i i
2.0136\ 2.02’\\ 2.0336 2.0436 2.0536 2.0636 [s]

1
2.0736

2. Initial three-phase curre! interruption takes place at this z¢
1. Circuit breaker is commanded to open within Zbhen the first cycle

Figure 5.6: Six current zero crossing within a cycle

Figure 5.6 shows that there are six zones of pre-@errent crossing within a cycle of the
3-phase currents. If the switch is commanded tanhopighin zone, Z11, the contact of
phase yellow will open first, followed by phase @@ finally phase blue. The complete
sequence of opening the contact correspondingdo sane within the first cycle is shown
in Table 5.1.

Table 5.1 Sequence of circuit breaker opening in eachghas

Circuit Breaker | Sequence of contact openingat
operations Red phase Yellow phase Blue phase
L 711 Second opening First opening Third opening
% Z12 First opening Third opening Second opening
o Z13 Third opening Second opening First opening
® Z14 Second opening First opening Third opening
ir Z15 First opening Third opening Second opening
Z16 Third opening Second opening First opening

In the simulation, the circuit breaker is commanttedpen within each zone as indicated
in Figure 5.6. The time of opening the circuit keain each zone within the respective

cycle are shown in Table 5.2. For example, if tilieuit breaker is commanded to open at
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2.0153 s at zone Z11 within th& dycle, the circuit breaker will not open instanifystead
it waits until the first current zero crossing takglace which occurs at phase yellow,

follows by current interruptions at red and bluagés.

Table 5.2: Switching time to command the circuit breaker temp

1% cycle |
Z11 712 713 714 Z15 716
E‘é"fotgggr:"ma”d 2.0153 s 2.0181s 2.0219 § 2.0254|ls 2.02% s 29319
2" cycle
721 722 723 724 725 726
E‘é"fotgrfgr?‘ma”d 2.0353 s 2.0381 s 2.0419 § 2.0454|ls 2.04% s 29%19
39 cycle
| z31 || z32 | z33 | z34 | z35 | z36 |
E‘é“teotgggr:nma”d 2.0553 s 2.0581 s 2.0619 § 2.0654|ls 2.068“3 s 29719

Occasionally, the simulations to reproduce the etgeewaveforms cannot be extended for
more than three cycles due to the fact that th@lrthree-phase currents and voltages at
the point of current interruption of each phaserakrepetitive from one cycle to another

cycle which can be seen in Table 5.3. Althoughdifferences of the initial conditions are

small, they determine the initial stored energyhe capacitive and inductive components
of the ferroresonant circuit, therefore affect ttnansient ferroresonant voltages and
currents. As we have known, the transient ferrorasoe can develop into sustained

ferroresonance sometimes and also can decay daavmero.

Table 5.3 Sequence of circuit breaker opening in eachg@has

1% Cycle
Current 711 Y 712
Red 34.083 A 'mgrgigt;g at -39.647 A 33929 A 'm;’rgggt;g at 39.682 A
phase | (L6143ESV) | 200085 | (L243ESV) | (L6318E5V) | 5OPORS. | (1.2342E5V)
Yellow '”tgrgi%tf‘; at 41.222 A 40.362 A '”tgrg;%tgi at 41301 A -40.253 A
phase | (aatoqrsyy| (LB267ESV) | (LO4BESV) | 570385 | (L8204E5V) | (1.9548E5V)
Blue -36.731 A 42151 A '”tgrgggt;g at| 36912 A 42,092 A '”tgrgggt;g at
phase | (LOI37ESV) | (1373E5V) | %0200 | (LS961ESV) | (L3821E5V) | 4TS,
2" Cycle
Current 751 754
Red 34.602 A '”tgrgggt;g at -39.718 A -33.696 A '”tgrgjg%eg at 39.807 A
phase | (15528E5V) | o 205BS | (L2249E5V) | (16578E5V) | %0002 | (1206285 V
Yellow '”tgr(;‘;%tf‘; at 41518 A 40.139 A '”tgr(;‘i%tgi at -41.599 A -39.976 A
phase | (aatestsyy| (LBOSBESV) | (L9628ESV) | o STI0RS | (17953E5V) | (1.9788E5V)
Blue -36.157 A -42.021 A '”tgrgjg%eg at| 371474 41.967 A '”tgrg;gt:g at
phase (1.6746E5) (14004E5V) | ZOCHBS. ) | (15697ESV) | (LAO9SESV) | (5Ggoaten

Continue...
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Current 3" Cycle
Z31 Z34
Interrupted at Interrupted at

Red 34.383 A Sriped -39.433 A -33.473 A s 39.526 A
phase | (LSTO3ESV) | o7gcce® | (L2899E5V) | (1.6836ESV) | “ordes\ | (1.2714E5V)

Yellow '”tgrg;gtfi at| 40884 A 40.801 A '”tgrgégt;i atl 4097 A -40.639 A
phase | (310ae5y)| (LEGLBESV) | (LO062ESV) | (57705 | (LBSI6ESV) | (-1.9225E5V)
Blue -36.416 A 4236 | Menuptedat| g7 3634 a231A | IMerruptedat

' ' 2.0638 s ; : 2.0738 s
phase | (L6486ESV) | (1.3362E5V) | F0nP2, | (15431E5V) | (LIBAESV) | (250005

5.4.2 Modeling of 170 m Cable

The cables which are connected at the 275 kV siddoth the SGT1 and SGT4

transformers are 170 m in length and they can bdeted simplistically as a passive

capacitor. The values of the capacitance can berrdated by referring to the technical

cable book [70] as: 275 kV cabl€ = 0.04352uF.

54.3 Modeling of the Double-Circuit Transmission Line

The tower design of the line [47] connected betwten Thorpe-Marsh and Brinsworth

substations is shown in Figure 5.7. Other condugarameters can be

referred to

Appendix A.
Eartt
Circuit 1 Circuit 2 Radius of conductors:
L L e Earth conductor = 9.765 mm
Phase conductor = 18.63 mm
. R2
>
Y Wi '
30.88 m Y1 | Y2
y i !
24.34 n B]_JIQ_ : &BZ
o 4.57 n»l€44.57 nP
£--° - B
: —» <
18.25 nf ! 50 cm
12.16n 5
| Ground_ surface
P, ) 5}}}}/,55/’/’/’/’5/’}};};;;;;/’/’/’/’/‘/‘/‘ T e

Figure 5.7: Physical dimensions of the transmission line
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The line is modeled in ATPDraw using the integratedC object according to the

available physical dimensions and parameters.

Since the main aim of this chapter is to determthe best possible model for
ferroresonance study, therefore, three differepesyof approaches are put into test to

determine their suitability for the purpose.
5.4.3.1 Lumped Parameter Model

Detailed description about the lumped parametertiqodarly the Pl model has been
highlighted in the previous chapter. The doublewtrtransmission line is modeled in this

representation and the next stage of verifying@ratking is shown in Appendix B.

5.4.3.2 Distributed Parameter

Other than the line being modeled in lumped repad®n, two alternative approaches
based on distributed parameter are also considertdan aim to determine the best
possible model, the Bergeron and J. Marti moddtg detailed of each of them have been

explained in the previous chapter.

5.4.4 Modeling of Transformers SGT1 and SGT4

Two power transformers are involved in the transiois system but only SGT1 is affected
by ferroresonance therefore it is modeled by ubioiln BCTRAN+ and HYBRID models

with an aim to determine the best possible modeltt@ other hand, SGT4 is not affected
by ferroresonance therefore it is only modeled astemdy-state characteristic using
BCTRAN. The open- and short-circuit test data otsdifrom the test report supplying by
the manufacturers [71] are shown in Table 5.4. &leetrical specification of the SGT1

transformer is 1000 MVA, 400/275/13 kV, Vector: #0011 (5 legs). Zero-sequence data

are not available.
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Table 5.4: No-load loss data and load-loss data

NO-LOAD LOSS on TERT. (60 MVA) LOAD-LOSS on HV
VOLTS KWATTS
% | MEAN | RM.s | AMPS | kWatts VOLTS IMP AMPS | At 20°C | Corrected
to 75°C

5.25 HV/LV @1000 MVA

90 | 11700] 11810 | 6.00 | 96.30 67127 | 16.78%| 1444 | 1213.10 1383
7.28
12.30 HV/TERT @ 60 MVA

100 | 13000 | 13217 | 12.40 | 127.90 29141 | 7.29% | 86.60| 62.3Q 71.90
14.75
55.20 LV/TERT @ 60 MVA

110 | 14300 | 14903 | 54.30 | 175.30 16407 | 5.97% | 126 | 66.10| 77.30
56.80

The per-unit quantities which are required by b BCTARN and HYBRID models are

calculated as follows:

(1) No-load calculation:

5.25+ 6+ 7.2
90%: I, = ( 32 6.18A (line current)

ex 3

. (pu) = 6.18><\/§x11'8}< 19, 100= 0.019 @1000 MVA
1000x 16

(12.3+12.4+ 14.7p :
100%: l oy = 3 =13.15A (line current)
J3x13.22¢ 18

1000% 16

I (pu) =13.15x x 100= 0.03% @ 1000 MVA

_(55.2+ 54.3- 56.8_
ex 3 -

110%: I 55.4ZA (line current)

J3x14.90« 10

IEXPOS=55.43
0x 10

x 100= 0.14°% @ 1000 MVA

(2) Load loss calculation:

67127 1006 10 04— 167706@ 1000 MVA
V/3x1444(400x 16)

HV-LV —

_ 29141  60¢ 10
HV-TV \/§X86.6(400x 16)2

x100= 7.29% @ 60 MVA
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_ 16407 60< 16

Z = x100= 5.97% @ 60 MVA
LV-TV \/§X126(275x 16)2

Once all the data are entered into predefined mspdleéy are then checked on whether
they are able to reproduce the expected data. phe-and short-circuit simulation tests
are performed on the model and the results ardatdolias shown in Table 5.5 and Table
5.6.

Table 5.5: Comparison of open-circuit test results betweensmezl and BCTRAN and
HYBRID models

vims [KV] Measured BCTRAN HYBRID

Irms [A] | P [kW] | Irms [A] P [kwW] Irms [A] | P [kW]
11.7 (90%) 6.180 96.30 6.15 100.21 6.35 99.40
13 (100%) 13.15 127.90f 11.77 123.68 10.36 124.12
14.3 (110%) 55.43 175.30f 46.41 149.50 58.83 151.3(

Table 5.6: Comparison of load loss test results between medsand BCTRAN+ and
HYBRID models

Vrms [V] Measured BCTRAN HYBRID
Irms [A] [P[kw] | Irms[A] | Pkw] |Irms[A] | P [kw]

HV/LV @1000 MVA

67127 1444 1383 | 1444.40| 144350  1443.501383.30
HV/TERT @ 60 MVA

29141 86.6 71.90 86.55 72.50 86.55 71.84
LV/ITERT @ 60 MVA

16407 126 77.30 125.89 77.66 125.89 77.2B

The results show that the data reproduced fromopien- and short-circuited tests using
both the BCTRAN and HYBRID models are generallygmod agreement with the test
reports although magnetizing current at 100% aon oss at 110% for open-circuit tests
are lower than the test results. This suggeststtigapredefined transformer models have

been reasonably set up.

Much attention has been allocated in this chapteing to determine the best possible
power system component models available in ATPDitaat can be used to accurately
represent a power system for the study of ferror@sce. The way the developed
simulation model is recognised as the best possilaéel is by comparing the simulation

results produced from all the listed combinationTiable 5.7 with the field recording
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waveforms. Particularly, comparisons have to be entat the three-phase sustained

ferroresonant voltages and currents.

Table 5.7: Combination of power transformer and transmissiio@ inodels

Power Transformer model | Transmission line model
Case Study 1 BCTRAN+ Pl
Case Study 2 BCTRAN+ Bergeron
Case Study 3 BCTRAN+ Marti
Case Study 4 HYBRID Pl
Case Study 5 HYBRID Bergeron
Case Study 6 HYBRID Marti

5.5  Simulation of the Transmission System

55.1 Case Study 1. Transformer - BCTRAN+, Line - PI

In this section, BCTRAN+ and Pl models are employedmodel the SGT1 power
transformer and the 37 km double-circuit transmissline. The BCTRAN+ model
required the core characteristic to be modeledasmear inductor externally connected at
the tertiary winding in a delta configuration. Extally delta-connected core characteristic
employed by the BCTRAN+ model required the usencée nonlinear inductors, based on
the 90%, 100% and 110% open circuit test data. 8desa are then converted into flux-
linkage, A versus current, characteristic using SATURA supporting routine][%hich is

available in Appendix C.

The three-point data for the SGT1 transformer iatid as real data are shown in Figure
5.8 with the various converted core curves. HoweWeis core representation which
accounts for the saturation effect is not suffitifem the reproduction of the ferroresonant
currents under the tests. The air-core (fully saed) inductance is needed by curve fitting
through the three points and extrapolating by usireq™ order polynomial which has the
following equation,

i =A1+BA" (5.1)

wheren=1, 3,5 ... and the exponentlepends on the degree of saturation.

With equation (5.1), a sensitivity study has bearried out by assessing the degrees of

saturation fronrm=13 up to 27 in order to determine the best possibke characteristic.
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The outcome from the evaluation suggests that duyge@ of saturation with=27 is the
best representation to be employed as the coreadteaistic for the BCTRAN+

transformer model. All the degrees of saturatiand®picted in Figure 5.8.
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Figure 5.8: Magnetising characteristic

The simulation results employing this model arewaihin Figure 5.9 to Figure 5.20. Note
that the sustained ferroresonant waveforms obt&noead the simulation are determined at
a time after both the steady-state and transiaetd pave passed.

3-phase Fundamental Mode Ferroresonance Voltagesdiod-1)

(kv) Field Test Recording
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Figure 5.9: Period-1 voltage waveforms — Red phase
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Y phase
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Figure 5.1Q Period-1 voltage waveforms — Yellow phase

(V) Field Test Recording
L e e O L G Sl e Sl u e G SRl P Ubn RS P
20(:5\:— "]}‘En"m&_ - f:]ﬁi_ \ "_M_ ﬁ" __P"s_T""_ " ~ ZZZ,__Z AP
O__ji_WF - h-E == 7rrot4- ——-|rm @{I— |—— r-r h—— 1= -r -
T T 1~ I__ 1~ 'l -
-200::::T:::'::: __T___' ________________________ ' ________ '___
-400E=——T === - - L . g g g .I:-(xo 01s
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Slmulatlon
400

0N AP PR

3.7123 3.7623 3.8123 3.8623 3.9123 3.9623 4.0123 4.0623 [s] 4.1123

Figure 5.11 Period-1 voltage waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase voltage Y-phase voltage B-phase voltage
Field recorded +200 kV +300 kV +180 kV
Simulations +200 kV +380 kV +190 kV
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3-phase Fundamental Mode Ferroresonance Currents @riod-1)

(A) Field Test Recording
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Figure 5.12 Period-1 current waveforms — Red phase
(A Field Test Recording
200 | I | | | N 4 Nl L
“ (N YN YN
Y ph 1004 W | 1 | | | | | ! | i I
CL?FI’:I?te 0 M rﬁ'A'.“ '31 r";"'-'I ERELIA L liu'J.Jwﬁ‘a n‘n,nl_ni[..J 'F""J T r.\'.t'ul .i'n1 rA‘pl'nl A rul At N\H&n mL.. |L..u ‘JL "1 'n_n_ll a‘_n] I'A"J A &dk';\,l.ul I[‘"J ].‘.II
200 [ 1u1 | U T \’I AE A . U' ! || o o|1
-200 14 ' { | | 1 | || | | ( s)
0 20 40 6.0 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Simulation
200
[A] |
100 J
0 WW‘JLWM e [ﬂ"ﬂwm i p " ~l'mla‘ﬂ-Ml'~‘#qu wai IMLNI'J TM‘J
-100
-200
3.7123 3.7623 3.8123 3.8623 3.9123 3.9623 4.0123 4.0623 [s1 4.1123
Figure 5.13 Period-1 current waveforms — Yellow phase
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Figure 5.14 Period-1 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current B-phase current
Field recorded +200 A +200 A 200 A
Simulations +100 A +200 A +100 A
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3-phase Subharmonic Mode Ferroresonance Voltagesdiod-3)

(kv) Field Test Recording
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Figure 5.15 Period-3 voltage waveforms — Red phase
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Figure 5.16 Period-3 voltage waveforms — Yellow phase
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Figure 5.17 Period-3 voltage waveforms — Blue phase
Comparison between the field recorded and simulatsults are as follows:

B-phase voltage
150 kV
+48 kV

Y-phase voltage
+100 kV
+110 kV

R-phase voltage
+100 kV, -50 kV
+80 kV, - 50kV

Field recorded
Simulations
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3-phase Subharmonic Mode Ferroresonance Currents @riod-3)

Field Test Recording
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Figure 5.18 Period-3 current waveforms — Red phase
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Figure 5.19 Period-3 current waveforms — Yellow phase
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Figure 5.2Q Period-3 current waveforms — Blue phase
Comparison between the field recorded and simulatsults are as follows:
R-phase current Y-phase current B-phase current
Field recorded 150 A +50 A, -45 A 45 A
Simulations 20 A +38 A, -35A +20 A
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5.5.2 Case Study 2: Transformer - BCTRAN+, Line - BERGERON

In Section 5.5.1, the transformer BCTRAN+ model &wng various degrees of
saturations witm=13, 15, 17, 19, 21, 23, 25 and 27 together wighRhtransmission line
model have been used in the simulation. In this@®cthe only change in the simulation
model is that Bergeron transmission line modebisstdered. The results after a number of

simulations are presented in Figure 5.21 to FiguBe.
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Figure 5.21 Period-1 voltage waveforms — Red phase
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Figure 5.22 Period-1 voltage waveforms — Yellow phase
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(kv) F|e|d Test Recordlng
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Figure 5.23 Period-1 voltage waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase voltage Y-phase voltage B-phase voltage
Field recorded +200 kV +300 kV +180 kV
Simulations +190 kV +360 kV +200 kV

3-phase Fundamental Mode Ferroresonance Currents @piod-1)
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Figure 5.24 Period-1 current waveforms — Red phase
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Figure 5.25 Period-1 current waveforms — Yellow phase
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Figure 5.26 Period-1 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current

Y-phase current B-phase current

Field recorded +200 A

+200 A +200 A

Simulations +100 A

+200 A +100 A

3-phase Subharmonic Mode Ferroresonance voltagesdiffod-3)
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Figure 5.27 Period-3 voltage waveforms — Red phase
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Figure 5.28 Period-3 voltage waveforms — Yellow phase
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(kv) Field Test Recording
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Figure 5.29 Period-3 voltage waveforms — Blue phase
Comparison between the field recorded and simulatsults are as follows:

B-phase voltage
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R-phase voltage
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Figure 5.3Q Period-3 current waveforms — Red phase
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Figure 5.31 Period-3 current waveforms — Yellow phase
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Field Test Recording
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Figure 5.32 Period-3 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current B-phase current
Field recorded +50 A +50 A, -45 A 45 A
Simulations +18 A +39 A, -32A 19 A

5.5.3 Case Study 3: Transformer - BCTRAN+, Line — MARTI

Transmission line models employing Pl and Bergdrave been studied in the preceding
sections. In this section, another distributed ipater line model which takes into account
of frequency dependent loss has been used. Theasiomuresults are presented in Figure
5.33 to Figure 5.44.
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Figure 5.33 Period-1 voltage waveforms — Red phase
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(kv) Field Test Recording
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Figure 5.34 Period-1 voltage waveforms — Yellow phase
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Figure 5.35 Period-1 voltage waveforms — Yellow phase

Comparison between the field recorded and simulatsults are as follows:

R-phase voltage Y-phase voltage B-phase voltage

Field recorded

+200 kV +300 kV +180 kV

Simulations

+375 kV +180 kV

+200 kV

R phase
Current

3-phase Fundamental Mode Ferroresonance Currents @piod-1)

Field Test Recording
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1004,
O 0
-2020.3742 2.4242 2.4742 2.5242 2.5742 2.6242 2.6742 27242 sl 2.7742

Figure 5.36 Period-1 current waveforms — Red phase
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(A Field Test Recording
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Figure 5.37 Period-1 current waveforms — Yellow phase
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Figure 5.38 Period-1 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current

B-phase current

Field recorded +200 A +200 A

+200 A

Simulations +90 A +200 A

+90 A

3-phase Subharmonic Mode Ferroresonance Voltagesdiod-3)

Field Test Recording
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Voltage
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Figure 5.39 Period-3 voltage waveforms — Red phase
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Figure 5.4Q Period-3 voltage waveforms — Yellow phase
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Figure 5.41 Period-3 voltage waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase voltage

Y-phase voltage

B-phase voltage

Field recorded

+100 kV, -50 kV

+100 kV

+50 kV

Simulations

+75 KV, - 75kV

+110 kV

+49 kV

3-phase Subharmonic Mode Ferroresonance Currents @fiod-3)

Field Test Recordir
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Figure 5.42 Period-3 current waveforms — Red phase
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Field Test Recording
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Figure 5.43 Period-3 current waveforms — Yellow phase
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Figure 5.44 Period-3 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current

B-phase current

Field recorded +50 A +50 A, -45 A

+45 A

+19 A +39 A, -32A

Simulations

+19 A

e Summary of Case Study 1, 2 and 3

After evaluating the three case studies above,ishly using the BCTRAN+ transformer
model with three different types of transmissiamelimodels, the simulation results show

that each of them is equally able to produce boghReriod-1 and Period-3 ferroresonance.

From the results, a number of observations hava heted in order to replicate the field

recording waveforms in terms of their three phaskage/current magnitudes. They are

commented as follows:
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(1) Period-1 ferroresonance

| | CaseStudyl | CaseStudy2 | CaseStudy3 |
Voltage amplitude There is a similarity in the voltage magnitude proed by all the

three case studies; no significant difference betwtbem.

Voltage waveshape | All the three cases produce the same voltage patidrich is
rectangular in shape but slight differences exighe voltage ripple
at both the positive and negative peak voltages.

Current amplitude The current magnitudes are moderately similar. rElsalts show that
the magnitudes of both the red and the blue phaisesnly half of
the field test recording ones. However, the magtproduced by
the yellow phase is most comparable to the recgrdin

—

Current waveshape | All the three cases are able to produce the pelafigescurrents bu
slight deviations are in the magnitudes of currgpples which

appear around the zero current magnitude of thefwaws.

From the observation, it can be suggested that Sasty 1 which employed BCTRAN+
model for transformer and Pi model for the transiois line are most similar to the

measured ones.

(2) Period-3 ferroresonance
| | CaseStudyl | CaseStudy2 | CaseStudy3 |
Voltage amplitude The voltage magnitudes for all the three phasedymed from all the

cases are comparable to the real recording waveform

Voltage waveshape | All the three cases are able to reproduce almessdéime patterns as
the measured three phase voltage waveforms. Howéwverhigh
frequency oscillatory ripple does not reproducelitat the peak of

the waveforms.

Current amplitude In term of the current magnitudes, the simulatiboveed that both
the simulated red and blue phases are about 60%otlhed the
measured ones while the yellow phase is about 28% |

Current waveshape | The currents are peaky in shape which match wighrélal ones but

high frequency oscillatory ripples oscillation apgag around the

zero current magnitudes are missing in the sinmarati
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From the observation, it suggested that the sinomagsults produced by Case Study 1 are

most similar to the measured ones.

In summary, it has been observed that all the tbhase studies have produced almost the
similar characteristics to one and another. Theniagdes and waveshapes gained from
the models are not distinctively different from aared another. In addition, they are able to
replicate the real recording waveforms in a reaBlengashion for both the Period-1 and
Period-3 ferroresonance. In view of the above, @sten to choose the best simulation
model for the representation of the Brinsworth eyston ferroresonance is difficult.
Therefore, it has been decided that all the modets acceptable for the study of
ferroresonance. The use of BCTRAN+ model to repriedee power transformer and the
employment of either the PI, the Bergeron or thildrti to model a transmission line can
be taken.

It has been found that modeling of core charadteresnploying the BCTRAN+ model is
time consuming because the limitation the preddfimedel has is such that the users
needs to “trial and error” to pick up the best pl@issnonlinear inductor element, it is
therefore decided to look into an alternative tfamser model where its air-core (deep
saturation) inductance of core characteristic caddtermined via the build-in calculation.

554 Case Study 4. Transformer - HYBRID, Line — PI

In this section, instead of using BCTRAN+, a HYBRihbdel is employed to represent
the transformer where the core characteristic idetenl based on the principle of duality.

Unlike the BCTRAN+ model, where the core charasterihas been evaluated via
sensitivity study on different degrees of saturatio order for the simulation model to
replicate the field test recording waveforms witbod accuracy, the HYBRID model no
longer requires such evaluation as this type of ehad able to generate its own
characteristic including the air-core inductancedsbon the build-in Frolich equation and

core dimension embedded in itself.

The results of simulations are shown in Figure o4bigure 5.56.
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3-phase Fundamental Mode Ferroresonance Voltagesdiod-1)

(kv) Field Test Recording
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Figure 5.45 Period-1 voltage waveforms — Red phase
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Figure 5.46 Period-1 voltage waveforms — Yellow phase
(kv) F|eld Test Recordlng
4oc —————————————— ———F-——F-——d———F-——f-——d-———F——d-——O———F——F-——a-=- [ ————
—————————————— I———L—— e [ | ——————L—— -
B phase 200~ — thie — T~ — e — TAr — ——— o T ——— = - —— - - —————— = e~ R~ R T R
votage O}W* W%ﬂﬁjﬁ “"@EM @fﬁ 2% xf‘ww WM‘ :
2001 W R | | |
400, ::I::::::,_ZZT::::::,_::T::::::,_ZZT::::::,_::_,::::::,_::_,::::::,':_(xoOls
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Simulation

z%‘i’] " IWHMMM/W] ...... W M ...... )
T ANA R AN YRR AR AR RPN RN
-402.811 6.8561 6.911 6.961 7.011 7.0561 7.111 7.]i61 [s] 7.211

Figure 5.47 Period-1 voltage waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase voltage

Y-phase voltage

B-phase voltage

Field recorded

+200 kV

+300 kV

+180 kV

Simulations

+200 kV

+390 kV

+200 kV

- 162 -



Chapter 5 Mabichg of 400 kV Thorpe-Marsh/Brinsworth System

3-phase Fundamental Mode Ferroresonance Currents @riod-1)

A) Field Test Recording
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Figure 5.48 Period-1 current waveforms — Red phase
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Figure 5.49 Period-1 current waveforms — Yellow phase
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Figure 5.5Q Period-1 current waveforms — Blue phase
Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current B-phase current
Field recorded +200 A +200 A +200 A
Simulations 90 A +190 A 90 A
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R phase
Voltage

Y phase
Voltage

B phase
Voltage

3-phase Subharmonic Mode Ferroresonance Voltagesdiod-3)

(kv) Field Test Recording
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Figure 5.51 Period-3 voltage waveforms — Red phase
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Figure 5.52 Period-3 voltage waveforms — Yellow phase
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Figure 5.53 Period-3 voltage waveforms — Blue phase

Comparison between the field recorded and simulatgults are as follows:

R-phase voltage Y-phase voltage B-phase voltage
Field recorded +100 kV, -50 kV +100 kV +50 kV
Simulations +75 KV, - 75kV +100 kV +48 kV

- 164 -



Chapter 5

Mabichg of 400 kV Thorpe-Marsh/Brinsworth System

3-phase Subharmonic Mode Ferroresonance Currents éiod-3)

Field Test Recording
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Figure 5.54 Period-3 current waveforms — Red phase
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Figure 5.55 Period-3 current waveforms — Yellow phase
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Figure 5.56 Period-3 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current

Y-phase current

B-phase current

Field recorded

+50 A

+50 A, -45 A

+45 A

Simulations

19 A

+40 A, -40A

+19 A

- 165 -



Chapter 5

Mabichg of 400 kV Thorpe-Marsh/Brinsworth System

5.5.5

Case Study 5: Transformer - HYBRID, Line - BERGERON

To see if there are any changes by employing tligeBen model for the representation of

the transmission line, the transformer model ist kepchanged, still using the HYBRID

model.

The waveforms obtained from the simulations for hbdPeriod-1 and Period-3

ferroresonance are shown in Figure 5.57 to Figug8.5

R phase
Voltage

Y phase
Voltage

3-phase Fundamental Mode Ferroresonance VoltagesdRod-1)

Zoﬁ ______ - M/A\M/"\ ______ P f‘“ T R AR

(kv) Field Test Recording
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Figure 5.57 Period-1 voltage waveforms — Red phase
(kv) Field Test Recording
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Figure 5.58 Period-1 voltage waveforms — Yellow phase
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(V) Field Test Recording
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Figure 5.59 Period-1 voltage waveforms — Blue phase
Comparison between the field recorded and simulatsults are as follows:

R-phase voltage Y-phase voltage B-phase voltage
Field recorded +200 kV +300 kV +180 kV
Simulations +200 kV +380 kV +190 kV

3-phase Fundamental Mode Ferroresonance Currents @piod-1)

(A Field Test Recording
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0
-100
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Figure 5.6Q Period-1 current waveforms — Red phase
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Figure 5.61 Period-1 current waveforms — Yellow phase
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(A) Field Test Recording
[ I [
Bphase  200T7-717°" i~ “T‘“““r ————————————————————————————————————————————

Current 180:_ _4 PW]%L :j‘ o ;._1\:4 _;'uﬁu";\"ﬁ%ni MF\"LM@NLI\_EWJ J __I W __: ‘h(xOOlﬁ

'100'“ [ “ul“ T ‘h“'u i r“
_200____J. - ___L R R PR J. -4l L0 _ I__ J __I _____________
0 0 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Simulation

4.332 4.382 4.432 4.482 4.532 4.582 4.632 4.682 [s] 4.732
Figure 5.62 Period-1 current waveforms — Blue phase
Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current B-phase current
Field recorded +200 A 200 A +200 A
Simulations 90 A +180 A 90 A

3-phase Subharmonic Mode Ferroresonance Voltagesdfod-3)

(kv) Field Test Recording
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Figure 5.63 Period-3 voltage waveforms — Red phase
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Figure 5.64 Period-3 voltage waveforms — Yellow phase
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(kv) Field Test Recording
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Compari

Figure 5.65 Period-3 voltage waveforms — Blue phase
son between the field recorded and simulatsults are as follows:

R-phase voltage Y-phase voltage B-phase voltage

Field recorded

+100 kV, -50 kV +100 kV +50 kV

Simulations

+75 kV, - 75kV +100 kV +48 kV

R phase
Current

Y phase
Current

3-phase Subharmonic Mode Ferroresonance Currents éiod-3)

Field Test Recording
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Figure 5.66 Period-3 current waveforms — Red phase
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Figure 5.67 Period-3 current waveforms — Yellow phase
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Field Test Recording
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Figure 5.68 Period-3 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current B-phase current
Field recorded +50 A +50 A, -45 A 45 A
Simulations +19 A +40 A, -40A +19 A

5.5.6 Case Study 6: Transformer - HYBRID, Line — MARTI

Finally, a frequency dependent Marti model is ergetb for the representation of the
transmission line. Again, the transformer modekept unchanged, using the HYBRID
model. The waveforms reproduced from the simoitetifor both Period-1 and Period-3

ferroresonance are shown in Figure 5.69 to Figuge.5

3-phase Fundamental Mode Ferroresonance VoltagesdRod-1)
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Figure 5.69 Period-1 voltage waveforms — Red phase
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(kv) Field Test Recording
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Figure 5.7Q Period-1 voltage waveforms — Yellow phase
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Figure 5.71 Period-1 voltage waveforms — Blue phase
Comparison between the field recorded and simulatsults are as follows:

R-phase voltage Y-phase voltage B-phase voltage
Field recorded +200 kV +300 kV +180 kV
Simulations +175 kV +375 kV +190 kV

3-phase Fundamental Mode Ferroresonance Currents @riod-1)

(A) Field Test Recording
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Figure 5.72 Period-1 current waveforms — Red phase
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(A) Field Test Recording
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Figure 5.73 Period-1 current waveforms — Yellow phase
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Figure 5.74 Period-1 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current B-phase current
Field recorded +200 A +200 A 200 A
Simulations 190 A +180 A 190 A

R phase
Voltage

3-phase Subharmonic Mode Ferroresonance Voltagesdfod-3)

Field Test Recording
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Figure 5.75 Period-3 voltage waveforms — Red phase
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(kv) Field Test Recording
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Figure 5.76 Period-3 voltage waveforms — Yellow phase
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Figure 5.77 Period-3 voltage waveforms — Blue phase
Comparison between the field recorded and simulatgults are as follows:

R-phase voltage
+100 kV, -50 kV
+75 kV, - 75kV

Y-phase voltage
+100 kV
+100 kV

B-phase voltage
150 kV
+48 kV

Field recorded
Simulations

3-phase Subharmonic Mode Ferroresonance Currents éiod-3)

Field Test Recording
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Figure 5.78 Period-3 current waveforms — Red phase
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Field Test Recording
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Figure 5.79 Period-3 current waveforms — Yellow phase
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Figure 5.8Q Period-3 current waveforms — Blue phase
Comparison between the field recorded and simulatsults are as follows:
R-phase current Y-phase current B-phase current
Field recorded 50 A +50 A, -45 A +45 A
Simulations 19 A +38 A, -38A +19 A

e Summary of Case Study 4, 5 and 6

In general, the simulation models developed basealldhe case studies have been able to

produce both the Period-1 and Period-3 ferroresmnan

Some deviations have been identified in the wawe$oreproduced from the simulation
models when they are compared side by side withtdberecording case ones and the
difference are described in the following;
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(1) Period-1 ferroresonance

| CaseStudy4 | CaseStudy5 | Case Study6 |

Voltage amplitude
The three-phase voltages and currents obtained finese three

Voltage waveshape simulation models are not significantly differemh@ng them in

terms of their amplitudes and waveshapes. Howesr,

comparing with the real case ones, the current maigs are low

Current amplitude for the red and blue phases. This is similar topghevious case

studies employing the BCTRAN+ model.
Current waveshape

(2) Period-3 ferroresonance

| CaseStudy4 | CaseStudy5 | CaseStudy6 |

Voltage amplitude . . '
There are not a great deal of differences amongstmellation

results produced by the simulation models. Nevétise the only
Voltage wave shape
deviation when comparing to the test recordings thaee low

. magnitudes of three-phase currents and the noteegis of high
Current amplitude

frequency voltage/current ripples. This is similarthe previoug

cases employing the BCTRAN+ model.
Current wave shape

Based on the simulation results, it has been obsdettvat both the Period-1 and Period-3
responses produced from each of the six simulatiodels are relatively similar to one
and another, both in the voltage/current magnituded waveshapes. Moreover, the
simulation have been able to replicate the fieldt teecording waveforms in good

agreement.

After the evaluation of all the six simulation mégjehe following observations have been

noticed;

The occurrence of Period-1 and Period-3 ferrorasomas not repeatable from one cycle
to another successive cycle upon the opening ofiicibreaker. This behaviour occurs due
to the fact that the initial voltages upon the iiniption of current are different from one

cycle to another and this suggests that there bagge different values of initial conditions
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being applied to the system. The system is trighevith different voltage points which
can be sensitive for the initiation of differenspenses. This kind of behaviour has also
been experienced by [13, 14] in which differentadie state responses can be induced
simply due to small changes in system parameteisital conditions. In view of this
behaviour, there have been a great deal of sinoatbeing carried out in order for the
system to be able to exhibit the type of requiremidresonant response. That is the reason
that a large amount of simulations lasting for & fg/cles are sometimes required for the
determination of both the Period-1 and Period-poases. Furthermore, from the UK
perspective as quoted in [72], the onset of thie tgf phenomena has been considered as
random or stochastic which is dependent on systemanpeters. In addition, [11]
mentioned that the nonlinear system of ferroresomaondition is extremely susceptible
to changes in system parameters and initial canditi The system can induce different
responses upon a small change of system voltagacitance or losses. [17] described that
ferroresonance phenomena relied on (1) the dedreeaasformer’s residual flux, (2) the

initial charge of the capacitive elements and [§&8)goint on the voltage wave.
The major limitations that all the six simulatiorodels have are explained as follows;

(1) Period-1 ferroresonance

Case Study 1, 2, 3,4,5and 6

Limitation | The magnitudes of the red and blue phase curréatshiave been reproduced

from all the simulation models are only 50% of theasurement ones.

(2) Period-3 ferroresonance

Case Study 1, 2, 3,4, 5 and 6

Limitation | The magnitudes of the three-phase currents repeadéom the simulation
models are relatively small as compared to the caak ones. Furthermore,

both the voltages and currents that have been daped do not contain any

high frequency ripples as expected from the reakon

Due to the limitations of the simulation modelsréfere the next step is to improve one of
the six models by looking into a possible way todifio the parameter of either the

transformer or the transmission line models. Th#éofong questions arise before

modification takes place.

(1) Which simulation model out of six is the best clkoito be employed for

improvement?
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(2) Which component model needs to be modified for owpment? Is it the

transformer or the transmission line model?

(3) Based on what criterion a parameter has been chiosetihhe purpose of model

improvement?

5.6 Improvement of the Simulation Model

In the previous sections, six different types ohiation models have been assessed in
order to determine the best model for the studfeobresonance. The simulation results
produced by each of them are comparable with onthan in terms of the voltage/current
magnitudes and waveshapes. The deficiency thatsithelation results have calls for

improvement of the model so that such limitation ba removed.
5.6.1 Selection of the Simulation Model

There have been six possible predefined transfoemeértransmission line models that are
qualified to be considered in modeling any circtitsthe study of ferroresonance. Which
model or case study is to be taken into considerdtr the improvement? The selection of

the best preference is explained as follows:

Case Transformer
+ Observation
Study T
Transmission line
1 BCTRAN+
;I Modeling of a transformer using the BCTRAN+ model
requires additional effort on curve fitting throutfie 90%,
100% and 110% of the core characteristic and then
2 BCTRAN+ extrapolating into air-core inductance (deep sétmy In
+ addition, a sensitivity study on the degree of isdion has
Bergeron . .
to be carried out in order to select the best core
representation for the study of ferroresonanceth@nother
hand, the transmission line based on Pl represemtad
3 BCTRAN+ . . . . .
M considered to be fairly accurate and simplistic aluhdloes
Marti not require any attention on defining the simulatione step
to be less than the propagation time of the trassion line.
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4 HYBRID
+ Representing a transformer employing the HYBRID etod
Pl does not require the same attention as the way| the
S HYBRID BCTRAN+ model. Instead the core behaviour includitsg
+
Bergeron deep saturation has been internally dealt with dasethe
Frolich equation. The transmission line modele@lican be
6 HYBRID worthy taken into account as the reasons being ngive
+
3. Marti previously.

In view of the above, Case Study 4 is considerdoetthe best option to be employed for

improvements.

The predefined component model that requires at giea of attention in the simulation
model is for the transformer instead of the trassion line; the reason is that its magnetic
circuit has a greater influence on transient ssydparticularly ferroresonance. The core
characteristic that has been developed in the HYBRbdel is determined according to
the 90%, 100% and 110% open-circuit test data laen processed by the build-in Frolich
equation for the flux-linkage/current relationshithis representation of determining the
core characteristic is not fully correct when feespnance condition is considered, since
the magnetic circuit of transformer under this datad fringes out into the air-gap for
example passing through the metallic butt end$iefcores [43]. These air-fluxes passing
through the air-gap has an effect of increasingr¢hectance thus reducing the inductance

of the effective core circuit.

Since this type of core characteristic is not aldé and is impossible to obtain at the
moment, therefore the way to deal with this shbérifato modify the core characteristic.
This is carried out by lowering down the 110% opeguit test point and the outcome

after the modification of the core characteristishown in Figure 5.81.

It can be seen in Figure 5.81 that there is a dskift in the core characteristic after the
110% point has been lowered down. This change stigidgkat there would be a small
amount of increase in the magnetising current geeed; previously the current was at
point ‘A’ and it is now at point ‘B’ after the mditation takes place, the current at this
point has been increased. In addition, there i3 alslight change occurred for the outer-

leg and yoke relationships.
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Figure 5.81: Modified core characteristic

The simulation results employing this type of maadif core characteristic for both the

Period-1 and Period-3 ferroresonance are presamntédure 5.82 to Figure 5.93.

3-phase Fundamental Mode Ferroresonance VoltagesdRod-1)
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Figure 5.82 Period-1 voltage waveforms — Red phase
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Field Test Recording
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Figure 5.83 Period-1 voltage waveforms — Yellow phase
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Figure 5.84 Period-1 voltage waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase voltage Y-phase voltage B-phase voltage
Field recorded +200 kV +300 kV +180 kV
Simulations +175 kV +300 kV +180 kV

Simulations results show that there is slight inweroent on the magnitude of the Y-phase

voltage.
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3-phase Fundamental Mode Ferroresonance Currents @riod-1)
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Figure 5.85 Period-1 current waveforms — Red phase
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Figure 5.87 Period-1 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current B-phase current
Field recorded +200 A +200 A +200 A
Simulations +100 A +200 A +100 A
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For the Period-1 ferroresonance, no improvement been occurred on the current
magnitude with this core characteristic; the redasatue to the fact that the deep saturation

region has not been affected by the modified chegacteristic.

3-phase Subharmonic Mode Ferroresonance Voltagesdfod-3)

(kv) Field Test Recording
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Comparison between the field recorded and simulatsults are as follows:

R-phase voltage Y-phase voltage B-phase voltage
Field recorded +100 kV, -50 kV +100 kV +50 kV
Simulations +75 kV, - 75kV +100 kV +48 kV

Simulation results show that high frequency ripgiase been introduced in all the 3-phase

voltage waveforms.

R phase
Current

Y phase
Current

3-phase Subharmonic Mode Ferroresonance Currents @fiod-3)
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Figure 5.92 Period-3 current waveforms — Yellow phase
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() Field Test Recording
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Figure 5.93 Period-3 current waveforms — Blue phase

Comparison between the field recorded and simulatsults are as follows:

R-phase current Y-phase current B-phase current
Field recorded +50 A +50 A, -45 A 45 A
Simulations 20 A +50 A, -48A +30 A

Major improvement in the simulation results are thigh frequency ripples being
introduced into the waveforms. In addition, thegm&ude of the Y-phase current has

improved significantly.

From the simulation results, it can be seen thattlagnitude of the yellow phase current
has been drastically improved only for the Perio@/8oresonance, the reason is because
this resonance does oscillate around the knee pegibn (see Chapter 3), the region
where the magnetising current has been augmemtadrrh of the high frequency ripples,
both the 3-phase voltages and currents have bdericakeplicate the recording ones. The
reason is because the natural frequency in reléidhe modified core inductance around

the knee point has been excited.

5.7 Key Parameters Influence the Occurrence of Ferroreamance

In this section the parameters are evaluated withim to determine which of them has a
great influence for the occurrence of ferroresoraiibiere are two types of ferroresonance
that have been impinged upon the system; the Rériadd Period-3 ferroresonance.
Period-1 ferroresonance can induce damaging owaged and overcurrents which can
pose a potential risk to the affected transfornmet #he nearby power system components.
In view of this, attention has been drawn to lootoithe parameters that would influence
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the occurrence of this phenomenon. The paramdtatsate likely to contribute to this type

of phenomenon are listed as follows;
(1) the coupling capacitances of the power transfol(@&T1)
(2) the 170 m length cable connected at the secomsildeyof the transformer (SGT1)

(3) the coupling capacitances of the 37 km length d®mwbtuit transmission line

5.7.1 The Coupling Capacitances of the Power Transformer

The effect from the coupling capacitances of thendformer on the occurrence of
ferroresonance can be checked by removing them tihenrmodel; they are the primary-to-
ground capacitance, the secondary-to-ground capeei the tertiary-to-ground

capacitance, the primary-to-secondary capacitamce fimally the secondary-to-tertiary

capacitance.
Transformer coupling capacitance C (nF)
Primary-to-ground capacitance (P-G) 4
Secondary-to-ground capacitance (S-G) 0.5
Tertiary-to-ground capacitance (T-G) 3
Primary-to-secondary capacitance (P-S) 5
Secondary-to-tertiary capacitance (S-T) 4

After a number of simulations, it can be seen iguFeé 5.94 that Period-1 ferroresonance
has been induced into the system and this clearygests that the occurrence of the
phenomenon does not depend on the coupling capeegaf the transformer. This means
that the presence of the capacitances is as sdam niegligible which does not influence
the interaction of exchanging the energy betweenctpacitances and the saturable core

inductance.

Similar characteristics of Period-1 ferroresonarntwe/e been reproduced under the
assumption that the coupling capacitances of thestormer have been removed. The
three-phase voltages show they are rectangulathapes with their ripple around the
voltage peaks. Nevertheless, the currents are pgeatyape with a magnitude of about 200

A peak.
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400 Period-1 Ferroresonance - Three-phase voltages

kvyl. Red phaée — red waveform, Yellbw—phase —'green wévem and Blue-phase — blue waveform
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Figure 5.94: Period-1 - without transformer coupling capacitance

5.7.2 The 170 m length Cable at the Secondary of the Traformer

Previous study shows that the system can inittaéePteriod-1 ferroresonance without the
coupling capacitances of the transformer conneictiedthe system. It is therefore in this
section to look into whether the existence of thers cable would affect this type of

phenomenon. Three-phase capacitances are useddel the cable which is equal to

0.04352uF/phase.

The results from the simulation without the present cable are shown in Figure 5.95,
similar characteristics of Period-1 ferroresonari@ve been preserved without the
presence of the cable capacitance. It is evidexttReriod-1 ferroresonance is still able to
occur into the system even though both the tramsforcoupling capacitances and the
cable are not participating the system. This olsem suggests that these two parameters
do not contribute significantly for the initiatioof Period-1 ferroresonance. The main
reason is that the value of this capacitance issigtificant enough to interact with the
deep saturation of the transformer core charatiteri® view of this, the only possible
capacitances that would interact with the saturatdieictance of the transformer in the

configuration would be no doubt originated from timaible-circuit transmission line.
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400 Period-1 Ferroresonance - Three-phase voltages
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Figure 5.95: Period-1 - without cable
5.7.3 The Transmission Line’s Coupling Capacitances

The configuration of the transmission line that@nected into the system is shown in
Figure 5.96. It consists of two circuits namelyddit 1 and 2 with each of them having the
phase conductors of R1, Y1, B1, R2, Y2 and B2.dditon, because the line is less than
50 km therefore the line is classified as a shoet &nd it is un-transposed. Due to the close
proximity of the phase conductors it is expectedt tthe line consists of coupling

capacitances which play an important role in indgdhe Period-1 phenomenon. In order
to identify the key capacitance the transmissiore lhas to be modeled as a lumped

representation so that each of the coupling cagasis can be separately assessed.
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Figure 5.96 Double-circuit transmission line structure

Owing to the 12 phase conductors and an earth otmigumaking up of 13 conductors that
have been arranged over the single tower, the ldnggeEments of the series impedances
and the coupling capacitances would consist oflB3matrices [44]. The complexity is
simplified to <6 matrices by using the reduced method which caseba in the following

series impedance,

VRl ZMR]. ZRLﬂ ZFiB ZRFZ ZR\Q ZHZB_ IRl
VYl ZYlRl ZYlﬂ ZYI.B. ZYlF2 Z\i\Q ZY B2 IYl
_i VBl - ZBlRl ZBlYl ZBlBl ZBlRZ ZBLYZ ZB].& IBl (52)
dX VR2 ZRZR]. ZRZ\CL ZRZB. ZRZF2 ZFZ\Q ZRB IR2
VY2 ZYZR]. ZYZ\CL ZWB ZYZFQ Z\Q\Q Z\Z B IYZ
_VBZ_ _ZBZRl ZWYI ZBZBl ZBZRZ ZBZYZ ZBZBZ_ L = B2l

Similarly, the matrix reduction process is alsolagble to the charge of the capacitances

of the line as follows,

The 6x6 matrix of the potential coefficients,
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With the capacitance matrix is given [z&] = [ P]_l

As the capacitances of the line plays an importate for the occurrence of Period-1

ferroresonance, it is therefore suggested thalutnped elements of Figure 5.97 are taken

into consideration.
Double-circuit transmission line
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Figure 5.97 Transmission line’s lumped elements
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The values of the equivalent impedances and thactapces matrices which have been

derived can be referred to Appendix A.

The capacitance matrix is in nodal form which iraplthat the diagonal elementsGfis

the sum of the capacitances per unit length betweeductor i and all other conductors,
and the off-diagonal elements G = Cy; is hegative capacitance per unit length between
conductor i and k. The following example illustratihow the ground capacitan€g; is

determined,

Capacitance matrix C matrix (Farads for 37 km):

3.7508E-07| -7.3581E-08 -2.3675E-08 -5.5176E-08 -2.6709E-08 -1.4231E-08
-7.3581E-08 3.8735E-07| -7.0921E-08 -2.6709E-08 -2.3100E-08 -1.9884E-08
-2.3675E-08 -7.0921E-08 3.9898E-07| -1.4231E-08 -1.9884E-08 -3.1545E-08
-5.5176E-08 -2.6709E-08 -1.4231E-08 3.7508E-07| -7.3581E-08 -2.3675E-08
-2.6709E-08 -2.3100E-08 -1.9884E-08 -7.3581E-08 3.8735E-07| -7.0921E-08
-1.4231E-08 -1.9884E-08 -3.1545E-08 -2.3675E-08 -7.0921E-08 3.9898E-07

From the definition the value of the shunt capacéwith respect to groun@g; for
Circuit 1 is obtained as,

CR1=CR1RL_(CRLY1+CREL+ Crpt Cpryt C ERQ
CY1=CY1Y1_(CY1RL+ CuatCyuptCyy Cy Q

Cq = CBlBl_(CBlR1+ Ceivit Criret Cryst CBLB)
For Circuit 2,
CRZZCRZRZ_(CRZF1+ CrutCrat Chryt Cp a

Cv2 :CYZYZ_(CY2F1+ CoutCyppt CyugtCy a

Cg, = CBZBZ_(CBZR1+ Crovit Cromt Crorst CB’ZY)

On the other hand, the off-diagonal elements ared u® represent the line-to-line

capacitances and the circuit-to-circuit capacitance

For the series impedances of each of the cirdugt,résistance and the inductance of the
line are determined based on the diagonal elembngldition mutual inductances of the
lines are also taken into consideration. The impeéanatrix can be referred in Appendix
A.

Finally, the double-circuit transmission line i€thmodeled by Pl representation as shown
in Figure 5.98. All the capacitance values at #i¢ &nd right hand sides of the series

impedances are divided by 2.
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Figure 5.98 Double-circuit transmission line’s lumped elersen

In order to validate the accuracy of the lumpedesentation, a frequency scan to measure
the input impedance is carried out and compareld thi2¢ one produced by the predefined
build-in model. The comparison between the twdisa in Figure 5.99.

Red Phase Red Phase
15 o0 —
| | | — Build-in PI |

— Lumped PI

10

Log (2)

— Build-in PI
— Lumped PI | | |

T I -200 I I I
0 1 2 3 4 0 1 2 3 4

Yellow Phase Yellow Phase

10

Log (2)

— Build-in PI Build-in PI

— Lumped PI | — Lumped PI
0 ‘ j ‘ -200 ‘ j ‘
0 1 2 3 4 0 1 2 3 4

Blue Phase Blue Phase

Build-in PI — Build-in PI
Lumped PI | — Lumped PI

‘ ! -200 I ]
0 1 2 3 4 0 1 2

Log(f) Log(f)

Figure 5.99 Impedance measurement at the sending-end tdemina
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The results show that the impedances produced dyutnped model are similar to the
ones produced by the build-in model and this suggést the lumped model has been
accurately developed based on the individual passiomponents such as resistors,
inductors and capacitors. With the line being medeby the individual resistance,
inductance and capacitance elements, it is thenntheé task to investigate the key

parameter which contributes to the occurrencerobfesonance.

From the simulations, it has been clearly shownt tha model is equally capable to
replicate the 3-phase voltage and current ferror@siowaveforms as the ones produced by
the predefined models, either the PI, Bergeron. dakti. The waveforms are shown in
Figure 5.100.

400 Period-1 Ferroresonance - Three-phase voltages

(kv]

T T TP

-200

-400 ;
465 470 475 4.80 4.85 4.90 4.95 500 [s] 5.05

Period-1 Ferroresonance - Three-phase currents

200
[A]

100

-100

-200
4.65 4.70 4.75 4.80 4.85 4.90 4.95 5.00 [s] 5.05

Figure 5.100 Period-1 ferroresonance - Top: Three-phase ge#taBottom: Three-phase
Currents

The results suggest that the developed lumped nuatebe used for further analysis to
determine the key capacitance that causes therédsmoance to occur. With the lumped
representation, the analysis of the key parametahen carried out by removing the
shunt/ground capacitances, the line-to-line capacés and the circuitl-to-circuit2

capacitances in a step by step fashion.
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The results of simulation after removing the grouwagbacitance and the line-to-ground

capacitance from the line are depicted in Figut®®b.and Figure 5.102, respectively.

Period-1 Ferroresonance - Three-phase voltages

400

[kv]

200" MMMMMMMMM#\MM e MMM
O H ..... h‘ ..... H .......... Mw ..... Frsq'»q ...... ie-u ..... .. FH .......... H ...... H M
WM }M ..... ML« ...... .......... H ..... H ..... H ..... ep H ..... M ..... M ...... HM ..... M ______ |

b [ [t I O A I

-400

5.60 5.65 5.70 5.75 5.80 5.85 5.90 595 [s] 6.00
200 Period-1 Ferroresonance - Three-phase currents

(A]

100

0 ’ I "

-100 | | | e '

-200

5.60 5.65 5.70 5.75 5.80 5.85 5.90 595 [s] 6.00

Figure 5.101 Predicted three-phase voltages and currentsgftend capacitance
removed from the line

Period-1 Ferroresonance - Three-phase voltages

-400 : :
7.30 7.35 7.40 7.45 7.50 7.55 7.60 765 [s] 7.70

Period-1 Ferroresonance - Three-phase currents

400
(kv]

200
[A]
100

T

-100

-200
7.30 7.35 7.40 7.45 7.50 7.55 7.60 765 [s] 7.70

Figure 5.102 Line-to-line capacitances removed from the line
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The results without the ground capacitances shaiRleriod-1 ferroresonance still exists
but there are some changes happened in both ttegechnd current waveforms. For the
voltage waveforms, it can be seen that the shamema the voltage peak were affected
when more capacitances were removed from the However, in the current perspective,
it can be seen that the reduction of capacitanmm fthe line has a significant effect of
reducing the magnitude of the Period-1 ferroresoeamrrent. In addition, the effect also

introduces more harmonic contents into the sysfBinis outcome is analysed by using

FFT plots as shown in Figure 5.103.

Power spectrum (per-unit) Power spectrum (per-unit)

Power spectrum (per-unit)

I I I I [l I 1 1 1
e R S e Red phase |-
o8l 4 I N B L Yellow phase | |
| | | | | Blue phase
0.6F---------7----- e e e e iy et
0.4 | i it ik Al ettt itk it Rty
0.2----1 (i il FTTTTATT T STt T
0 (SN Y U DS S N N N
0 50 100 150 200 250 300 350 400 450 500
frequency (Hz)
Without shunt capacitance
1F----- - ro---- oo 1o - Red phase |-
! ! ! ! ! Yellow phase
0-8”””””’\’ ””” Y [ -
| | | | | Blue phase
0.6F 1~ i e e it S
0.4 | i it ik Al ettt itk it Rt
0.2----1 (i il CTTTTATTT T T STt T
0 1 1 ‘ 1 A 1 A 1
0 50 100 150 200 250 300 350 400 450 500
frequency (Hz)
Without shunt & line-to-line capacitances
11 - :T ***** i ***** ﬂ: ***** % ***** i* - Red phase |
o8l . [ L L [N L Yellow phase | |
| | | | | Blue phase
0.6F 41—~ A ERREEL EEEE R R B R
0.4F--- | A ‘ ***** i e e
: l i l l l l l l
0.2F----4 (i il """y iy el it ity
| | | i | | | |
0 (N N N S N SR B
0 50 100 150 200 250 300 350 400 450 500
frequency (Hz)

Lumped Transmission Line

Figure 5.103 FFT plots for the three cases
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Figure 5.103 shows that the line without the presenf the shunt and line-to-line

capacitances has the influence of introducing harosanto the system.

From the investigation, it has been found that exahe coupling capacitances of the line
play an important role as a key parameter for tt@ioence of Period-1 ferroresonance.
Without the shunt and the line-to-line capacitartedgng part in the line, the arrangement
of the circuit-to-circuit capacitances are actuabnnected in series with the transformer.
This study showed that the series arrangement eofcpacitances and the transformer
serve as a purpose of sustaining the amplitudeeottiree-phase voltages and currents. On
the other hand, the studies without the shunt aedihe-to-line capacitances has shown
that there is a dramatic effect of reducing the léoge of the ferroresonance currents, and
this suggests that both of them are actually couting to the current boosting of the

phenomenon.
5.8 Summary

The simulations involved in all the six case stadigsing both the BCTRAN+ and
HYBRID transformer models combined with either Bérgeron or Marti transmission line
model have been carried out. Out of all the six looiaions of the simulation models have
been developed, and the comparisons between thdasioms and the field recording

results draw the following observations;

(1) A great deal of simulation attempts are regpliin order to reproduce the types of
ferroresonance responses (Period-1 and Period-3)hdysimulation models. The
reason is because of the initial condition of the¢-voltage waves after the current
interruption are not repeatable from one cyclenotlaer cycle.

(2) Degree of saturation for the transformer corasvehosen as = 27 because the

simulation results are comparable with the fielkcbrding waveforms.

(3) There is not single simulation model, outlté six models developed, can be regarded
as the best. All of them are comparable and arallygcapable to replicate both the
Period-1 and Period-3 ferroresonance waveforms. évew the limitations of these
models are that they are not able to match theestimagnitudes of the red and blue

phases of the Period-1 ferroresonance and alsihtbe-phase currents of the Period-3
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ferroresonance. In addition, there is no high fesmy ripples appearing on both the 3-

phase voltages and currents.

(4) All the six simulation models can be employedthe study of ferroresonance but one

particular model i.e. modeling the transformer gskiYBRID and the transmission

line in Pl has been preferred.

(5) The preferred model is then further improvednmydifying the core characteristic and

(6)

the improved model is able to provide the high fiesacy ripples on the three-phase
voltage and current waveforms for only the Periof3oresonance. In addition to

that, the magnitude of the yellow phase currentdess drastically manifested.

Discrepancy between recorded and predictedenurstill exists for Red and Blue
phases. One of the possible reasons could be dtleetoore characteristic used to
model the transformer is not fully representatigeatcount for the flux distribution
into airgap and its fringing effect, particularlyn the case of deep saturation.
However, the shapes (see waveform figures) matik qell between the simulation

and the field recording waveforms.

The observations on the key parameters that waiildence the occurrence of the Period-

1 ferroresonance are explained as follows:

1)

(2)

Both the transformer’s coupling capacitanceas e cable capacitance do not provide

any significant influence on the occurrence ofPegiod-1 ferroresonance.

From the investigation, all the coupling capaaces of the line have contributed
individually to the occurrence of the phenomenohe Tole of the circuit-to-circuit

capacitances is to provide the sustainable ampglitefdthe ferroresonance while the
rest provides the additional energy transfers fritre line to the saturable core

inductance.
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CHAPTER 6

6. MODELING OF 400 KV IRON-ACTON/MELKSHAM
SYSTEM

6.1 Introduction

In the preceding chapter, modeling of power systemponents to represent a 400 kV
transmission system was carried out. The simulati@del which has been developed is
able to reproduce both the Period-1 and Periodr®riesonance waveforms in good
agreement with the field test recording waveforms.

The aim of this chapter is to carry out a caseystud a particular circuit configuration,
regarding the likelihood of occurrence of sustaiieddamental frequency (Period-1)
ferroresonance. The study considered a complexgement including a mesh corner
substation connected by overhead lines to a tramsiofeeder. The assessment upon the
circuit is carried out by simulation studies usihg ATPDraw. Since there are no field
recording waveforms available for comparative veation, modeling of the individual
components to represent the system are based ofriteeia that have been obtained

previously.

In addition to evaluating the system, this chaptsio investigates the effectiveness of
mitigation measure to quench the intended ferror@sce by switching-in a 60 MVAR

shunt reactor which is connected at the 13 kVagrtwinding.

Furthermore, a sensitivity study on transmissioe length is also carried out with an aim

to find out the likelihood of occurrence of ferreomance.

6.2  Description of the Transmission System

Figure 6.1 shows the single-line arrangement of @nthe circuits on the National Grid
transmission systems. The circuit arrangement wisidielieved to have a potential risk of

inducing the Period-1 ferroresonance consists 33 &m long double-circuit transmission
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line connecting with two power transformers: a MWJA, 400/275/13 kV (SGT5) and a
180 MVA, 275/132 kV (SGT4). One unit is a transfemfieeder and the other on the mesh

corner.

This study is based on National Grid enquiry toeveluate the existing Period-1
ferroresonance mitigating methods on the Iron Adtmtksham system. It is noted that the
current standard practice in the case of ferromso®m occurrence, is to quench
ferroresonance current through the opening of ithe disconnectors labeled as L13 and
H43, as identified diagrammatically in Figure 6.1.

/—©
I_ DOL’Q'?_CUQL“U'ne Loac
:l_/_u_/ I ' >
é
Ve

|
: Circuit 1
7/
Mesh Corner ¢CBZE
1
1
1
1

13

Substatior

SGT5

7
—/ / —I:I—/ S

Iron Acton
@-/ 275 KV

Loac

Figure 6.1: Single-line diagram of Iron Acton/Melksham system

Table 6.1 summarises the initial circuit conditioermal operation), i.e. prior to

ferroresonance occurrence. The circuit arrangemietfie Iron Acton/Melksham system is
likely to experience ferroresonance; the conditiolegeded to initiate this scenario are
tabulated in Table 6.2.

Table 6.1: Status of circuit-breakers and disconnectors fomab operation

Iron Acton substation Melksham substation
Circuit-breaker Switch Circuit-breaker Switch
CBl1 | CB2 CB4 L12 H43 CB3 L13 | L14
close| open | close | close| close close Close close
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Table 6.2: Status of circuit-breakers and disconnectors triggeerroresonance

Iron-Acton substation Melksham substation
Circuit-breaker Switch Cireuit- Switch Remark
breaker

CBl1| CB2 | CB4| L12 H43 CB3 L13 L14

SGT4 and SGTH
open| open | open| close | close open close| close experience
ferroresonance

The assessment of ferroresonance was carried dtthe assumption that all the circuit
breakers (i.e. CB1, CB3 and CB4) are simultaneooggned, CB2 has either already been
opened or is tripped under the same protectionnrseh@he point to note is that although
the circuit is tripped both transformers remaincleally connected to the overhead line

and are therefore candidates for ferroresonance.

6.3  Identify the Origin of Ferroresonance

Conditioning the circuit of Figure 6.1 into ferremance state following the switching
events of the three circuit breakers is identified, a result, a ferroresonance path as
indicated by the red lines shown in Figure 6.2 will involve the interactiontiween the
double-circuit transmission line and the two powansformers, SGT4 and SGT5. From
this event, there are two transient events thag fh@en impinged upon the system; the first
one is the opening of the three circuit breakexrsGB1, CB3 and CB4, and the second one
is the energisation of Circuit 2 by adjacent liireel(Circuit 1) via the transmission line’s

coupling capacitances.
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SGT4 —n
. CB4
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Figure 6.2: Single-line diagram of Iron Acton/Melksham system

It is expected that a similar type of Period-1 deesonance to the one that has been
induced in the previous system network will occpom this system arrangement. The
reason is that the two circuits have been similangrgised via the transmission line’s
coupling capacitances. In addition, the methodst thath the circuits have been

reconfigured into ferroresonance condition are aleatical with each other.

6.4  Modeling the Iron-Acton/Melksham System

The main task in this section is to model the wisylstem such that the model can be used
for the study of ferroresonance. In order to dat,tleach of the components that are

involved in the circuit is firstly modeled and thase presented in the following sections.

6.4.1 Modeling the Source Impedance and the Load

Figure 6.3 shows the simplified single-line diagrafmthe Iron-Acton/Melksham system

and the ways the source impedances and the loatbtmenined.
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Figure 6.3: Modeling of the source impedance and the load

The rest of the system connected at the mesh sofend 4 of Figure 6.3 are then
simplified by assuming that the substation hasménite bus with a fault level of 20 GVA.
Furthermore, this assumption is also applied to Nfedksham 400 kV substation. The
inductive reactance is calculated based on theageltlevel at the bus-bar. Detailed
calculations of the reactances at the two subsistwe shown in Figure 6.3. For the load
impedances which are identified as Load 1 and ashch of them is assumed to have a
load of 500 MVA and 120 MVA with a power factor 8%, respectively.

6.4.2 Modeling the Circuit Breaker

It has been mentioned that the evaluation of fesmnance was carried out with the
assumption that all the circuit breakers (i.e. CEB3 and CB4) are simultaneously
opened, CB2 is assumed to be open. In this cashy she three circuit breakers are
modeled by using the 3-phase time-controlled sw#cith no current margin, the same

criterion applied to the circuit breaker of the BtaThorpe/Brinsworth system.
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6.4.3 Modeling the Cable

The cables which are connected at the primary@&i@=T4 and at both sides (i.e. primary
and secondary) of SGT5 are assumed to have alealgiin of 500 m each. All of them are
modeled as capacitor and the respective valuededaeemined by referring to the technical
cable data as [70]:

SGT4: 275 kV cable, C = 0.126~
400 kV cable, C =@/buF

SGT5: 275 kV cable, C = 0.126~

6.4.4 Modeling the 33 km Double-Circuit Transmission Line

The double-circuit line connected between the Woton and Melksham substations is 33
km in length on L3/1 tower design. It can well besdribed as a short line; therefore the
line can be represented by un-transposed configarathe physical dimensions for the
L3/1 tower are shown in Figure 6.4. Other relavaiductor parameters can be found in
Appendix A [47].

Eartt
ﬂ‘_ _________ Q I[C_U_It_]; Circuit 2 Radius of conductors:
Earth conductor = 9.765 mm
R1 R2 Phase conductor = 18.63 mm

30.88n Yl%4.26 n 4.26 §°Y2

12.16 n

L N S W Ground.surface...

. b))) R e
Figure 6.4: Double-circuit transmission line physical dimenson
Based on the transmission line’s physical dimerssimmd parameters which are available,

it was modeled in ATPDraw using the integrated LGKjects and the mathematical

approach to model the line is based on the trangelvave theory by using the Bergeron
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model. To verify the line is accurately modeledeliparameters check, line parameters
frequency check, transmission line model rules khaw transmission line model length

check are shown in Appendix D.
6.4.5 Modeling of Power Transformers SGT4 and SGT5

Two transformer models, BCTRAN and HYBRID have bekstussed earlier. Since the
HYBRID model required core dimensions of the transfer which is not available, the
BCTRAN+ model is therefore employed. Both transfersn\SGT4 and SGT5 are modeled
using BCTRAN+ [44] transformer model based on tpere and short-circuit test data.
The open-circuit test (No-load test) was carried atuthe 13 kV winding consisting of
measured per-unit voltage, no-load current and péegs. The short-circuit test performed
at the respective winding consists of measured dapees and power loss. The electrical
specifications of both the transformers are deedrib Table 6.3 and Table 6.4.

Table 6.3: Open and short circuit test data for the 180 MV#n@atransformer

NO-LOAD LOSS on TERT. (30 MVA) LOAD-LOSS on HV
VOLTS KWATTS

AMPS | kWatts VOLTS | IMP | AMPS | At Corrected

% | MEAN | R.M.S >0°C 0 75C
4.15 HV/LV @180 MVA

90 | 11700 | 11620 5.20 | 68.05 39730 | 14.40% 378 | - | 533.40
7.25
7.15 HV/TERT @ 30 MVA

100 | 13000 | 12960/ 8.10 | 87.25 32480 | 11.81% 63 | - | 57.00
11.50
14.60 LV/TERT @ 30 MVA

110 | 14300 | 14316| 15.75 113 12750 | 9.66%] 131.20] - | 57.60
22.15

(1) No-load calculation:

(4.15+ 5.20r 7.2 _

90%: I, = 3 =5.53A (line current)
I, (pu) =5.53x% J3x11.62< 10 x 100= 0.069 @180 MVA
180% 10
(7.15+ 8.1+ 11.5 .
100%: . = =8.92A (line current)

ex 3
J3x12.96¢ 10

x 100= 0.119@ 180 MVA
180 10 @

| (pu) =8.92x
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(14.6+15.75 22.1p
110%: o = =

- 3 17.5CA (line current)

|Expos=17.50><*/§x14'32‘ 10, 100 0.249 @ 180 MVA

180x 106

(2) Load loss calculation:

_ 39730 18c 16
\/§X378(275x16)

>%100=14.44% @ 180 MVA

_ 32480 30« 10
e x/§><63(275x 16)

>x100=11.81% @ 30 MVA

12750 3 18
«/§><131.20(132x 16)

>x100= 9.66% @ 30 MVA

LV-TV —

Table 6.4: Open and short circuit test data for the 750 MV#natransformer

NO-LOAD LOSS on TERT. (30 MVA) LOAD-LOSS on HV
VOLTS KWATTS

AMPS | kWatts VOLTS IMP AMPS | At Corrected

% | MEAN | R.M.S s0c | o750
5.89 HV/LV @750 MVA

90 | 11700 | 11716| 5.22 | 55.97 47499 | 11.87% 1083 | - | 988.80
6.68
6.04 HV/TERT @ 60 MVA

100 | 13000 | 13021| 5.09 | 72.27 27900 | 7.01%] 86.18 | - | 104.30
6.96
8.01 LV/TERT @ 60 MVA

110 | 14300 | 14392| 5.79 | 102.34 15070 | 5.46%| 126.42] - | 108.70
7.83

The required per-unit open-circuit test currentsdach of the 90%, 100% and 110% are

calculated as follows:

(1) No-load calculation:

(5.89+ 5.22+ 6.68 .
90%: I, = 3 =5.93A (line current)
J3x11.72¢ 18

750% 16

I (pu) =5.93x x 100= 0.016 9@ 750 MVA
04+ 5, .
100%. | _(6.04+5.09- 6.95 _

ex 3 6.03A (line current)

J3x13.02¢ 10

x100= 0.018%@ 750 MVA
750x 16 @

I, (pu) =6.03x
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(8.01+ 5.79+ 7.83
110%: o = 3 =

7.21A (line current)

J3%x14.39% 16

IEXPOS=7.21x x100= 0.024°% @ 750 MVA
750%x 10
(2) Load loss calculation:
47499  75( 1B

x100=11.87% @ 750 MVA

HV-LV — \/§><1083(400x 16)2

_ 27900 60« 10
\/C_’>><86.18(4oox 1c'f)2

x100= 7.01% @ 60 MVA

ZHV—TV

_ 15070 60x 16
e \/§><126.42(275>< 16)

>x100= 5.46% @ 60 MVA

Once the transformer model has been developesl tlitein verified with the real test data
and the results of comparison are presented asrsimwable 6.5 and Table 6.8. The
results suggest that the simulation values are eoabe with the real measurement results
in general, only the simulated power loss at 11Q8énecircuit test is lower than the
measured one, indicating that core resistance tismet represented in BCTRAN+ for

saturation or near to saturation region. .

SGT4: 180 MVA

Table 6.5: Comparison of open-circuit test between measurdB&TRAN

Vims [KV] Measured BCTRAN

Irms [A] | P [kW] | Irms [A] P [kW]
11.7 (90%) 5.53 68.05 5.22 69.66
13 (100%) 8.92 87.25 8.36 86.63
14.3 (110%) 17.50 113 17.08 105.61

Table 6.6: Comparison of short-circuit test between measunedBCTRAN

vims [V] Measured BCTRAN
Irms [A] | P[kW] | Irms[A] | P [kwW]
HV/LV @180 MVA

39730 378 | 533.40, 379.14 536.91
HV/TERT @ 30 MVA

32480 63 57 63.02 57.80
LV/TERT @ 30 MVA

12750 131.2 57.6 131.28 58.417
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SGTS: 750 MVA

Table 6.7:Comparison of open-circuit test between measurddB&TRAN

Vims [KV] Measured BCTRAN

Irms [A] | P [kW] | Irms [A] P [kW]
11.7 (90%) 5.93 55.97 5.55 58.70
13 (100%) 6.03 72.27 6.06 72.50
14.3 (110%) 7.21 102.34 7.56 88.57

Table 6.8:Comparison of short-circuit test between measunedBCTRAN

vims [V] Measured BCTRAN
Irms [A] | P[kW] | Irms[A] | P [kwW]
HV/LV @180 MVA

47499 1083 | 988.8 1083 989.6
HV/TERT @ 30 MVA

27900 86.18 | 104.3 86.17 103.52
LV/TERT @ 30 MVA

15070 126.42 | 108.7 126.43 109.74

The magnetic core of the transformer which accodatssaturation effect has been
modeled externally connected via the tertiary wagdiThe saturation curves for SGT4 and
SGT5 are derived according to the previous modéognique and it is depicted in Figure
6.5 and Figure 6.6.
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Figure 6.5: Saturation curve for SGT4
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Figure 6.6: Saturation curve for SGT5

The degree of saturation of the core charactesistic both the 180 MVA and the 750
MVA transformers is chosen as= 27. This level of saturation was used because th

similar core saturation characteristic has beerdagdd through ferroresonance study in
Chapter 5.

6.5  Simulation Results of Iron-Acton/Melksham System

All the components in the system are modeled iniljdtigure 6.7 represents the complete
simulation model.

Switch-in
Reacto

|—===n

1 = !

1 1
1 33km
| Bt 1
| v
1
}
1

Lo

275 kV sourci

EE:

Double-circuit Cable
Transmission

A"‘
halla it
Cable! 1!

Figure 6.7: Single-line diagram of transmission system
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The model included a 33 km double-circuit transioisdine, two 3-phase transformers
with different ratings, circuit breakers, a shugdictor and cables. The models are based on
manufactures’ data sheets, test reports and odheged information supplied by National
Grid, UK.

A total of 100 simulations were performed withobe tpresence of switching-in of a 60
MVA shunt reactor. Figure 6.8 shows the simulati@sult at the 275 kV side of
transformers SGT4 and SGT5 when the circuit breakéBl, CB3 and CB4 are
simultaneously opened by protection at t = 0.540ds.

S-phase ferrnresu:unanu:e w:urtage att=0t0 3.5 seu:

I__-I

............. Transmnt perludqh

1

-400 T T T T T T {
0.0 0.3 1.0 1.5 2.0 2.3 3.0 [=] 35

Figure 6.8: 3-phase sustained voltage fundamental frequenoyrésonance

At the instant when all the three circuit breakars simultaneously opened, there is
evidence of transient overvoltage occurring in pleeiod between 0.546 seconds to 0.8

seconds before locking into sustained steady-&iattamental frequency ferroresonance.

Figure 6.9 shows the steady-state ferroresonanuea8e voltages. The 3-phase voltage
waveforms are rectangular in shape with the madaitnf the A-phase being twice of the

magnitude of the B- and C- phases.

200 J-phaze ferraresonance voltage at t=3.310 3.5 sec

(k%]
2004 ---

100 +--

=200

=300 T T T T T T T T T
3.30 3.34 3.38 342 346 [g] 350

Figure 6.9: Sustained fundamental frequency ferroresonance3te33.5 sec)
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Figure 6.10 shows the corresponding 3-phase cagtrémtthe instant of t = 0.546 seconds
when all the three circuit breakers are simultasBowpened, there is a transient
overcurrents occurring in the period between 0<£eifbnds and 0.8 seconds.

400 3-phase ferroresonance current st t=0to 3.5 sec

(4]
200

Transient period ---t--------motommmmomsmsdseoomooeopo oo
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Figure 6.10: 3-phase sustained current fundamental frequenoyrésonance
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Figure 6.11: Sustained fundamental frequency ferroresonance3te33.5 sec)

Figure 6.11 shows the steady-state ferroresonarmétavaveforms. The magnitude of the
current waveform in Red-phase is much higher thatlow-phase and Blue-phase of
transformer SGT5. The waveshapes of the 3-phasemntsrare peaky in shape which

signified that transformer SGT5 is operating in $héuration region.

Circuit breaker pole scatter has not been congideradetail, but would be difficult to

control in practice.

A power spectrum of the voltage waveforms and pipdesee diagrams was created to
assist classification of the observed ferroresonamde. Figure 6.12 shows the frequency
contents of the 3-phase voltages between 3 to &bnsls, which mainly reveal the
presence of fundamental frequency (50 Hz). Not¢ tha power spectrum has been

normalized.
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Figure 6.12: FFT plots

A good and brief explanation about phase-planerdrags presented in [14]. A phase-
plane diagram provides an indication of the wavefqeriodicity since periodic signals
follow a closed-loop trajectory. One closed-loopame that a fundamental frequency

periodic signal; two closed-loops for a signal pdriwice

The phase-plane diagram (i.e. flux-linkage versokage) of this response is shown in
Figure 6.13. The orbits shown encompass a timeviat®f only one period of excitation.
The structure of the phase-plane diagram consigialg one major repeated loop for each

phase which provides an indication of a fundamenégjuency signal. Note that the phase-

plot has been normalized.

Phase plot

15

the source period, and so on.

Red phase
Yellow phase
Blue phase

Flux-linkage ( {f1.L1}

-1.5

Figure 6.13: Phase plot of Period-1

ferroresonance
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FFT and phase-plane diagrams are useful tools éogresing sustained fundamental
frequency ferroresonance. However, if the respaeseandom such as chaotic mode
ferroresonance, then the construction of the Poéncaap [73] would be suitable for
identification of the type of ferroresonant mode.

If the ferroresonance is allowed to persist withany preventive measures, a catastrophic

failure of transformer might occur.

6.6  Mitigation of Ferroresonance by Switch-in Shunt Reator

Several mitigation measures have been proposedrdwemt ferroresonance in the

literatures.

A good explanation about the employment of temponasertion of damping resistors for

voltage transformers is presented in [40]. Thestesiconnected in the secondary of a VT
(voltage transformer) has been considered as éigabimeans to damp out ferroresonance.
However, this requires ferroresonance to be detexthiat the design stage such that a
device to detect the presence of ferroresonaneddsd and hence provide an automatic
connection of the damping resistor as soon as itbaitcbreaker is opened. Besides, the
selection of the most efficient damping resistar dptimum damping and the necessary

connection time of the resistor need to be prerdeted.

In terms of power transformers, a practical exampiesented in [13, 16] was the
employment of a damping resistor connected acrhosssécondary of the transformers.
Alternative methods include the use of air-corect@aconnected across the HV winding
[13] and connected permanently at the bus [16]. praper design of the switching
operation to avoid power systems configuring intdeeroresonant condition [4] also
provides the other mean of preventing ferroresoaimen occurring.

This study considers suppression of the sustainedaimental frequency ferroresonance
by switching-in the shunt reactor connected actios< 3 kV winding of SGT5. The reason
that shunt reactor switching is considered in #tisdy as a ferroresonance mitigation
measure is the cost effectiveness, which is to theeexisting installed reactor in the
substation rather than purchasing new dampingtoesig sensitivity study has been

carried out to identify the critical value of thausit reactor in terms of reactor rating
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(MVA value). Five values of shunt reactor ratingerev analysed and the results of

simulations are presented in Figure 6.14.

I MVAR

I T T t T T t 1 _q
0.0 05 10 1.5 20 25 a0 gl 35

5 MVAR

......................

] . . ' . : ' | _qn4 ' ' ' } } }
0.o 15 10 1.5 20 23 a0 gl 33 0o 05 10 1.5 20 5 30 E] 34

Figure 6.14: Suppression of ferroresonance using switch-in steattors at t=1.5 sec

Figure 6.14 shows the effects of suppressing ttstased ferroresonance using shunt
reactor ratings of 1 MVAR, 5 MVAR, 10 MVAR, 30 MVARNd 60 MVAR. Values up to

5 MVAR do not succeed in suppressing the ferrorasoe as the ferroresonance is
disturbed slightly when the reactor is switchedsmd then tends to build up again. On the
other hand, the 10 MVAR manages to damp out th@resonance but not effective, it

generates repetitive oscillation. The only shuicter ratings which effectively suppress

the ferroresonance are the 30 and 60 MVAR rea@ndsthe later one has shown to be
most effective in terms of a faster damping ratshbuld be noted that the purpose of the
shunt reactor is to control system voltage duriegagals of light system loading, so this

technique would not be routinely available for éeesonance alone.

The five voltage waveforms of Figure 6.14 are thetcomes of damping out

ferroresonance with switching-in of five differerdtings of shunt reactors. The main
reason that the 60 MVAR can provide highly effeetdamping is due to the fact that the
presence of this shunt reactor provides the sndifesar inductance connected in parallel

with the non-linear transformer core inductancg(Fe 6.15).
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Figure 6.15: Core connected in parallel with shunt reactor attarsstics

As a result of that, the resonance condition ofcmag the equivalent coupling capacitive
reactance and the core inductive reactance wouldldstroyed, and this change of
inductive characteristic discontinues the maximunergy transferred between the network
coupling capacitance and the transformer core itathee and eventually dissipates the
energy into the resistive part of the system. Tlagmtude of the ferroresonance voltage
could not be sustained and eventually dies out.

6.7  Sensitivity Study of Double-Circuit Transmission Lne

The main aim of this section is to investigate féneel of influence on ferroresonance by
varying to the line length. With this knowledge,stuseful for system engineers to plan
ahead the type of protection schemes with the knavenength which is able to cause the

onset of ferroresonance.
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When the line length is varied from 5 km to 35 kmstep of 5 km, a number of
ferroresonant waveforms as shown in Figure 6.1fidare 6.17 have been observed. Both
the 10 Hz and 6 Hz were observed when the line length is varie@3020, 25, 30 and
35 km. These responses consist of frequency compoioé f/5 and f/3 respectively. The
chaotic response of Figure 6.18 was observed whieetirte length is at 30 km, it is a non-
periodic which appears to have an aspect of randesin terms of its magnitude and
frequency. The FFT plot revealed that the signalsts of continuous spectrum of
frequency.
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Figure 6.16: Top: 10 Hz subharmonic ferroresonant modettom: FFT plot
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16 BY Hz subharmonic mode
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The fundamental mode of Figure 6.8 is considereddothe most severe one as its
sustained amplitude is the highest as compareldetother types of ferroresonant modes.
This is due to that the maximum energy has beersfeaed between the transmission
line’s coupling capacitance and the nonlinear italoice of the core. The transfer of energy
without any damping can repeatedly drive the cate saturation for every cycle of the

system frequency. Then excessive peaky currento@ilirawn from the system as a result

of excessive flux migrates out of the core.

A total of 700 simulations were carried out witke tine length varied from 5 km to 35 km,
in step of 5 km. For each incremental step, theudibreakers (CB1, CB3 and CB4) are
assumed open simultaneously, starting from 0.5mskcap to 0.6 seconds, in step of 1 ms.
The probability of occurrence for each of the feesmnant mode was determined and the
results are presented in Figure 6.19.

B 10 Hz subharmonic
m16.67 Hz subharmonic
@ Chaotic mode

W50 Hz fundamental mode

% prohahility of occurence

Skm 10km 15 km 20 km 25 km 30 km 35 km

Transmission line length

Figure 6.19: Probability of occurrence for diffetdéerroresonant modes

Figure 6.19 shows that several ferroresonant mdu@ge been induced into the
transmission system; there are the 10 Hz subhaomuonde, the 16.67 Hz subharmonic
mode, the 50 Hz fundamental mode and the chaotaenibhe chart shows that none had
happened for the line length of 5 km. However, trend reveals that both types of
subharmonic and fundamental modes are more proedumten the line length is
increased to 35 km but the trend is in stochastishibn. The probabilities of

ferroresonance occurrences are not directly prapai to the increased in the line length.
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6.8 Summary

Ferroresonance is a complex low-frequency trangiesehomenon which may occur due to
the interaction between network coupling capaciaand the nonlinear inductance of a
transformer. In this case, the UK transmission oekvihas provided an ideal configuration
for ferroresonance to occur, when one circuit & tlouble-circuit transmission line is
switched out but it continues to be energised tinocoupling capacitance between the

double-circuit transmission lines.

The ATP software has been employed to assess lalihtiod of sustained fundamental
frequency ferroresonance. The graphical simulatsults presented in this chapter clearly
show that ferroresonance can occur. However, thended ferroresonance has been

successfully and effectively damped by a switchredhiunt reactor.

The onset of ferroresonance phenomenon in thisstady is caused by the energisation of
both transformers SGT4 and SGT5 which were capatyticoupled via adjacent live line
when one of the double-circuit lines has been $weiticout. A number of ferroresonant
modes have been induced; there are the 10 Hz subhar mode, the 6 Hz
subharmonic mode, the chaotic mode and the 50 Hdafmental mode. However, the
statistically analysis shows that the probabilityoocurrence of a particular ferroresonant
mode is random in nature as the line length iseimsed. Interestingly, ferroresonance is
not likely to occur for the transmission line leimngif below 5 km. The reason is due to the
fact that the circuit-to-circuit capacitances oé ttlouble-circuit line are not sufficiently

large enough to cause the core working in the aatur region.
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CHAPTER 7

7. CONCLUSION AND FUTURE WORK

7.1 Conclusion

The study begins by briefly outlining the main ftion of power system network and the
status of the network due to the development ofintelogical equipment, population
growth and industrial globalisation. Along with wetrrk expansion and integration, serious
concern has been raised on the occurrence of érargilated events. The consequences of
such event may be system breakdown and catastrofgliiiore of power system

components such as arrestors, transformers etc.

One of the transients which are likely to be causgdwitching events is a low frequency
transient, for example ferroresonance. Prior toitli@duction of such a phenomenon, a
linear resonance in a line&, L and C circuit is firstly discussed, particularly the
mechanism on how resonance can occur in a lineeuiti Then the differences between
the linear resonance and ferroresonance are igehtii terms of the system parameters,
the condition for the occurrence of ferroresonaand the types of responses. Several
ferroresonant modes can be identified and they remmely the fundamental mode,
subharmonic mode, quasi-periodic mode and chaotidem In addition, the tools to
identify these modes employing frequency spectrbRir§, Poincaré map and phase-plane
diagram have been presented. This is followed kpkifg into the implications of
ferroresonance on a power system network, rangmm the mal-operation of protective
device to insulation breakdown. Two general methofdmitigating ferroresonance have

been discussed to avoid the system being put irdess

Survey into different approaches on modeling ofdirsonance in terms of practical and
simulation aspects has been carried out. Therévareategories of ferroresonance studies
which have been presented in the literatures; tiagyical approach, the analog simulation
approach, the real field test approach, the laboyaheasurement approach and the digital
computer program approach. The drawback of analyaipproach is the complexity of the
mathematical model to represent an over simplifiecuit. The analog simulation and the
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small scale laboratory approaches on the other hdmdot truly represent all the
characteristics of the real power network. In camntrthe real field test being carried out
upon the power network will put the test componemider stress and even in a dangerous
position. Despite of the major advantages of coeapstmulation approach, the major
drawback of employing computer simulation for maulgkthe power system network is the
lack of definite explanation on modeling requiretseim terms of selecting the suitable
predefined models and validating the developed tsodéhe only way to find out the
validities of the developed models is to compare simulation results with the field

recording waveforms.

Prior to the identification of the individual compent model and hence the development
of the simulation model for a real case scenam® of the main aims of this study is to
look into the influence of system parameters omgla-phase ferroresonant circuit. This
includes (1) the study of the influence of magnetisresistanceR, (2) the study of
influence of degree of core saturations with eaadedn relation to the change of grading
capacitor of circuit breaker and the ground capack. The studies from part (1) turned
out to be that high core-loss has an ability to pseps the sustained Period-1
ferroresonance as compared to low-loss iron coréctwhs employed in modern
transformers. On the other hand, the study fronh (@rrevealed the followings: (a) high
degree of core saturation — sustained fundamerddens more likely to occur, however,
subharmonic mode is more likely to happen at higlner of shunt capacitor and low value
of grading capacitor (b) low degree of core satonat fundamental mode occurs at high
value of grading capacitor but limited at highenga of shunt capacitor, however,
subharmonic mode is more likely to occur at higlugaf shunt capacitor and low value

of grading capacitor. Chaotic mode starts to oedathr low degree of core saturation.

The fundamental understanding upon the influencgystem parameters on ferroresonance
in a single-phase circuit has been described. Roidhe development of the simulation
model for the real case three-phase power systéworie the identification of the models
of the circuit breakers, the transformers and thesmission lines in ATPDraw which are
suitable for ferroresonance study is firstly catraut. The appropriateness of each of the
predefined model is assessed by applying the eriserpported by CIGRE WG 3.02. In
regards to the circuit breaker, a simplistic mob@éed on current zero interruption has

been found to be appropriate as the current stéifigrimresonance is only focused on the
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sustained responses, not the transient part. NélRkeitransformer model, as this device has
a great influence on low frequency transients floeeethe mathematical derivation of the
saturation were carried out in order to understiedtheoretical background. In addition,
the influence of harmonic contents when the coerates in deep saturation is also studied.
It is found that transformer representation fordezsonance study required the following
effect to be modeled: the saturation effect, ttmn-iosses, the eddy current and the
hysteresis. Saturation effect is for the transfornte include the nonlinearity of core
characteristic. Iron-loss is actually consists géthresis and eddy current losses, these
losses are used to represent the ohmic loss inrdimecore. On the other hand, the
hysteresis loss is depending on the type of corenah Modern transformers usually
employed low loss material aimed at improving tligciency of the transformer. Two
predefined transformer models in ATPDraw have hdentified to provide these features:
they are the BCTRAN+ and the HYBRID models. Themtdifference between the two is
the way the core has been represented. On the lndinel;, for the transmission line, three
predefined models in ATPDraw haven been considehedP| model, the Bergeron model
and Marti model. As the main aim is to determine thest possible model for
ferroresonance study, the following combinationslagwn in the table have been drawn

up as case studies.

Power Transformer model | Transmission line model
Case Study 1 BCTRAN Pl
Case Study 2 BCTRAN Bergeron
Case Study 3 BCTRAN Marti
Case Study 4 HYBRID Pl
Case Study 5 HYBRID Bergeron
Case Study 6 HYBRID Marti

With each of the case as shown in the table, alaton model was developed in
ATPDraw to represent a real test scenario (ThorpeskfBrinsworth) with an aim to
reproduce the 3-phase Period-1 and Period-3 fawaence matched with the field
recording ones. The overall outcomes produced ftbensimulations for all the cases
suggest that they are all able to match quite whilvever, the magnitudes of the Period-1
red-phase and the blue-phase currents were foubd &% lower than the real test case.
On the other hand for the Period-3 ferroresonattoe, magnitudes of all the 3-phase
currents are considerably smaller and in additoothat there is no ripple being introduced
in both the voltage and current waveforms in tlmeusation results. Slight improvements
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have been made to the simulation model, and thdtsesuggest that only the Period-3
ferroresonance has a slight improvement in terntbaif current magnitude and the ripple.
From the study, it is suggested that transmissioa lising Pl model and transformer
employed HYBRID model are the most suitable forrdegsonance study. The
investigations into the key parameter that inflieetite occurrence of ferroresonance have
been carried out. The study began by looking ihtoremoval of the transformer coupling
capacitance, and then followed by removing cableacéance, the simulation results
revealed that Period-1 ferroresonance still occurfarther study is then carried out by
representing the line in lumped parameter in Praggntation and each of the coupling
capacitances are then evaluated. The studies shtvaédhe sustainable resonance is
supported by the interaction between the serieaai@mce (i.e. the circuit-to-circuit
capacitance) and the saturable core inductancey Tinefact provide the resonance
condition of matching the saturable core inductigactances thus providing sustainable
energy transfer. On the other hand, both the grcamdl line-to-line capacitors supply

additional discharging currents to the core.

Once the types of transmission line and the transfo model have been identified which
are suitable for ferroresonance study, they ane émeployed to develop another case study
on a National Grid transmission network with an & evaluate the likelihood of
occurrence of Period-1 ferroresonance. From thailaiion, it has been found that the
Period-1 ferroresonance can be induced into thieisysAn effort was then carried out to
suppress the phenomena by switching-in the shataewhich is connected at the 13 kV
winding side. A series of different shunt reactatings have been evaluated and it was
found that a 60 MVAR reactor is able to quenchghenomena in an effective way. In
addition, sensitivity study on transmission linendeh was also carried out and the
simulation results suggests that sustained fundehaquency ferroresonance will occur
for the line length of 15, 20, 25, 30 and 35 km.

7.2 Future Work

The major achievement in this project is the idamaiion of the circuit breaker,

transformer and transmission line models whichlmansed for ferroresonance study.

A simplistic time-controlled switch to representiecuit breaker can be employed without

considering the circuit breaker's complex interraptcharacteristic if a sustained steady-
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state phenomenon is of interest. The predefinegtoamer models namely the BCTRAN+
and the HYBRID are equally capable of representingir saturation effect for the
transformer magnetic core characteristic to accdient ferroresonance events. The
transmission line models employing both the lumpathmeter (i.e. the PI representation)
and the distributed-parameter (i.e. the Bergerahthe Marti) models are able to represent

the double-circuit line.

However the predefined models may not be suffityeatcurate when they are used to
represent the power system components, especidignwlifferences are noticed as we
compare the simulation results with the field testordings. Further work can be done at

the following aspects:

[) The method for modeling the core of the transfer in the predefined model is
based on the open-circuit test report using the ,9000% and 110% data. This type of
core representation to account for saturation effees not characterise the joint effect of
the core when being driven into deep saturationfabt, transformer driven into deep
saturation may cause more flux distributed integaip which in effect will create different
type of core characteristic which is different frahe one extrapolated from the open-
circuit test result. Future work on self built tsdormer core models should be conducted
based on real saturation test results. In the tteehe deep saturation test results are not
available, sensitivity studies should be done @ndmaracteristics of the core with various
degrees of deep saturation.

II) For the transmission line model, either thetR& Bergeron or the Marti models
represents the reactance part of the line well,dvewthe resistive losses are differently
represented and their representation accuracyra tbaassess. For example, there is no
loss in the PI representation, and some spurioodlai®n can be seen in the transient
simulation results. In view of this, future workaosld be focusing on how to accurately
represent the resistive loss in the system andthevioss could affect the initiation of the

ferroresonance phenomena.

[II) For the modeling of circuit breaker, the timsentrolled switch may be suitable
for the sustained steady-state ferroresonance, \leswethe detailed interruption

characteristics such as the high frequency trahsteinrents, the time lags of pole
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operations and etc may not be fully representetiststage and can be vital important for
the detail studies of ferroresonance. Such detailedeling of normal operations of circuit

breakers may require further studies.

Besides, the investigation of the initiation offeient modes of ferroresonance is an area
for the future work. The study can be to look irtftte stochastic manner of the
ferroresonant circuit following the opening of tl&cuit breaker at different initial
conditions, and to look into the onset conditiohslifferent modes which are sensitive to

system parameters.
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APPENDIX A

A1 LINE DIMENSIONS

Table &1 Conductor coordinates (including sag) for Overhiead Line designs.
T Oparatng | insuistan ¢ E a b c d e f g
L1 £ [ L | 3ve| 4865] 374 8251422 [1058] 2278
Lk L_|H| 280 430 320] 168391454 1079 | 2373 |
L2 Z L | 280 420 3200 1987|1572 |12% | 2378
- u | k| 280| a20| 320| 1828|1454 1070 | 27
Lam
(Lan u 280 ( 420 3.20| 1WET 1612|1237 | 23T
L7 2L | L | 312| 470] 348| 1H48 ) 1406 1035 | 2250
Ln 372 470 J48| 48.02 | 1350 | @89 2250
& /r] 2Z Il 192 | 470 348 2008 | 1554 | 1183 | 2427
13 oS B | L | 403 425 487 2437 [1AR) 1218 | 3023
-l L3 : — ISR A K| 403 426 457 | 2434 | 1825 1218 J0A8
L3z 25 |ITERY | M K 403 | 436 467| 2627 1812|1303 | 3088
L3ZR [z K| 403] 4 457 ] 221119124303 3088 |
L2 L £ 48 71 08| 781041 [ 1157 ) M4
" | L | 548 571 608 (2080 | 1296 | 3404 |
£ > L 5 a8 71| 08| 2603|2725 1341 35
LAMR 2C L Lag T 08| 280021251341 | 3260
L272 N8 2RB | K 548 | 57 609 | 2085|2208 | 1435 | 3560
L22R Fy | K 48 Ti| 806 28541 2077 [ 1283 [ 3580
L2 I K i48 | 671 809] 3000] 22231438 | 3580
L2/ K 48 | 571 B08| 2982 |22 431 | 3560
L2 2Z i Edf | BT 1647 | 11
L2 2C | L| 548] 671 6.09] ;"rg 19.03 | 1200 | 35
L2AR L 4R | 571 | 600 2770 1003|1200 35
L2z RE | K 4b | A71| G608 2854 2077 | 1283 | 3560
Z2RE | K S48 E71| 608 28854 | 2077 (1253 2580
L2/3 aa K EdB | 571 | 600| 2868|2081 | 1307 | 3560
L4 Fi] K 548 | 571 609 2850 | 2073 | 1280 | 3560
TP | K 48| 671 EDB| 2035|2158 | 1375 3560
L2i5 (K| s48] 571 608 274 2002 |1218] 35E0
(LS 2| 683(1016| B33 3026|2178 | 1295 4404
2 |z 683 1016| B3| 3238|9176 (1265 | 4308
42 | Z| e63[1018] B33 3228|2176 | 1285 4404
L&A = 22 |z 603 )1016| 833 3028 /2176 (1286 | 4308
L& * 2A | K| @p3|1016] B33| 33502300 | 1416 [ 44.04
L6 47 | Z | EB3|[1018] B3| 3236|2179 | 1295 | 43,00 |
LEH 4 |Z| &5 i8] B33] 322652176 [1295] 4308
L& 47 |'Z | 653 16| B33 32262179 [1285] 4308
LEM 22 | Z| @&B3[w16] B33] 3026|2179 1295| 4300
LB 26 | K| EB53[10796] 833 3350|2303 [ 1410 | 44.04
LERZR A | K 88310168 8.3 AN50 | 2300 | 14160 | 4404
LEGR £ 1 &3]0 B3| 3472|3425(1641] 4300
LEM RW | K | 68310 8.33 | 50 2303 [ 1419 ] &4 04
A K| G03[1016] E33] 3349 | 2307 | 1418 | £4.04 |
LE M Z L §oa] p53] 670| 3001] 2057|1257 | 3077
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L8 275k [4D0RT 22 [ L 504 853 | 670 300120571257 [ 3877
L&/ 275kV. 400V | 2C | L 5804 | B53| B.70| 3047 |21.03]13.03| 4043
Larz 275kV | 400KV | 2RB | K 584 | B53| B70| 3131|2187 | 1387 | 4043
LB({C)R | 275KV | 275kV 25 | F 480 | 600 540| 2860|2200 1550 36.40
LE/3 ZTERV. | ZT5RV 2T | K 504 | 853 | 670 | 21.04| 21,60 | 1360 | 4043
L8/ 275KV | 275KV 25 | K 504 | B53| B70| 30BY| 2145|1345 4043
LB A00kV oDV 27 [ L 04| BE53| 670 2001 2057 | 1257 | 3977
L8 00k PagoiVES 2C | L 504| B53| B.70| 3047 |21.03[1303[ 3977
L8R | 400k 400KV | 2RB | L 504 | 853| 670 3047 |21.03|13.03]| 38.77
L&z 400kV [ 400KV | 2RB | K E04 | B53| 670 31.31 21871387 4043
L84 AD0KY. 400KV | 25 | K 504 | 853 B70| 2057 | 2013|1213 | 4042
Lo 400V 40DV | 42 | Z 472 1417 | B86| 1734 | 819 728 27.18
L34 275KV | 275KV 2t |24| w91 | ooo| se1| 1270|1270 1270 ;‘g-;g
L12 ADD-W:H#--IT]DHN.. 2A | 2 630| 912 7.12| 3080 21.50| 12.60 | 40.50
L12A 400KV, 400KV | 2A | K 630| 912 7.12| 3080 2150 1280 [ 4050
L12a/1 | 40Dk [40DKY. | 2RW | K BaD| 912| 712 3080 2150|1280 4050
LEG 27546V | 275KV 2L [ L 554 | 504 | B40| 2335|1634 | 918 | 2642
LEB/ 275k [ 275kV A | K B4 | 504 640 2306 1605| 889 | 29.58
LB62 | 275KV |25V | 2U | K £G4 | 504 | 640 | 23093[1692| 076 | 20.58
"LE6/ZR | 275KV | 275KV | 2U | K 564 | 564 | 640| 2393|1692 976 | 2958

Key to Conductors

H = Horse

L = Lynx

F = Fibral

= = Keziah

Z = Zebra

c = Collybia

u = Upas

T = Totara

RE = Rubus

5 = Sorbus

A = Araucaria

R = Redwood

CP = Compact 35
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,; Earth wire,
R ,f: :._'L"n
¢|t L [ -
----------—-. 3= : -~ Bundle centre, allowing for sag
- a - '
_:-'-I"' -'__:I I'r-\-\_\-\_"—\-\__h
084, | - B e
U I |: l I
: : 1 4 'i ll v
, = 1l | | “
:-II-- ——“b—--' - I|
g' ¥ .:-'-'"-F'J' :'n_h“"--_
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R I
:— c i - I
I E ] ) :: II
11, II 'I
| 1
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Figure A1. Conductor coordinates of overhead lines - refer to Table A1.
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AZ CONDUCTOR PARAMETERS

e &

FIBRAL/24 KEZIAH MATTHEW
(149C10)  160mm” 160mm™ AACSRE 620mm- GATACSR
A2 Aoy WNELIGT, Sk ¥ 5 mem RBL 0D (A 5 S NBLITY SkN

LYNX COLLYBIA
175mm~ ACSR S00mm° ACAR
@9 5 Imm N7, Rl @28 63mm  MELITL9kN @303 3mm  NELIZTEN

AAAC

UPAS TOTARA RUBLUS
300mm’ 425mm’ S500mm’
©24.71mm  NBLIO] kN O2E98mm  NBL140.0kN O3] Smum  NBL1E64 080

SORBUS ARAUCARIA REDWOOD
ST0mm- TO0mm” E50mm”
@33 3%mm ML 14 0N @37 26mm. MALTI00kN @41, dmm  MBLIT9 kN

Figure A2 The Common Conductor Types
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Table A2 Conductor Parameters
| Conductor Mame Matenal Conductor | Conductor | AC Mumber | Resistivity of
Cuter Cuter Resistance | of conductor

FINCH : 54/19
COLLYBIA ACAR 15.18 30.33 0.0589 24737 0.02826 (Al)
0.0325 (Alloy)

UPAS AAAC 12,35 24,71 00878 37 0.0312
TOTARA ARAC 14,48 2808 0.0552 37 0.0312
RUBUS AAAC 15.75 31.50 0.0558 1 0.0312
SORBUS ARAC 16.695 3339 0.0500 &1 0.0312

o ARAUGARIA AAAC 18.63 37.25 0.0400 &1 0.0312
REDWOOD AAAC 20.52 41.04 0.03443 B1 0.0312
MATTHEW AACSR__ | 15.75 31.50 0.0478 g4 0.0287
COMPACT 33.5 AAAC 1751 3502 0.0352 46 (Trpz.) | 0.0305
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APPENDIX B

Appendix B1 — Lumped Parameter

(1)

Line parameters check

Firstly, the elements of the modeled line in ATRPRrsuch as the resistance, inductance and

the capacitance are compared with the ones detednfrom MATLAB. The comparison

between them is shown in Table B1 and Table B2thadesults suggest that both of them

agreed well with each other.

The equivalent of the lumped parameters of the 8Y Wn-transposed double-circuit

transmission are derived by using the ‘LINE PARAMERS’ supporting routine in ATP-
EMTP and validated by using MATLAB.

Table B1: Equivalent capacitance matrix in farads/km derifrech ATP-EMTP

ors

1 1.0137E-08
2| -1.9887E-09 1.0469E-08
3| -6.3986E-10 -1.9168E-09] 1.0783E-08
4| -1.4912E-09 -7.2185E-10 -3.8463E-10, 1.0137E-08
5| -7.2185E-10 -6.2432E-10 -5.3740E-10| -1.9887E-09] 1.0469E-08
6| -3.8463E-10] -5.3740E-10 -8.5257E-10] -6.3986E-10 -1.9168E-09 1.0783E-08
(a) capacitance matrix in farads/km for the systemopfiwalent phase conduct
1 5.8718E-02
4.6352E-01
2 3.6893E-020 5.7761E-02
1.7754E-01 4.8452E-01
3 3.6721E-02] 3.7009E-02 5.8483E-02
1.4427E-01] 1.9684E-01] 4.9292E-01
4 3.7695E-020 3.6837E-020 3.6674E-02| 5.8718E-02
1.4982E-01] 1.3887E-01 1.3049E-01 4.6352E-01
5 3.6837E-02] 3.6683E-02 3.6932E-02] 3.6893E-02 5.7761E-02
1.3887E-01] 1.4759E-01] 1.5142E-01 1.7754E-01] 4.8452E-01
6 3.6674E-02] 3.6932E-021 3.7427E-02| 3.6721E-02] 3.7009E-02 5.8483E-02
1.3049E-01] 1.5142E-01 1.7153E-01] 1.4427E-01] 1.9684E-01] 4.9292E-01

(b) Impedance matrix in ohms/km for the system of egjent phase conductors
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Equivalent Impedance and capacitance derive fronTM¥B is shown in Table B2.

Table B2: Equivalent Impedance and capacitance derived frok M\B

1.0137E-08 | -1.9889E-09 -6.4026E-10| -1.4913E-09| -7.2196E-10| -3.8303E-10
-1.9889E-09| 1.0468E-08| -1.9175E-09 -7.2207E-10| -6.2477E-10| -5.3351E-10
-6.4026E-10| -1.9175E-09| 1.0782E-08 | -3.8507E-10Q -5.3840E-10| -8.4472E-10
-1.4913E-09| -7.2207E-10| -3.8507E-10| 1.0137E-08 | -1.9883E-09 -6.4010E-10
-7.2196E-10| -6.2477E-10| -5.3840E-10| -1.9883E-09| 1.0471E-08 | -1.9216E-09
-3.8303E-10| -5.3351E-10| -8.4472E-10| -6.4010E-10| -1.9216E-09| 1.0782E-08
(a) capacitance matrix in farads/km
5.8700E-02| 3.6800E-02| 3.6700E-02 3.7700E-02 3.6800E-02 3.6600E-02
3.6800E-02| 5.7700E-02| 3.7000E-02 3.6800E-02 3.6600E-02 3.6900E-02
3.6700E-02| 3.7000E-02| 5.8500E-02 3.6700E-02 3.6900E-02 3.7400E-02
3.7700E-02| 3.6800E-02| 3.6700E-02 5.8700E-02 3.6800E-02 3.6700E-02
3.6800E-02| 3.6600E-02| 3.6900E-02 3.6800E-02 5.7700E-02 3.7000E-02
3.6600E-02| 3.6900E-02| 3.7400E-02 3.6700E-02 3.7000E-02 5.8500E-02
(b) Resistance matrix in ohms/km
1.4754E-03| 5.6609E-04 | 4.5958E-04 4.7685E-04 4.4292E-04 4.1527E-04
5.6609E-04| 1.5430E-03| 6.2672E-04 4.4292E-04 4.7037E-04 4.8131E-04
4.5958E-04| 6.2672E-04 | 1.5688E-08 4.1565E-04 4.8203E-04 5.4456E-04
4.7685E-04| 4.4292E-04 | 4.1565E-04 1.4754E-03 5.6609E-04 4.5959E-04
4.4292E-04| 4.7037E-04 | 4.8203E-04 5.6609E-04 1.5430E-03 6.2715E-04
4.1527E-04| 4.8131E-04 | 5.4456E-04 4.5959E-04 6.2715E-04 1.5688E-03

(c) Inductance matrix in ohms/km

As can be seen from both Tables B1 and B2, the aetf mutual impedances, and
capacitances derived from both methods have shayaod agreement between each other.

(2)

Line parameters frequency scan check

Here, the overview performance of the developeel himodel that is developed in the Pl model
is verified with the line model with an exact Plualent (baseline) as a function of
frequency. The aim here is to check the paramefetee modeled line operating at a required
specific frequency range are being modeled coxest$ ferroresonance is a low frequency
phenomenon which has a frequency range from 0.1oHzkHz, then the developed line is
put into test by sweeping over a range of frequdrmy 1 Hz up to 10 kHz to see whether it
is able to represent its parameters correctly éorofesonance study. The outcomes of the
frequency scans are shown in Figure Bl to Figure déplaying the positive-sequence
impedance, the zero-sequence impedance and thalrseguence impedances with all the

three phases, labelled as Red, Yellow and Bluegshas
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Pl model

Circuit 1: Positive Sequence Impedance - Red Phase
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Circuit 1: Positive Sequence Impedance - Yellow Pha
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Circuit 1: Positive Sequence Impedance - Blue Phase
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Figure B1: Circuit 1. Positive sequence impedance for phadeyellow and blue
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Circuit 2: Positive Sequence Impedance - Red Phase
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Circuit 2: Positive Sequence Impedance - Yellow Pha
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Circuit 2: Positive Sequence Impedance - Blue Phase
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Figure B2: Circuit 2: Positive sequence impedance for phedeyellow and blue
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Circuit 1: Zero Sequence Impedance - Red Phase
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Circuit 1: Zero Sequence Impedance - Yellow Phase
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Circuit 1: Zero Sequence Impedance - Blue Phase
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Figure B3: Circuit 1: Zero sequence impedance for phaseyedthw and blue
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Circuit 2: Zero Sequence Impedance - Red Phase
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Circuit 2: Zero Sequence Impedance - Yellow Phase
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Circuit 2: Zero Sequence Impedance - Blue Phase
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Figure B4: Circuit 2: Zero sequence impedance for phaseyedthw and blue
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Circuit 1: Mutual Sequence Impedance - Red Phase
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it 1: Mutual Sequence Impedance - Yellow Phase
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Figure B5: Circuit 1: Mutual sequence impedance for phaseyeltbw and blue
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Circuit 2: Mutual Sequence Impedance - Red Phase
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Circuit 2: Mutual Sequence Impedance - Yellow Phase
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Circuit 2: Mutual Sequence Impedance - Blue Phase
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Figure B6: Circuit 2: Mutual sequence impedance for phaseyeitbw and blue

As it is expected that the line is able to modetexly for Period-1 and Periofd-3 therefore

the percentage errors of the impedance reprodugadebmodeled line at frequencies of 15

Hz and 50 Hz are compared with the ones generated the baseline model. The results are
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presented in Table B3 suggest that the errors depenl by the modeled line are relatively

low and in good accuracy.

Table B3: Percentage errors of modeled line in PI

Circuit 1 Circuit 2
Baseline Line Line Line Line Line Line
Exact PI Red Yellow Blue Red Yellow Blue
Fre(qg‘ze)”cy 15 {50| 15| 50 | 15 | 50| 15 | 50 | 15 | 50 | 15 ;| 50
Positive sequence
(% Error)
o, o] o{ o] o ofl o}{ o] of o] of o©
Modeled Zero sequence
line in PI (%Error)
-33] 05| -26|-02]-16{02]-33]-05]-26]-02]-16| 0.2
Mutual sequence
(% Error)
ol o] o] ol of oJot{ o] of o|] o o©

Appendix B2 — Distributed Parameter

Once the line has been setup accordingly in theégbireed model, the next step is to verify the

line such that it is accurately be represented rfaodeling of ferroresonance. Since

experimental results are not available for commpparposes, the way to deal with this is to

carry out the line checks as follows;

(1)

Line parameters frequency scan check

Similar to PI model, the performance of the devetbpne in Bergeron and J. Marti models

are verified with the baseline as a function ofjfrency. Similar to the previous way, the

results from the scans are presented as showmgume=B7 to Figure B12 for Bergeron model

and Figure B13 to Figure B18 for J. Marti model.
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Bergeron model

Circuit 1: Positive Sequence Impedance - Red Phase
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Circuit 1: Positive Sequence Impedance - Yellow Pha
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Circuit 1: Positive Sequence Impedance - Blue Phase
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Figure B7: Circuit 1. Positive sequence impedance for phadeyellow and blue
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Circuit 2: Positive Sequence Impedance - Red Phase
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Circuit 2: Positive Sequence Impedance - Yellow Pha
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Circuit 2: Positive Sequence Impedance - Blue Phase
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Figure B8: Circuit 2: Positive sequence impedance for phadeyellow and blue
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Circuit 1: Zero Sequence Impedance - Red Phase
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Circuit 1: Zero Sequence Impedance - Yellow Phase
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Circuit 1: Zero Sequence Impedance - Blue Phase
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Figure B9: Circuit 1. Zero sequence impedance for phaseyedthw and blue
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Circuit 2: Zero Sequence Impedance - Red Phase
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Figure B10: Circuit 2: Zero sequence impedance for phaseyedthw and blue




Bergeron model

Circuit 1: Mutual Sequence Impedance - Red Phase
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Figure B11: Circuit 1: Mutual sequence impedance for phaseyeitbw and blue
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Circuit 2: Mutual Sequence Impedance - Red Phase
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Circuit 2: Mutual Sequence Impedance - Yellow Phase
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Figure B12: Circuit 2: Mutual sequence impedance for phaseyeltbw and blue

Table B4 shows the percentage errors reproducdtebynodeled line as compared with the

baseline one.
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Table B4: Percentage errors of modeled line in Bergeron

Circuit 1 Circuit 2
Baseline Line Line Line Line Line Line
Exact PI Red Yellow Blue Red Yellow Blue
Fre(qH“Ze)”Cy 15| 50 |[15|50| 15 50 [ 15| 50 | 15| 50 | 15| 50
Positive sequence
(% Error)
Modeled | -1:6 | 1.6e-3] -9.310.09| 96 | 0.006] -1.6 | 1.6e-3| -9.3 | 0.09| 9.6 | 0.006
line in Zeroo sequence
Bergeron , , , (%Error) ; . .
72} -02 | 36{-01]-09} -01 ] -72}{ -02 | -36}-01]-09] -0.1
Mutual sequence
(% Error)
63 | -01] -36/-01]-17|-009] -77 | -02]-26}-02]16]| -0.1
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J. Marti model

Circuit 1: Positive Sequence Impedance - Red Phase
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Circuit 1: Positive Sequence Impedance - Yellow Pha
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Circuit 1: Positive Sequence Impedance - Blue Phase
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Figure B13: Circuit 1: Positive sequence impedance for phedeyellow and blue
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Circuit 2: Positive Sequence Impedance - Red Phase
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Circuit 2: Positive Sequence Impedance - Yellow Pha
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Figure B14: Circuit 2: Positive sequence impedance for phadeyellow and blue
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Circuit 1: Zero Sequence Impedance - Red Phase
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Circuit 1: Zero Sequence Impedance - Yellow Phase
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Circuit 1: Zero Sequence Impedance - Blue Phase
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Figure B15: Circuit 1: Zero sequence impedance for phaseyedthw and blue
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Circuit 2: Zero Sequence Impedance - Red Phase
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Circuit 2: Zero Sequence Impedance - Yellow Phase
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Circuit 2: Zero Sequence Impedance - Blue Phase
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Figure B16: Circuit 2: Zero sequence impedance for phaseyedthw and blue
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Circuit 1: Mutual Sequence Impedance - Red Phase
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Figure B17: Circuit 1: Mutual sequence impedance for phaseyeltbw and blue
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Circuit 2: Mutual Sequence Impedance - Red Phase
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Circuit 2: Mutual Sequence Impedance - Yellow Phase
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Circuit 2: Mutual Sequence Impedance - Blue Phase
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Figure B18: Circuit 2: Mutual sequence impedance for phaseyeltbw and blue

Table B5 shows the percentage errors reproducdtiebynodeled line as compared with the

baseline one.
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Table B5: Percentage errors of modeled line in J. Matrti

Circuit 1 Circuit 2
Baseline Line Line Line Line Line Line
Exact PI Red Yellow Blue Red Yellow Blue
Fre(‘ﬁze)”cy 15 | 50 | 15| 50 | 15 | 50| 15 | 50 | 15 | 50 | 15 | 50
Positive sequence
(% Error)
89! 3 ]-09] 13| 128} 53] 89 | -3 | -09] -1.3 | 128} 53
Modeled Zero sequence
line in PI (%Error)
-11.6] -1.9] -7 {0.016] -32 | 22| -116] -1.9] -7 [ 0.016] -3.2 | 2.2
Mutual sequence
(% Error)
99| -23] 52| -013] 26 | 15| -144}| -12] 97} -02 | 41| 34
(2) Transmission line model rules check [64]

There are three criteria that the users must maieets check when a predefined model based

on Bergeron is employed to model a transmissiandimd they are listed as follows:

i) Rule 1- “If the parameters of the line such as the indnce and the capacitance

are equal to zero, then it is not a line model”.

i) Rule 2 - “The characteristic impedance of the transmisslme, Z, = % (Q)

must lie within 20Q2 < Z. <1000, otherwise the surge impedance of the line is

not correct”.

iii) Rule 3- “The propagation speed of the transmission Iimet,}/\/E (m/s) must

be within 250,000 km/s v < 300,000 km/s, or else the speed of the line is not

correct”.

Now, let us see whether the developed line modebesaclassified as a valid line by assessing

its characteristics to the three rules which hasenbdescribed above. Rule 1 has been met

because the parameters of the line are not zerth@ésxdan be seen in Table B1 and Table B2.

The surge impedances and the velocities for theldped lines that are generated from the
ATPDraw is shown in Table B6.
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Table B6:Surge impedance and velocity from Bergeron model

Modal
Mode

Surge impedance

Real
Q)

Imaginary
(Q)

Calculated
1Z|
Q)

Velocity
(km/s)

8.0164E+02

-7.3601E+01

8.0501E+02

2.1241E+05

3.5059E+02

-9.8551E+00

3.5073E+02

2.9107E+05

3.4015E+02

-1.1975E+01

3.4036E+02

2.9370E+05

2.9266E+02

-9.8378E+00

2.9282E+02

2.9555E+05

2.6990E+02

-1.0037E+01

2.7008E+02

2.9542E+05

OO WIN|F

2.5996E+02

-9.8378E+00

2.6014E+02

2.9531E+05

From Table B6, Mode 1 is the ground mode whichasmally less than the speed of light
because of the wave propagates back through thengroonductor. On the other hand, the

rest are the line-to-line modes which are normhallye a travelling speed close to the speed

of light.

Therefore the modes which are required to take gottsideration to meet Rule 2 and Rule 3
are Mode 2 to Mode 6 of the modeled line. The testd meet Rule 2 and Rule 3 are

presented in Table B7 and these suggest thaindetharacteristic impedances and the speed

of the travelling wave has been modeled correctly.

Table B7: 37 km modeled line applied to Rule 1, 2 and 3 -gBeyn model

Rule 1
L andC=07?
37 km modeled The line consists of all the parameters which cangferred to
line Table B1 and Table B2
33 km modeled Rule 2 Rule 3
line 200Q < Z.<1000Q 250,000 km/s< v < 300,000 km/s
Mode 2 3.5073E+02 2.9107E+05
Mode 3 3.4036E+02 2.9370E+05
Mode 4 2.9282E+02 2.9555E+05
Mode 5 2.7008E+02 2.9542E+05
Mode 6 2.6014E+02 2.9107E+05

Since there is no surge impedance and velocity afengenerated from the J. Marti model

therefore an alternative way to check the lineoigdrry out the transmission line check as

presented in the following section.
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(3) Transmission line model length check

Lastly, the validation of the line is further checkby determining its line length via traveling
wave approach. This is carried out by determinimg time delayiq that is the time of the
wave propagates from sending-end from point A teir@ng-end at point C at the instant

when the switch SW is closed, which is shown iruFegB55.

. SW
S A C
Double-circuit
E transmission line Z.
1 2,

Figure B55: Wave propagation along the line

The time delayty is determined by using ATPDraw and it is showi @ble B8. The distance
of the transmission line is obtained as 36.6 knthwie speed of light being<30°> km/s.

Therefore the line can be considered modeled dtyrec

Table B8: Line distant obtained from travelling wave

Modeled line Time delay (s) Distance (km)
Bergeron 122 36.6
J. Marti 122 36.6
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APPENDIX C

Determination of current-flux characteristic using supporting routine SATURA

The input data-deck for the supporting routine SA&RPUhas been developed which has the
following Data Case.

(&) SATURA Supporting Routine

BEG N NEW DATA CASE

1E7EE I A A A A A A A A A A A A A A A A A A A A AT A A AT AT AT A A 91 11
Supporting Routine SATURA

1E7EE A A A A A A A A A A A A A A A A A A AT A A A A A AT AT AT A S 91 11

SATURATI ON

SERASE

A
Per-unit base specification

A

1 2 3 4 5 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890
< FREQ ><VBASE ><SBASE ><| PUNCH><KTHI RD>

TR R TR S R AR S R AR S R T AR A R TR R R R 1
IRMS and VR M S Dat a
TR R TR S R AR S R AR S R T AR I R R TR R R 1
1 2 3 4 5 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890
<IRMS (P.U > VRMS (P.U >

HUH RS H HHEHRH R R R R R R R R R R R
Term nation
B HBHBH R H R R R R R R R R R R R

1 2 3 4 5 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890
< >
9999

$PUNCH

BLANK LI NE endi ng saturation data
BEG N NEW DATA CASE

BLANK LI NE ENDI NG ALL CASES

(i) Per-unit base specification
. FREQ: frequency (in Hz) of the impressed sinusoidal \gdtaource.
OFREQ =50

. VBASE: single-phase base voltage (in kV) on which the ifpaak points are based.

OVBASE =13
. SBASE: single-phase base power (in MVA) on which the inpreiak points are
based.

OSBASE=60/3 = 20
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. IPUNCH: parameters controlling the punched card outputhef derived (flux-
current) characteristic.

IPUNCH = 0: no curve will be punched;
= 1:curve will be punched, provided the $PUNCH cardamg
specified
OIPUNCH =1
. KTHIRD: parameters controlling the type of output.

KTHIRD = 0: only first quadrant;
= 1:full curve (first- and third-quadrant output)

O KTHIRD =0

(i) IR.M.S and VR.M.S data

Values are in per-unit, based on the previouslyi$iee single-phase based.

I A
base V ) = IRMS((A)) ! VRMS( pU) =
base base

Vs (KV)
I base(kv)

(b)  Transformer SGT1: 1000 MVA, 400/275/13 kV, Veor: YNaOd11 (5 legs)

Table llp-load loss data

NO-LOAD LOSS on TERT. (60 MVA)
VOLTS

% TMEAN | RMS AMPS | kWatts
5.25

90 | 11700 | 11810| 6.00 96.3
7.28
12.30

100| 13000 | 13217 | 12.40 | 127.9
14.75
55.2

110| 14300 | 14903| 54.3 175.3
56.8

Where R.M.S Volts = excitation voltage (line-linalwe), AMPS = excitation current (RMS,
three-phase values), kWatts = excitation loss ¢tpigase value)
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At a first approximation, the RMS excitation currésy in DELTA winding equals

I e (harmonic neglected)

ex, w \/5

Further, the RMS magnetizing curreht,,in the DELTA is approximated by

WhereUg, = excitation voltage (RMS, line-line value)

lex = excitation current (RMS, three-phase values)
Pex = excitation loss (three-phase value)

Hence, the above measured Table reduces to folpsaturation characteristic:

Irms(pu) Vrms(pu) Current (A) | Flux-linkage (Wb-T)
1.5006E-03 9.0846E-01 3.2649E+00 5.3164E+01
4.4674E-03 1.0167E+00 1.5849E+01 5.9498E+01
2.0646E-02 1.1464E+00 7.3791E+01 6.7088E+01

The corresponding output from the punch file loakdollows:

O0000000000000000000000O00O0

<++++++> Cards punched by support routine on 16-Mar-10 15:53:38 <++++++>
SATURATI ON

$ERASE

C #HHHR I I AR R R R AR I R AR R T AR R i
C Per-unit base specification

C #H AR R AR R R R AR I R AR R T R R i
C 1 2 3 4 5 6 7

C 3456789012345678901234567890123456789012345678901234567890123456789012345678
C FREQ ><VBASE ><SBASE ><| PUNCH><KTHI RD>

50 13. 20. 1 0

C HHHHAHBHBHHHHBH B HH B H B R R R B R R R R A R R R A R R R R

C IRMS and VR. M S Dat a
C #H#HHH T R A R R R R R A R AR S A
C 1 2 3 4 5 6 7
C 3456789012345678901234567890123456789012345678901234567890123456789012345678
CIRMS (P.U > VRMS (P.U >

1. 5006E- 03 9. 0846E-01

4. 4674E- 03 1. 0167E+00

2. 0646E-02 1. 1464E+00
C #H##H##HH IR SRR H S R R R R R R R R R R R
C Term nation
C #H#HHH T T R A R R R R R A R R S A
C 1 2 3 4 5 6 7
C 3456789012345678901234567890123456789012345678901234567890123456789012345678
C < >

9999

3.26487519E+00 5. 31635884E+01
1.58486260E+01 5.94978539E+01
7.37913599E+01 6. 70879706E+01

9999
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APPENDIX D

(2) Line parameters check

The equivalent of the lumped parameters of the 88 Wn-transposed double-circuit
transmission are derived by using the ‘LINE PARAMERS’ supporting routine in ATP-
EMTP and validated by using MATLAB. The results thie capacitance and impedance

matrices are presented as shown in Table D1 anlke Téb

Table D1: Equivalent capacitance matrix in farads/km derifrech ATP-EMTP

1 1.1068E-08

2| -2.3598E-09] 1.1563E-08

3| -7.3718E-10] -2.2536E-09]  1.1355E-08

4| -1.7211E-09] -9.5576E-10| -4.0548E-10|  1.1068E-08

5| -9.5576E-10] -1.2594E-09 -8.1546E-10| -2.3598E-09|  1.1563E-08

6| -4.0548E-10] -8.1546E-10] -1.2339E-09| -7.3718E-10| -2.2536E-09] 1.1355E-08
(b) capacitance matrix in farads/km for the systemopfivalent phase conductors

1 6.1130E-02
4.4535E-01

2 3.8924E-02|  5.9265E-02
1.8902E-01]  4.6750E-01

3 3.8235E-02|  3.7991E-02|  5.8980E-02
1.5333E-01]  2.0592E-01]  4.8011E-01

4 4.0118E-02|  3.8898E-02]  3.8209E-02|  6.1130E-02
1.5977E-01]  1.5630E-01]  1.4075E-01]  4.4535E-01

5 3.8898E-02|  3.8247E-02|  3.7959E-02|  3.8924E-02|  5.9265E-02
1.5630E-01]  1.7844E-01] 1.7060E-01]  1.8902E-01]  4.6750E-01

6 3.8209E-02|  3.7959E-02|  3.7956E-02|  3.8235E-02|  3.7991E-02] 5.8980E-02
1.4075E-01]  1.7060E-01]  1.8662E-01] 1.5333E-01]  2.0592E-01] 4.8011E-01

(c) Impedance matrix in ohms/km for the system of egjent phase conductors
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Equivalent Impedance and capacitance derive fronTM¥B is shown in Table D2.

Table D2: Equivalent Impedance and capacitance derived frohi M\B

1.1068E-08| -2.3598E-09| -7.3718E-10| -1.7211E-09] -9.5575E-10| -4.0548E-10
-2.3598E-09| 1.1563E-08| -2.2536E-09| -9.5575E-10| -1.2594E-09| -8.1546E-10
-7.3718E-10| -2.2536E-09| 1.1355E-08| -4.0548E-10| -8.1546E-10] -1.2339E-09
-1.7211E-09| -9.5575E-10| -4.0548E-10| 1.1068E-08| -2.3598E-09| -7.3718E-10
-9.5575E-10| -1.2594E-09| -8.1546E-10| -2.3598E-09]  1.1563E-08] -2.2536E-09
-4.0548E-10| -8.1546E-10| -1.2339E-09| -7.3718E-10| -2.2536E-09]  1.1355E-08
(d) capacitance matrix in farads/km
6.1200E-02|  3.8900E-02| 3.8300E-02| 4.0200E-02]  3.8900E-02]  3.8200E-02
3.8900E-02|  5.9300E-02| 3.8000E-02| 3.8900E-02|  3.8300E-02  3.8000E-02
3.8300E-02|  3.8000E-02| 5.9000E-02| 3.8200E-02|  3.8000E-02]  3.8000E-02
4.0200E-02|  3.8900E-02| 3.8200E-02| 6.1200E-02  3.8900E-02]  3.8300E-02
3.8900E-02|  3.8300E-02| 3.8000E-02| 3.8900E-02|  5.9300E-02  3.8000E-02
3.8200E-02|  3.8000E-02| 3.8000E-02| 3.8300E-02]  3.8000E-02  5.9000E-02
(e) Resistance matrix in ohms/km
1.4177E-03|  6.0169E-04| 4.8801E-04| 5.0864E-04]  4.9751E-04]  4.4793E-04
6.0169E-04]  1.4880E-03| 6.5534E-04 4.9751E-04| 5.6791E-04] 5.4291E-04
4.8801E-04] 6.5534E-04] 1.5281E-03| 4.4793E-04] 5.4291E-04] 5.9384E-04
5.0864E-04]  4.9751E-04] 4.4793E-04| 1.4177E-03| 6.0169E-04]  4.8801E-04
4.9751E-04] 5.6791E-04] 5.4291E-04 6.0169E-04 1.4880E-03|  6.5534E-04
4.4793E-04]  5.4291E-04| 5.9384E-04 4.8801E-04 6.5534E-04] 1.5281E-03

() Inductance matrix in ohms/km

As can be seen from both Tables D1 and D2, the aetf mutual impedances, and

capacitances derived from both methods have shayaod agreement between each other.

(2) Line parameters frequency scan check

The outcomes of the frequency scans are depictédgure D1 to Figure D6, showing the
positive-sequence impedance, the zero-sequencedampe and the mutual-sequence
impedances with all the three phases. Those resudtgest that the model is suitable for the
study of the expected Period-1 ferroresonance lsecidue parameters of developed model are
able to fit well with the baseline exact Pl equerdl at 50 Hz frequency, with very small

percentage error.
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Circuit 1: Positive Sequence Impedance - Red Phase
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Circuit 1: Positive Sequence Impedance - Yellow Pha
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Circuit 1: Positive Sequence Impedance - Blue Phase
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Figure D1: Circuit 1: Positive sequence impedance for phaedeyellow and blue
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Circuit 2: Positive Sequence Impedance - Red Phase
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Circuit 2: Positive Sequence Impedance - Yellow Pha
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Circuit 2: Positive Sequence Impedance - Blue Phase
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Figure D2: Circuit 2: Positive sequence impedance for phadeyellow and blue
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Circuit 1: Zero Sequence Impedance - Red Phase
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Circuit 1: Zero Sequence Impedance - Yellow Phase
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Circuit 1: Zero Sequence Impedance - Blue Phase
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Figure D3: Circuit 1: Zero sequence impedance for phaseyedthw and blue
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Circuit 2: Zero Sequence Impedance - Red Phase
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Circuit 2: Zero Sequence Impedance - Yellow Phase
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Circuit 2: Zero Sequence Impedance - Blue Phase
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Figure D4: Circuit 2: Zero sequence impedance for phaseyedthw and blue
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Circuit 1: Mutual Sequence Impedance - Red Phase
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Circuit 1: Mutual Sequence Impedance - Yellow Phase
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Circuit 1: Mutual Sequence Impedance - Blue Phase
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Figure D5: Circuit 1: Mutual sequence impedance for phaseyeltbw and blue
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Circuit 2: Mutual Sequence Impedance - Yellow Phase
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Circuit 2: Mutual Sequence Impedance - Blue Phase
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Figure D6: Circuit 2: Mutual sequence impedance for phaseyeltbw and blue
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)

Rule 1 has been met because the parameters ahéhare not zero and this can be seen in

Table D1 and Table D2. The surge impedances andidlueities for the developed line

Transmission line model rules check

model are determined as shown in Table D3.

Table D3:Data generated from the ATPDraw

Modal
Mode

Surge impedance

Real
Q)

Imaginary
(Q)

Calculated
1Z|
Q)

Velocity
(km/s)

8.5350E+02

-7.8235E+01]

8.5708E+02

2.1806E+05

3.1775E+02

-1.0009E+01]

3.1791E+02

2.9354E+05

3.2310E+02

-1.2062E+01

3.2333E+02

2.9394E+05

2.6212E+02

-9.7396E+0Q

2.6230E+02

2.9519E+05

2.3210E+02

-9.7934E+00

2.3231E+02

2.9478E+05

OO WIN|F

2.4466E+02

-9.9108E+0Q

2.4486E+02

2.9502E+05

The results to meet Rule 2 and Rule 3 are presentédble D4 and these suggest that the
line characteristic impedances and the speeds eoftrivelling wave have been modeled

correctly.

Table D4: 33 km modeled line applied to Rule 1, 2 and 3

Rule 1
L andC =07
33 km modeled The line consists of all the parameters which caneberred to
line Table D1 and Table D2
33 km modeled Rule 2 Rule 3
line 200Q £Z.<1000Q 250,000 km/= v < 300,000 km/s
Mode 2 3.1791E+02 2.9354E+05
Mode 3 3.2333E+02 2.9394E+05
Mode 4 2.6230E+02 2.9519E+05
Mode 5 2.3231E+02 2.9478E+05
Mode 6 2.4486E+02 2.9502E+05

(4)

Lastly, the validation of the line is further checkby determining its line length via traveling
wave approach. The simulation result of sendingrandiving wave are shown in Figure D5.

The time delayty is determined by using ATPDraw as 1fi$ and the line distance is

Transmission line model length check

obtained as 33.3 km. Therefore the line can beideresd modeled correctly.
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Figure D5: Time delay of the two propagate waves
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