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Abstract

Abstract

Transformers are essential components facilitatimgsmission and distribution of electric power.
Energisation of transformers, however, can cause @oerating at deep saturation region and thereby
induce transient inrush currents of high magnitaite with rich harmonics. This can lead to undelgrab
effects including potential damage to the transéoritself, relay mal-operation, harmonic resonant
overvoltages, and reduced power quality in theesygmainly in the form of voltage dips).

This thesis investigates voltage dips caused bygisiigg generator step-up (GSU) transformers amd tw
types of generation connection are studied: oae@nbine cycle gas turbine (CCGT) plant connetcted

a 400 kV transmission grid and the other is a laftghore wind farm connected to a 132 kV distiiut
grid. To carry out the investigation, detailed ratewmodels were developed in alternative transients
program/electromagnetic transients program (ATP/BMTand validated with the help of field
measurements.

For the connection of generation in the transmisgind, deterministic assessment was conducted to
comparatively analyse voltage dips caused by esieggilarge GSU transformers under different
energisation conditions and different network ctiods; special attention was paid to the energisati
cases involving sympathetic inrush between tramgfs by addressing its prolonging effects on veltag
dips, with sensitivity studies further carried daotidentify the key influential parameters. In diduti,
stochastic assessment was conducted by applyingeMarlo method, which helps identify the dip
frequency pattern and the likelihood of reachirgdip magnitude resulted from the commonly agreed
worst case energisation condition; their sensgivito the variation of circuit breaker closingdispan,
transformer core residual flux, system conditiod #ie number of transformers being energized tegeth
were also investigated. Furthermore, possible effsttive operational approaches to mitigate the
voltage dips were explored and compared. For thaestion of large offshore wind farm, voltage dips
caused by energising wind turbine transformers uddferent scenarios were assessed; in particular,
sympathetic inrush between wind turbine transfosmeere studied, and the energisation sequence
resulting in less sympathetic inrush was detertitally identified and stochastically validated.

The simulation results of deterministic studiesdatk that, when carrying out energisation of gdar
GSU transformer in the transmission grid undercttramonly agreed worst case energisation condition,
the dip magnitude can reach 9.6% and the durati@ns@conds; moreover, when coupled with
sympathetic inrush, the duration can be prolonged 36%, lasting for 6.4 seconds. The sensitivity
studies show that transformer core saturation adige is the key parameter determining dip magaitud
and transformer copper losses is the key parametermining dip duration. Stochastic assessment of
voltage dips shows that, out of 1000 stochasticugnts, less than 0.5% of the dips can reach dingt w
case dip magnitude and about 80% are of magnitadeshan 0.6 pu of the worst case dip magnitude;
the dip frequency pattern is found to be inseresiiivthe circuit breaker closing time variation tan be
considerably influenced by the residual flux dition. In terms of mitigation measures, it wasvpro
that, by adjusting tap changer position, applytagicsvar compensator and even opening couplauitirc
breaker in the substation, the degree of voltagesiecially the dip duration can be significareiyuced.

Contrasting to those observed in the transmissidngltage dips resulted from energising windine
transformers in large offshore wind farms are s leoncern; dip magnitudes are no more than 1bein t
case of energising a stand-alone wind turbine ftstemsr. However, sympathetic inrush between wind
turbine transformers within one feeder was founoketgignificant and the energisation sequencetiresul
in less sympathetic inrush is to separately eretthis wind turbine transformer from the one clotest
the offshore platform to the one farthest away ftbenplatform.
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Chapter 1 Introduction

Chapter 1  Introduction

1.1 Background

Modern society critically relies on electric powas the key energy source and constant
efforts have been made by power system operatoram&intain and operate
interconnected electrical systems as reliably asipte.

One of the challenges for the quality of power $ypp the disturbances caused by
transformer energisation. Due to the nonlinearitytiie magnetic characteristic of
transformer core, transformer energisation woulsultein inrush currents of high
magnitude and with rich harmonics, causing damametransformer itself, and
influencing the system by harmonic resonant ovéagals, relay mal-operation and
reduced power quality mainly in terms of voltagesdil]. Indeed, a modern high
voltage transmission grid normally consists of medd of power transformers and a
distribution grid may consist of thousands; theotogy of some future network
configurations, such as in the case of wind faridsgreflects the tendency that power
transformers would be connected more adjacent ¢oamother and it is more likely to
simultaneously switch on a group of transformers3R Therefore, more intensified
inrush transient interactions could occur, whichuldocause adverse impacts on power
system, hence affect industrial and commercial atnets. This, without proper
management, could lead to significant economic egissand consequently their
associated adverse effects should be carefullysssdeto guide system operation and
planning so as to ensure the compliance with tghtestandards that define secure and

high quality supply of electric power [4, 5].

1.1.1 Transformer energisation inrush phenomena

The transformer core is normally made up of stalihations with non-linear magnetic
permeability. This leads to core magnetization leiing a hysteresis characteristic, as
illustrated in Figure 1-1 (a). By linking the pepkints of the hysteresis loops taken
under different steady state applied voltagespgldied magnetization curve can be
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obtained, as shown in Figure 1-1 (b). Normallynsfarmer core operates at the linear
region where the core magnetic permeability is lagt the core magnetizing current is
low. As the voltage is increased, more and mor« il demanded (the flux is

proportional with the integral of the applied void and the core would enter the
saturation region where a slight increase of flwuld result in a significant increase of

magnetizing current.

(a) Hysteresis loops (b) Simplified magnetizatiome

Figure 1-1 Qualitative illustration of transforneare hysteresis loops and simplified
magnetization curve

Figure 1-2 shows the relationship between voltagagnetic flux, and magnetizing
current for a transformer under steady state ojperaDue to the transformer core non-
linearity, the magnetizing current is non-sinusbida follows the hysteresis loop
oscillating betweeni as the flux changes sinusoidally betwe@n,£the magnitude of

imis normally between 0.5% and 2% of the transformatad current).

(/)/H
hﬂ Im

-D,,

V' — Steady state voltage
@ — Magnetic flux ;
i — Magnetizing current

Figure 1-2 Qualitative representation of voltadex ind magnetizing current for a transformer
at steady state operation

%

Supposing a transformer is energised onto an id@tdge source at the positive-going

zero crossing of the applied voltage, this woulguree the flux in the core to readh,
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when the voltage peak is reached and continue a®ase to @, when the voltage
returns to zero again (as shown by the dash bhesifi Figure 1-3). The excessive
demand of flux would saturate the core and resusthiarp increase of the magnetizing
current. This sharply increased current is termedinaush currentigusy) and its

magnitude could be many times of the transformeminal magnetizing current.

Usually, after a transformer is switched off, magaeg current will follow a hysteresis
loop to zero and some residual fldx could be retained in the core. If this residuakfl
is taken into account and suppose its polaritynishe direction of flux build-up, the
maximum flux resulted from the above-mentioned gis&ation would become®@,+®,

(as indicated by the solid blue line in Figure 1+8fulting in even larger inrush current.

Flux

lime Current

!
Energisation

Vldenl

Viaea — Voltage of an ideal supply

@, — Residual flux
iinrush — Inrush current

ol |

Figure 1-3 Qualitative illustration of inrush phemena and the effect of residual flux

Figure 1-4 shows a measured inrush current reguftom energising a 155 MVA
generator step-up (GSU) transformer [6]. The magieitof the first peak of inrush
current is hundreds of times larger than the magdeitof the nominal magnetizing
current. The waveform of the inrush current looke |half cycle sinusoidal wave
superimposed by a DC component whose decay islyargtienced by system losses.

The inrush current is rich in harmonics especiallgn harmonics [7].

0 e

-1000

U2 [0 I A—

linrush [A]

-3000

-4000

0.0 0.4 [s] 0.5

Figure 1-4 Field measured long duration inrushenirresulted from energising a 155 MVA
GSU transformer [6]
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1.1.2 Adverseeffectsof transformer energisation transients

There are many cases in which transformer energmsaaused serious issues in power

systems, the key adverse effects include:

M echanical and electrical stresses

The amplitude of inrush current can be equal to dfighe short-circuit current [8], and

it lasts longer without enough damping in the systnd consequently can seriously
damage the windings through excessive mechanieas&s. In fact, the axial forces due
to inrush current are always larger than those exhiny short circuit current and the
radial force applied on transformer high voltagendung can be three times of the
corresponding force caused by short circuit coadif@]. These adverse effects on the

windings can result in pre-mature failure of a sfanmer.

Harmonic resonant over voltages

Transformer inrush currents are rich in harmonit®].[ If one of the harmonic
components in the inrush current is close to teemrant frequency of the power system,
a sustained overvoltage might be produced [11]sT¢an be encountered in the
following scenarios:

» After system collapse, a black-start process igezhout by energising a remote
transformer against minimum generation and loafii@g

* In High-Voltage Direct Current (HVDC) scheme, the system can be in
resonance with the ac harmonic filters at partichiarmonic frequencies, and
these resonances can be excited by inrush currestdted from energising
HVDC converter transformers [13];

* In offshore electrical systems, such as offshoredwiarms or oil production
facilities, the interconnection via a subsea cableoduces a significant shunt
capacitance to the source power system, resulihgn resonant frequency, and
therefore the resonant overvoltages may be exbiyedne of the harmonics of
the inrush currents caused by energising wind merlbransformers or offshore
platform transformers [14].

Harmonic resonant overvoltages may be amplifiedvabthe level the system
equipment can withstand and if these overvoltagesfbr a long period of time, they

may eventually damage the equipment [15].
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Relay mal-oper ation

Transformer inrush may cause mal-operation of foaneer relay protection [7]. During
transformer energisation, the inrush current ofdw$ through the energised winding,
which has no equivalent currents from the otherdmigs. This unbalance condition
may be treated by the transformer differential gcton as transformer internal faults,
thereby tripping the circuit breaker immediatelyteaf transformer energisation.
Although the second harmonic of the inrush curcamt be used to identify the inrush
condition and restrain the relay operation, theéra@sng criteria for setting the relay
may affect the relay performance [16]; and in derizases, ultra-saturation may be
induced by transformer energisation, which woulelvitably cause tripping of a healthy
transformer [17].

Voltage dips

Due to the impedance between the supply sourcetten@nergised transformer, the
inrush currents may result in temporary voltagesdipthe connected system. The dips
differ in the magnitudes among three phases areldadkng time to recover [18]. If the

short circuit level at the transformer busbar iw,ldhe resulted voltage dips can be
significant which may affect downstream customeasifiig devices sensitive to power
quality variation [19].

Figure 1-5 shows measured three-phase voltage afipan 11 kV network due to

energising a no-load transformer. The voltage d@ips in root mean square (RMS)
values calculated based on one-cycle window; theycharacterized by being non-
rectangular and non-symmetrical in three phasesh(gdnase has a dip magnitude
different from others due to the different degreésaturation), with long duration of

recovery [18]. The largest RMS dip magnitude iswli@17 pu and it took about 100
ms to recover by 50%. In addition, for over a twonth period, a total of 109 voltage
dip events caused by transformer energisation énsime distribution system were
measured. Figure 1-6 shows the frequency of ocecceref the measured RMS voltage
dip magnitudes (note that each event constitutesetlvoltage dip magnitudes and

therefore there are in total 327 samples, as difieen Figure 1-6).

Similar voltage dip events were observed in highage transmission networks. For

example, in [20], voltage dips caused by energisingo-load 750/220/63 kV auto-
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transformer were measured on 220 kV side, whictshosvn in Figure 1-7. Compared
to those observed in distribution network showikigure 1-5, the dip pattern is similar
but the recovery is slower (the dips took about ifs0to recover by 50%). This slower
recovery could be attributed to the larger L/Raati the transmission system, as the

L/R ratio determines the decaying time constanhefinrush current.

1.1 T T T T T

1.05 7

—_
T

Voltage magnitude (pu)
O
O
(8]
1

0.9
0.85[
08 1 1 1 1 1
0 50 100 150 200 250 300
Time (msec)

Figure 1-5 Measured RMS voltage dips caused bgtoamer energising at a 11 kV
distribution network [18]

[
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o

Number of events
(@]
o

1 1 1
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Voltage dip (%)

Figure 1-6 Frequency of RMS voltage dip magnitunigsof 109 dip events measured at a 11
kV distribution network [18]

240 :lMMIH“MIMIﬁ '] ]

RMS voltage, kV
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Figure 1-7 RMS voltage dips caused by energisin§220/63 kV transformer (voltage dips
were measured on 220 kV side) [20]
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Recently, connections of wind farms are increasing they are often located at remote
areas where the electrical network can be of xedbtilow fault level (i.e. the source
strength is weak). Voltage dips caused by enemgisimd turbine transformers have

been causing concerns.

Sympatheticinrush

A transformer already connected to the supply systan experience unexpected
saturation during the inrush transient of an ingantransformer [21]. This saturation is
established by the asymmetrical voltage drop adiessystem resistance caused by the
inrush current in the transformer being energiskddemands offset magnetizing
currents of high magnitude in the already connettaasformers and hence classified
as ‘sympathetic’. The sympathetic inrush can sigaiftly prolong the duration of the
inrush and therefore exacerbate the above-mentiadeerse effects associated with the
inrush phenomena [22].

1.2 Objectives of research

With the help of field measurements and time-domaimulation, this thesis
investigates voltage dips and sympathetic inrusisea by energising generator step-up
(GSU) transformers, focusing on two types of geti@maconnection: one is a combine
cycle gas turbine plant connected to a 400 kV trassion grid and the other is a large

offshore wind farm plant connected to a 132 kVrasition grid.

Through the investigation, it is aimed to answexr tbllowing questions that have not
been addressed before:
+ Influence of sympathetic inrush on voltage dips seau by transformer
energisation;
« Probability of encountering the worst case voltdips;
% Energisation sequence resulting in less sympathetish between wind turbine

transformers.

To achieve the objectives, the scope of the woverthe following areas:
« Use Alternative Transients Program/Electro-Magneliansients Program
(ATP/EMTP) to develop network models suitable fardying voltage dips and
sympathetic inrush caused by energising transf@amer

« Assess and compare voltage dips caused by engrgisdt) transformers in a
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400 kV transmission grid and a 33 kV wind farm eotlon grid;

% Investigate the influence of sympathetic inrush \mitage dips caused by
transformer energisation;

+ Perform sensitivity assessment to identify the ikélyential parameters;

% Stochastically assess the voltage dips causedahgfarmer energisation, taking
into account the influences of various transformae residual flux and circuit
breaker closing time span distributions;

« Explore possible operational measures to reducevtitage dips caused by
transformer energisation in the 400 kV grid;

% Assess different energisation sequences to redgropathetic inrush between

wind turbine transformers in the offshore wind fagnd.

1.3 Outlineof thethesis

The thesis consists of seven chapters which aeflyodescribed below:
Chapter 1 Introduction

This chapter presents a general background abansgfarmer inrush and its potential
adverse impacts on the power transformer itself taedpower system. The objectives

and the scope of work of this thesis are presented.
Chapter 2 Literature Review on Transformer Energisation Transients

This chapter summarizes the published work relatedtransformer energisation
transients. First of all, the approaches for calttng transformer inrush currents are
presented; network components modelling in ATP/EMirRiinly include transformer,
transmission line and circuit breaker) are furtteiewed in detail; this is followed by
reviewing simulation studies of transformer enatie transients mainly in terms of
sympathetic interaction, harmonic resonant oveagas and voltage dips. Finally,

possible measures for mitigating transformer inarghpresented and compared.
Chapter 3 Field M easurements, Network M odel Development and Validation

This chapter reports the field measurements ofsimraurrents, sympathetic inrush
currents and voltage dips caused by energisingk¥0GSU transformers. The network
model development is described in detail and also vialidation against field

measurement results.
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Chapter 4 Assessment of Voltage Dips Caused by Transformer Energisation
Transients Using Deterministic Approach

This chapter describes the comprehensive assessmevtltage dips in the 400 kV
system caused by energising large GSU transfornmaisiding: comparison of voltage
dips under different energisation conditions; tleéwork-wide voltage dips under both
non-outage and outage scenarios; the influencgrmopathetic inrush on voltage dips. It
also presents the work that has been done onfidation of key influential parameters
on voltage dips and exploring operational approatbecost-effectively reduce voltage

dips and sympathetic inrush.

Chapter 5 Assessment of Voltage Dips Caused by Transformer Energisation

Transients Using Stochastic Approach

This chapter attempts to extend the determinidtidies carried out in Chapter 4 by
taking into account stochastic variables. First, AAFP-EMTP interface to facilitate

stochastic assessment using Monte Carlo methocessrided. Second, the possible
stochastic variables are discussed and quantifiétkn a preliminary stochastic
simulation based on a single phase circuit is prtese Finally, stochastic studies of the
three-phase system are presented, which includtmilaing the distribution of voltage

dip magnitudes and durations; identifying the ptolis of the worst case voltage dips;
and testing the sensitivity of the results to vasi@losing time span and residual flux

distributions.

Chapter 6 Assessment of Transformer Energisation Transients Dueto Offshore
Wind Farm Connection

This chapter applies the modelling and simulatiogthuds proven in Chapter 4 and
Chapter 5 to assess transformer inrush transiemisgdoffshore wind farm connections.
Special attention is focusing on voltage dips apchmathetic inrush between wind
turbine transformers. It first describes the depeient of a wind farm collection grid
model and its validation against measurements tl@ml presents the studies of voltage
dips and sympathetic inrush caused by energisimgl wirbine transformers in a large
offshore wind farm collection grid. The studiesimstte the possible voltage dips
caused by energising wind turbine transformersassdss energisation sequences with
the aim to reduce sympathetic inrush between wingirte transformers.

Chapter 7 Conclusion and Future Work
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This chapter summarizes the main finding of thiesth work. Future work is also
suggested for several aspects of the research ltegeodips and sympathetic inrush

caused by transformer energisation.
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Chapter 2 Literature Review on Transfor mer
Energisation Transients

Transients resulted from transformer energisatierewirst observed by Ferranti when
commissioning the Deptford to London 11 kV link1B890 [23]. Afterwards, abundant
publications were devoted to the calculation ofngfarmer inrush current, the
assessment of transformer energisation transiemistlae development of possible

mitigation measures.

In this chapter, calculations of inrush current bging analytical and numerical
approaches are briefly summarized at the beginnihgreafter, modelling of system
components in EMTP for assessing transformer eseign transients in large-scale
networks is systematically reviewed. This is folexwby the review on the key issues
involved in transformer energisation transients, intya including: sympathetic

interaction, mechanical forces on winding generadbgdinrush current, energising
transformer from a generator of small capacitynaric resonant overvoltages, and
voltage dips caused by transformer energisatiarally, possible mitigation approaches

reported in the literature are summarized.

2.1 Approachesfor calculating transformer inrush current

Calculation of transformer inrush current is thestfistep for studying the effects of
inrush current. At the beginning, transformer itrusurrents were analytically

calculated. Later, following the advent of compuaeplication, numerical approaches
gradually took over analytical approaches and rfuay have become the preferred way

for transformer inrush current calculation.

2.1.1 Simpleanalytical approachesfor calculating inrush current

One early attempt of analytical calculation was enad[1] to predict the first peak of
inrush currenti¢;,;_,.qx) Caused by energising a single-phase transforineoltge

zero crossing. The derived formula is shown below:
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. Bairl ! Ac
lrirst—-peak = 1N = 1N : Ao (2B, + B, — By) (2.1)

whereB,;, is the magnetic flux density outside the saturatece,B,, is the peak
nominal flux density, B, andB, are the residual and saturation flux densifiés,the
length of the magnetic flux path in aW,is the turn number of the energised winding,
A, is the cross-section of the space enclosed bgribeggised windingd,. is the cross-

section of the iron core and is the permeability of the air.

This formula, however, only considers one particuigaitching time (voltage zero
crossing) and assumes infinite short circuit capaeit the transformer terminal,
moreover, it neglects the resistance of the eratigis circuitR which contributes to the

decaying mechanism of inrush current (see Figufe te circuit resistance would

reduce the flux by an amount ﬁﬁ””R - idt per cycle, resulting in the attenuation of

the inrush current peak).

4 Voltage, flux

8 current Transformer winding flux that would

Infush current ™

(without resistance) N Reduced transformer winding flux

existing when system resistence
is present.

Ay
inrush current
{with resistance) A\

. ) ——Voltage -"\’ tir;e
{ with resistance ) {without resistance}

Figure 2-1 Effect of circuit resistance during fiicgcle when switching in transformer at the
positive-going zero crossing of applied voltage] [24

As one step forward, the work presented in [25]gests an analytical formula which
takes into account the effect of switching angléd aincuit resistance to predict the first

peak of inrush current. The formula was derivetbdsws:

lrirst—peak =

v B, — B
dh ( L >+ cosO + 1) (2.2)
\/Rz + (wLair—core)z Bn

with additional parameter$},, the magnitude of the applied voltagethe angular
frequencyg the initial phase angle of the voltage sourté¢he series resistance and

Lqir—core the air-core inductance of the energised winding.
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Analytical equations proposed in [26], [27] and][2&tended the estimation of inrush
current peak from the first cycle to the followiogcles. The work presented in [26]
estimates inrush current peaks via the followinacpdure:

Step 1 - calculate the saturation arijlg (i.e., the angle at which saturation occurs):

B;—B, —B
Osqr = COS™1 (#> (2.3)
By
Step 2 - estimate the inrush peak of the fiystecusing:
V2V,
lpeak = —— (1 — cos O4¢) (2.4)
Lair—core
Step 3 - update the residual flBx
R
B.(new) = B,(old) — B, T 2(sinbsqr — Oq:€0S0s41) (2.5)
air—core

With the updated,., steps 1, 2 and 3 are repeated to calculate tlushinpeaks of

subsequent cycles.

The method given in [26] neglects the integraked term for the first cycle and only
gives the peak values of the inrush current ratten the full inrush current waveform.
These limitations were overcome by including anomgntial transient term in the
equations given by [27] and [28], which helps obtdie full current waveform as a

function of time, as shown by the following equatio

V2V,
\/RZ + (wLair—core)z

R (t Gsat)
- sin(wt — ¢)) — e Lair-core: 7. sin(@sat - d))

ipeaks(t) =
(2.6)

where¢ = tan " (wL,;,—q0re/R) = phase angle between voltage and current vectors.

It should be noted that the above analytical apgres can only estimate the inrush
current peaks for a single-phase transformer. gthinnot be suitable to apply them for
estimating inrush transient of multi-winding and Ithphase transformers or assessing

transformer energisation transient with other nekwammponents involved.
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2.1.2 Numerical approachesfor calculating inrush current

When the nonlinear behavior of the transformer é¢®reonsidered, it is difficult to get
analytical solutions to describe the inrush tramsiea preferable alternative way to

calculate transformer inrush currents is by utilignumerical approaches.

Some early attempts, such as those in [10, 29, 88}e focusing on numerical
prediction of inrush current in single-phase transfers. Basically, they adopted a time
stepping technique which can give successive desar@lues of current at successive
chosen steps. The main purpose of these attemstavavestigate the effects of
varying point-on-wave switching, residual flux amkhnsformer resistance on the
harmonic content variation of inrush current. Hoeg\they were not extended to study

the impacts of inrush transients on system operatidarge-scale networks.

Inrush current calculation based on finite elemmeathod (FEM) was presented in [31].
In this method, both magnetic field and electrigafcuit equations are solved
simultaneously. Similar contribution can be found32]. The use of FEM calculation
allows investigating mechanical stresses on thelw@) internal flux distribution and
thermal condition. However, it is time consumingymputationally costly and not

suitable for studying inrush currents’ network irofza

Up to date, the most frequently used numerical tootalculating inrush current is the
Electromagnetic Transient Program (EMTP). In the TEMype simulation packages
(including ATP/EMTP and PSCAD/EMTDC), standard #adale transformer models
are provided together with non-linear elements wleisgy transformer core hysteresis
and saturation features; models for other systemponents, including transmission
line, cable, circuit breaker, surge arrester, nogatmachines and Flexible AC
Transmission Systems devices, are also provideds €hables the simulation of
complex networks and control systems of arbitrarycsure, which make the EMTP a
preferable numerical tool for calculating inrushrremts as well as simulating their
impacts on network operation. In the following s&tt modelling system components
in EMTP for transformer energisation transient stacre reviewed.
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2.2 Modelling system componentsin EM TP for studying
transformer energisation transients

According to the report given by CIGRE Working Gpo02 of Study Committee 33,
the frequency range for the transients of primatgrest can be divided into four groups:
e Low frequency transients, from 0.1 Hz to 3 kHz;
» Slow-front transients, from 50/60 Hz to 20 kHz;
» Fast-front transients, from 10 kHz to 3 MHz;

* \ery fast-front transients, from 100 kHz to 50 MHz.
In Table 2-1, various origins of transient and tlasisociated frequency ranges are listed.

Table 2-1 Origin of electrical transients and ttasisociated frequency ranges [33]

Origin of transients Frequency range
Transformer energisation (DC) 0.1 Hz — 1 kHz
Ferroresonance
Load rejection 0.1 Hz — 3 kHz
Fault clearing 50/60 Hz — 3 kHz
Fault initiation 50/60 Hz — 20 kHz
Line energisation 50/60 Hz — 20 kHz
Line reclosing (DC) 50/60 Hz — 20 kHz
Transient recovery voltage 50/60 Hz — 20 kHz
Terminal faults
Short line faults 50/60 Hz — 100 kHz
Multiple re-strikes of circuit breaker 10 kHz — 1Hv
Lightning surges, faults in substations 10 kHz MRz
Disconnecto:::‘\;vlitt;:ri\ri]ngI(;ingle re-strike) 100 kHz — 50 MHz

Since the transformer energisation transients maarge between DC to 1 kHz, when
modelling system components in EMTP to study tramsér energisation transients, the

frequency range can be targeted on the range betw€end 1 kHz [34].

2.2.1 Transformer modelling

Modelling transformer to study transformer energisatransients mainly focuses on
two parts: representation of windings and repredemt of the magnetic iron core [35].
In EMTP, the standard available transformer modils assessing transformer
energisation transients are Saturable Transformergonent (STC), BCTRAN, Hybrid

Transformer (XFMR) and UMEC, which are explainedha following sections.
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2.2.1.1 Saturabletransformer component (STC model)

As shown in Figure 2-2, the STC model is based mylesphase transformer
representation and it can be extended to formracstauit representation so as to handle
single-phase N-winding transformer. The single-phBiswinding transformer can be

described by the following equation:

di B B )
2| = L1 vl = L1 R]E] (2.7)

Core saturation and hysteresis effects are modbkitealnonlinear inductor connected at
the star point which can be located at the primangding side.
L R, N,:N, R, L,

'v.v -\
[ I [
1 2
LG 3R

ideal

NN, Ry 7 Ly
<
In

ideal
Figure 2-2 Star-circuit representation of singlegdN-winding transformers [35]

The use of three single-phase two-winding STCsddeha three-phase transformer has
been applied in many studies [19, 36-39]. As shawRigure 2-3, three single-phase
two-winding STCs were used to model a 315 MVA 138K¥, YNd connected GSU
transformer, with their primary side connected asugded-star and secondary side
delta [19].

=
o
b
o

3
x

3
&

Figure 2-3 Connecting three two-winding STCs taespnt a three-phase transformer
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2212 BCTRAN model

The BCTRAN model uses branch impedances and adhoétenatrices to represent a
three-phase N-winding transformer simply as 3xNpbted branches [40]. The model
formulation is based on the steady state equatadna single-phase multi-winding
transformer described by a branch impedance edquatio

vl =I[Z]l1] (2.8)
To describe multi-winding three-phase transformansextension of the above equation
is made by replacing any element&f by a (3x3) sub-matrix

Zs Zm Im
Im Zs Zm
Zm Zm Zs

where Z; represents the self-impedance of a phase Zpndepresents the mutual

(2.9)

impedance among phases.

These impedances can be calculated from positidezaro sequence impedancé&s (
and Z,)
(2o +2Zy)

s = (2.10)
Zo—Z
Zy = @ —2) (2.11)
3
For transient calculation, equation 2.8 is rewniths
2.12
o] = (R + 1 7 212

being [R] and [L] the real and imaginary part of the branch impedangatrix,

respectively.

In the case of a very low excitation current, ttensformer should be described by an
admittance formulation
[1] = [Y][V] (2.13)

Accordingly, for transient simulation, the express.12 becomes

di
%] = w1 = R (2.14)

The BCTRAN model takes phase-to-phase coupling atcount; it can model core

saturation but does not consider core topologg. llhear and is reasonably accurate for
frequencies below 1 kHz [41]. The effects of catugtion can be represented by a set
of externally connected non-linear inductances Wiaie usually added at the terminals
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of the transformer winding nearest to the corestamvn in Figure 2-4. Application of
BCTRAN with external core representation has shmatisfactory performance for

studying transformer energisation transients inowesr networks [6, 42-44].

PRIMARY SECONDARY
{;)_
Short-Circuit :
o0— Model
(BCTRAN) /o
oO— el
Core
Equivalent
1

Figure 2-4 Schematic diagram of BCTRAN-based méwotewo-winding transformer, with an
externally connected core representation [35]

2.2.1.3 Hybrid model (XFMR)

The Hybrid transformer model, as shown in Figui® 2ensists of four parts, including:
a equivalent electrical circuit for core represé@ntg an inverse inductance matrix [A]
for leakage representation, a [C] matrix for repregg capacitive coupling and a set of

circuits for modelling frequency dependent windragistances [45].

[C] Capacitive
coupling

Winding Al
connection

Frequency dependent
winding resistance

} Leakage equivalent

Coreequivalent

Figure 2-5 Schematic diagram of the Hybrid transi@r model [45]

The equivalent circuit for the core modelling igided from a simplified core magnetic
circuit via duality transformation (meshes in theagnetic circuit are transformed to

nodes in the electrical dual; reluctances are obéntp inductances; sources of
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magnetomotive force become current sources) [46, #7the circuit, a constant
resistance in parallel with a nonlinear inductaiscesed to represent each limh)(@nd
yoke (Z); Lo accounts for the zero-sequence flux paths. Thea@gequivalent is an

inverse inductance matrix established based on BN &oproach.

Hybrid model has been implemented in ATPDraw [48cent development of the
Hybrid model suggests the inclusion of type-96 finear inductors to produce residual
flux after de-energisation and accommodation of-deéined air-core inductance value
[49]. However, due to the requirement of core desigta and the difficulty of manually

initializing residual flux, so far this model hastrbeen widely used.

2214 UMEC mod€

In PSCAD/EMTDC, there is a transformer model calldnified Magnetic Equivalent
Circuit (UMEC) model. This model is based on thenaapt of normalized core. It
expects users to scale yoke-to-limb ratio regardmogs-sectional area and length. Thus,
this model is difficult to be applied because iguges transformer dimensional data
which are usually not available. In most transfarmeergisation studies carried out in
PSCAD/EMTDC, such as [2, 50, 51], three single-phatansformer models without
coupling between phases (i.e., three single-phasaeninding STCs) were used instead
of the UMEC model.

2.2.1.5 Estimation of core saturation curve

Transformer core saturation curve, especially #aien of deep saturation, is of great
importance for inrush transient estimation [52]nmany cases, transformer open-circuit
test data is the only data source for approximatuegsaturation curve. The open-circuit
test data are usually in the form of RMS voltagesue RMS magnetizing current. For
modelling purposes, this form is inconvenient fee @nd must be converted to ‘peak’
or ‘instantaneous’ form. Several approaches haea loeveloped to convert saturation
characteristics expressed in RMS values (RMS veltagrent,V/lI) to peak and
instantaneous values (peak flux-linkage/curreéf},[53-56], which are summarized in
Table 2-2.

They are different from each other in terms of @sion approach, consideration of
core losses and handling of delta connection. Tpkore losses into account improves

the accuracy of the conversion; handling of dettanection counts the fact that, in the
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tests carried out with closed delta-coupled windjribe triplen harmonics circulating in
the closed delta do not appear in the measured dimeents [57]. The analytical
approach reported in [54] is the basis of the curreain conversion routine (called
SATURA) used in ATP/EMTP [58].

Table 2-2 Summary of previous contributions on @stiug RMSV/I to A/i curve

Contributors Conver sion method Corelosses Delta connection
Talukdar et al. [53] Numerical Not considered Not considered
Prusty and Rao [54] Analytical Not considered Nonsidered
Neves and Dommel [55] Analytical Considered Natsidered
Neves and Dommel [57] Numerical Considered Considler
Chiesa and Hgidalen [56] Analytical Considered Qered

In the open-circuit tests carried out by transfarmanufacturer, the commonly applied
excitation levels are 90%, 100% and 110% of rajgerating voltage, because, during
operation, system voltage variations are normabiytolled to be within £10% of the

nominal operation voltage. Hence, the convetedcharacteristic usually consists of
only three points. These points can only form aywaude piecewise nonlinear core
saturation curve. Extension of the test report dataceded to form a more complete

core saturation curve.

There are two approaches for data extension: olvee@r extrapolation and the other is
curve fitting. In linear extrapolation, the finagment of the crude piecewise nonlinear
curve is linearly extended to form a constant slqperepresenting/i characteristic in
transformer core deep saturation region. Althougis tmethod is simple, it may
severely underestimate the current resulted fropnexitation level above the 110%
excitation level, because at the 110% excitatiomelléhe core has not reached the deep
saturation. Instead of simple linear extrapolaticumye fitting approach generates new
artificial points which form new segments to be edidnto the crude piecewise
nonlinear curve. One commonly used curve fittingction is a two term ' order

polynomial function:
i=a-A+b-A" (2.15)

This function was first identified in [59] and useddevelop an analytical approach to
evaluate ferroresnance. It was applied to curvedirt-linear saturation characteristics of
potential transformer and substation transformd6@j. Other more complex functions

but rarely used for the curve fitting were docuneenn [61].
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Although curve fitting provides additional pointsansformer saturation characteristic
beyond the final measured excitation point is unmkm@nd should be better decided by
incorporating with the knowledge of transformer@are inductance. Determination of
the value of air-core inductance can be basedamsfiormer winding design data using
analytical calculation. The design data include wheding’s mean cross-section area
A, the equivalent heigltt,, (taking into account fringing effects) and windibgn
numberN [52, 62]. However, it is frequently encounteredttiransformer winding
design data are not available. As an alternativerageh, transformer air-core
inductance can be estimated from transformer shiatit inductance. According to the
modelling guideline provided by CIGRE Study Comggtt33 [33], the approximation
of transformer air-core inductance can be referted transformer short-circuit
inductance k¢ as follows:

« Step-down transformer (outer winding)airsore=2~2.5 Lsc

e Step-up transformer (inner winding)aileoree1~1.5 Lsc

e Autotransformer (high voltage side)iileoree4~5 Lec

The value of air-core inductance is important foe estimation of transformer core
saturation inductance which determines the fingpelof core saturation curve [52]. In
BCTRAN and STC, the saturation inductaricg; is deduced by taking into account
short circuit inductance:

Lsat = Lair-core — L1 (2.16)

wherelLy, is transformer short-circuit inductance.

In the case of Hybrid model, the leakage flux betvéhe inner winding and the core

are taken into account lhyc; in this caselsa is calculated by:
Lsat = Lair—core — Lur — Lic (2.17)
2.2.2 Overhead line and cable modelling

Being important links for power transportation, dwead lines and cables could also
engage transformer energisation transients by dotilg with the energised
transformers. Hence, modelling of overhead lines@bles should be fully considered.

In Figure 2-6, an elemedix of a single-phase line is schematically illustrated
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Figure 2-6 Single-phase line with detail afbasection

The frequency-domain description of the single-pHaee, either of a cable or an
overhead line, can be expressed as:

a OVS; 2 (R(w) + jwL(w))I(x, w) = Z(w)I(x, w) (2.18)
- al(a)ca;w) = (G(w) +jwC(w))V(x, ) = Y(w)V (¥, w) (2.19)

where V(x, w) andI(x, w) are the voltage and current of the line, respebti\rR (w),
L(w), G(w) andC(w) are line parameters expressed in per unit length &ith
frequency dependent(w) [=R(w) + L(w)] and Y (w) [=G(w) + C(w)] represent line

series impedance and shunt admittance in peremgth, respectively.

The characteristic impedance of the line is deteeahiby:

_ |R(w) + jwL(w)
ZC(w)_\/G(w)+ij(a)) (2.20)

Also, the propagation constant of the line is dégct by:

r@) = [(R(@) +joL@) - (6() + joC(@) (2.21)

From the line equations above, one can furtheriobte well-known relation between
the sending and receiving end [63]:
cosh (yl) Z_sinh(yl)
] =] )
Iy, Z—sinh(yl) cosh(yl) |lUm (2.22)
c

These equations are for describing steady-statelitotmms and form the basis for

deriving transient line models.

For modelling lines in time-domain simulation, tiypes of model are commonly used:

* Lumped-parameter models, usually known as pi-modedpresent line by
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lumped parameters whose values are calculated satighe frequency (most
commonly used pi-models include: exact pi-model mmahinal pi-model);

» Distributed-parameter models, with distributed natof the line parameters
taken into account (they can be categorized intmst@ant-parameter model
(Bergeron model) and frequency-dependent model).

The basic principles of these line models are dyg@dplicable to overhead lines and

cables.

2221  Exact pi-model

The exact pi-model is derived from equation 2.221 aan be described by the

equivalent circuit shown in Figure 2-7. In the ait¢

B . sinh (y (w)1)
Z(w) = (Z(w) l)—(y(w)l) (2.23)
B _ tanh (y(w)l/2)
Bw) = (V@) D= o (2.29)
ik Zl j-m
k@;} ] ~om
+ L 1 +
Vi Y2/2 Y2/2 V.,

Figure 2-7 Pi-circuit model of a line [64]

The scalaZ andY can be replaced by correspond[@d and[Y] matrixes to describe
N-phase transmission line. It is an exact repredgiemt of the line at a given frequency
and therefore named as exact-pi model. This mosleduitable for steady-state or
harmonic analysis in which solutions are obtair@dohe frequency at a time. However,
they are difficult to be applied for time-domaiarisient analysis because the elements
in the exact pi-model are two-fold frequency deperidone due to the line parameters
themselves (including andY) and second due to the propagation consganEven by
assuming the line parameters as constant, the etenrethe exact pi-model are still

function of frequency.
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2.2.2.2  Nominal pi-model

Nominal pi-model is described by the same equivat@rcuit of exact pi-model (as
shown in Figure 2-7) but with the branch total egrimpedance and total shunt
admittance equal td(w)-l andY(w) -1, with the hyperbolic correction factors
neglected. The nominal pi-model is preferred owerdxact pi-model because it can be
directly applied to time-domain transient simulasdy assuming the line parameters as
constant. In addition, it approximates the perfarogaof exact pi-model. In the cases of
short lines or low frequencies, the nominal pi-nadesffectively identical to the exact
pi-model and it may be used for transient simutetion the proximity of the frequency
at which line parameter values are calculated.him ¢ases of long lines and high
frequencies, a number of cascaded short nominahqggel sections, the so called
“cascaded nominal pi-model”’, can be used to appmaie the frequency dependent
effect of the propagation constant so as to mitmcpterformance of exact pi-model [12,
36]. However, the treatment of lumped parametensgibge rise to spurious oscillations
and hence the pi-model is not preferable for reprisg the frequency dependent line

parameters.

2223 Bergeron model

Bergeron model is a simple, constant frequency mbdsed on travelling wave theory.
In general, it is a combination of lossless disti#al parameter line and lumped series

resistances [65].

One important technique utilized to derive the Beog model (as well as the frequency
dependent model) is the decoupling between thederaling and receiving ends. To
understand this, a lossless distributed paramiegchn be considered first. The general

solution for the wave propagation equations ofssless line are:

i(x,t) = filx — at) + fL,(x + at) (2.25)
vix,t) =Z,. - filx —at) — Z. - f,(x + at) (2.26)

whereZ, is the characteristic impedance ants the velocity:

, _ |L
= |z (2.27)

o =— (2.28)
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Rearranging (2.25) and (2.26):
v(x,t) +Z. - i(x,t) = 2Z. - fi(x — at) (2.29)
v(x, t) —Z. - i(x,t) = =2Z, - f,(x + at) (2.30)

Clearly, when(x-at) is constanty(x,t) + Z. - i(x,t) is constant Givend as the
length of the line, the travelling time for a caanst wave to travel from the end k to the

other end m of the line is:

T = g = dVLC (2.31)
Hence
vk(t - T) +Z;- ikm(t - T) = vm(t) +Z;- (_imk(t)) (232)

Rearranging the equation (2.32) gives

I () = Zlcvm(t) + I, (t — 1) (2.33)

where
L,(t—1) = —Zlcvk(t—r) — I (t — 1) (2.34)

Similarly
lem () = Zlcvk(t) + I (t — 1) (2.35)

where
L(t—1) = —Zlvm(t—r) — I (t — 1) (2.36)

Cc

Therefore the lossless line can be representednbgqaivalent two-port network as

shown in Figure 2-8.

ikm(v N

Figure 2-8 Equivalent two-port network for modejia lossless line
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As can be seen, the terminals of the two port netvaoe topologically disconnected,
i.e., the sending and receiving ends of the limeedfectively decoupled from each other
during the solution at time This is valid in time domain simulation provid#tht the

simulation time step\t, is smaller than travelling time of the waveg56].

The Bergeron model is formed by adding lumped sessistances into the lossless line
model, with the conductance to ground neglecteds iBmade by splitting the total line
resistance into three lumped parts and locating thethe middle and at the ends of the
line, as shown in Figure 2-9. The error incurredumping the series resistance as
compared to the distributed case is acceptablengsdsr - [ < Z,. [66].

K Rl Ri2 RV/A  m

O0—AN— ¢

Ideal lossless line Ideal lossless line
Vi Vi

in() io(t)

i
{RI2 F——
1,(t-12)
S
Ln(t-1/2

Figure 2-9 Forming of Bergeron model based on tex-petwork model of lossless line

For studying transformer energisation transienesgBron model is accurate enough to
represent frequency dependent parameters, bedsupeditive sequence resistance and
inductance are fairly constant up to approximalekHz [12, 34, 67]. Nevertheless, the
Bergeron model is more efficient and accurate th@wnominal pi-model or cascaded

nominal pi-model [67].

2224  Frequency-dependent model

The frequency-dependent line models commonly availan EMTP include: Semlyen
model, Marti model and Noda model. Details of thesmdels are not reviewed here,
because they are rarely used in the simulationiegudf transformer energisation
transients. Since the frequency dependent parasnetetransmission lines are fairly
constant within the frequency range of transformeergisation transients [12], it is

therefore not necessary to use the frequency-depénmdodels. Even by employing
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frequency-dependent line models to study energisdtansients, the results obtained
are similar to that calculated by the cascaded nahpi-model [68].

2.2.3 Circuit breaker modelling

Depending on the features of studied transientsuitibreaker can be modelled to
different levels of complexity. A guideline was posed by the CIGRE Study
Committee 33 on representing circuit breaker clpsamd opening operations for

studying transients in different frequency rangessshown in Table 2-3 [69].

Table 2-3 Guidelines for modelling circuit breakg?]

_ Low frequency Slow-front Fast-front Very fast-front
Operation transients transients transients transients
(0.1 Hz — 3 kHz) (50/60 Hz — 20 kHz) | (10 kHz —3 MHz) | (100 kHz — 50 MHz)
Mechanical Important Very important Negligible Negligible
. pole spread
Closing
Prestrikes Negligible Important Important Very ion@ant
High current | Important only for interruption . -
interruption | capability studies Negligible Negligible
Current - Important only for interruption of .
chopping Negligible small inductive currents Negligible
. Restrike - . .
Opening characteristic Negligible Important only | Very important| Very important
- for interruption
High
frequenc of small
cur?ent y Negligible inductive Very important  Very important
) : currents
intteruption

It can be seen that for low-frequency transientshsas those of transformer inrush
transients, high current and high frequency curnetarruption, current chopping and
re-strike characteristics of circuit breaker can rmglected in modelling opening
operation, and the prestrike can be neglected idelting closing operation; the only
important feature that should be considered inildistéhe mechanical pole spread, i.e.
closing time span (in general breaker poles daloste simultaneously, but with certain
time span). Therefore, in many previous studiesasfsformer inrush transients, such as
[6, 39, 70], each pole in a three-phase circuibkee was modelled as an ideal time-
controlled switch: in opening operation, it opemnghe first current zero crossing after
the ordered tripping instant (a current margin peter can be included to approximate
current chopping); in closing operation, it behavas an impedance changing
instantaneously from an infinite value to a zertugat the closing instant (the closing

instant can be at any part of a power cycle). Sthoee poles are represented by three
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separate ideal time-controlled switches, the cfpsime span between three poles can
be represented by closing time differences betweethree time-controlled switches.

The circuit breaker closing time and closing tipars between circuit breaker poles are
of stochastic nature; hence, several approaches baen proposed to construct
statistical switches with closing time and clositige span modelled by statistical
distributions. In [70], each pole of a circuit bkeawas modelled by two contacts (one
is named as auxiliary contact and the other is iaage main contact), as shown in
Figure 2-10.

/ \./ \ t
0.5/f
Auxiliary
contact [T~ 7, 3a,
Main |/ -
contact A LTT*
T Ar o 3oy,
Main -\I
contact B N
T
L7 3oy Br
Main |/
contact C l—s g
T,

Figure 2-10 Statistical switching model involvinigsing time span among three phases [70]

The closing time of the auxiliary contaEi,x was used to represent the instant at which
the closing signal is ordered. It was consideredbé¢othe same for three phases and
follow a Uniform distribution with a typical rangsd one power frequency cycle (equal

to 20 ms for 50 Hz systems).

The closing times for three main contacts werengefias:

Taclose™ Tauxt 7a £ Tar
Toclose= Tauxt 78 £ Tar (2.37)
Teclose= Tauxt 7c + Ter

whereTar, Tgr andTc, represent the closing offset time of three pobexly of them was
defined by a Gaussian distribution whose standaxdation was defined by one-sixth
of the maximum closing time span (MCTS3), s andzc represent the time delays
between the closing signal ordering and the adiosure of circuit breaker.
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Similar to modelling approach used in [70], thecgit breaker closing time span
modelled in [43] consists of four parameters:

e« Common order timetyqer. It was also characterized by a Uniform distribnti
over a power frequency cycle.

* Random offset time for each polgrfet a boftset sANALosser, . This offset time was
assumed to follow a Gaussian distribution, whosarmelue is zero (assuming
that three poles tend to close simultaneously) whdse standard deviation is
MCTS/6.

The exact closing time for each pole was thus detexd by:

Taclose™ torder® toftset,A
Tgclose™ torder® toffset,B (2-38)
Teclose= torder £ toffsetc

It can be seen that in both modelling approaches,MCTS determines the offset
closing time. However, MCTS is an uncertain valdecording to [71], it is suggested
that the typical MCTS is between 3 and 5 ms. Irj,[i&5ts were carried out to study the
performance of a 110 kV circuit breakers (minimurhaircuit breaker and air-blast

circuit breaker) on energising transmission lined & was shown that the MCTS is
normally smaller than 5 ms but could be as largéGams. In [73], the performance of
400 kV and 220 kV circuit breakers for energisimgnsmission lines in different

network topologies were experimentally investigaded it was shown that: for 400 kV
circuit breakers (minimum oil, air-blast or SF6 watit switching resistance), the MCTS
was less than 9 ms; for 220 kV circuit breakersnimum oil), the MCTS can

sometimes reach 16 ms.

2.2.4 Source and network equivalent modelling

According to the guidelines for modelling switchitrgnsients [74], the source can be
represented by an ideal sinusoidal voltage sougeagrators can be modelled as an
ideal voltage source with a sub-transient impedambese treatments have also been

applied in studies targeted on transformer endigis#ransients.

In a large network, a proper boundary can be sdetd reduce the network to a size
only covering the part of the network that is ofemest for a specific study. This

boundary is normally set at the points where trstesy is very strong (i.e. large short
circuit level). These points can be the supplg ©ifla substation transformer or a main
supply bus. The portion of network outside the ltarg can be represented by a
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network equivalent. In many studies, such as [69,73, 76], the network equivalent is
modelled by an ideal voltage source together witlh@venin equivalent impedance.

2.2.5 System load modelling

Power system loads are mainly resistive, repredeloyeloads of heating and lighting
and the active component of motor loads. The reactomponents of motor and

fluorescent lighting loads are the other major dbotors to power system loads [74].

In the range of low frequency transients, loadscm®amonly modelled as a constant
impedance [77]. Naturally, this treatment also m¥plin the loads modelling for

studying transformer energisation transients; exasipan be found in [2, 12, 78]. The
constant impedance model can be parallel-connaetgdtive and inductive elements
(loads vary with square of voltage magnitude) ar ba of series-connected resistive
and inductive elements (loads vary with squareuofent magnitude). The power factor
of the load indicates the relative proportion a tlesistive and inductive components in

the impedance.

2.3 Investigation case studies on transfor mer ener gisation
transients

2.3.1 Sympatheticinteraction between transformers

Many research addressed the transformer inrushsiérais caused by energising
transformers into a system assuming that there wtmer transformers connected to the
same system. In practice, however, energisatianaotformers is normally conducted
either in parallel or in series with other adjacé&r@nsformers that are already in
operation. These already connected transformersaxjpgrience unexpected saturation
during the inrush transients of the transformerndeenergised. This saturation
demands offset magnetizing current of high mageitud the already connected
transformers, which in turn affects the inrush s$iants caused by the energised
transformers. This sharing of the transient inrastrent is called as sympathetic inrush
[21]. Up to date, most of the published papers lois topic mainly studied the

sympathetic interaction between transformers caedem parallel and focused on
simplified analytical evaluation (e.g., [22, 24,, BD]) and parametric study (e.g., [21,
80-82)).
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Figure 2-11 shows one commonly used generic ciroit studying sympathetic
interaction between two paralleled transformersthia circuit, transformers TE1 and
TE2 are connected to an ideal voltage source throsgstem resistanck, and
inductancelL, ; R; and R, are transformer winding resistancds, and L,, are
transformer leakage inductancés,, andL,,, are the magnetization inductances of
TE1 and TE2, respectively is equal td/},sin(wt + 6), wherel,, is the amplitude of
source voltage and is the energisation phase andlg;is the voltage of common
busbar;ig, i; andi, are the currents flowing through the supply, TEid alrE2,

respectively.

**************************

common S R, Lo,
busbar ‘

Figure 2-11 Generic circuit for studying sympatbatieraction between transformers
connected in parallel

Utilizing the coupled electromagnetic model prombge [83], simulation was carried
out in [24] to study the sympathetic inrush intéi@c between the two parallel
connected transformers, in which case TE1 and TE2veo identical 230/69 kV, 15
MVA single-phase transformers (referring to Fig@r&1). The simulated currents i,
andi, are illustrated in Figure 2-12 (a), Figure 2-12dbd Figure 2-12 (c), respectively.
As can be seen, the inrush currgnteached maximum peak right after the energisation
of TE2 and then decayed gradually, while the syhmgdat inrush current, built up in
TE1 gradually reached its maximum peak and thenlugilly decayed; the supply
currenti, is the sum of the currentsandi,, showing the peaks of sympathetic inrush
currenti; and of the inrush curremf occur in direction opposite to each other, on

alternate half cycles.
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Figure 2-12 Sympathetic inrush current waveformsusated in [24]

2311  Analytical evaluation

Simplified analytical analysis of sympathetic irstetion between two parallel connected
transformers was given in [79, 81]. By Applying &hhoff's laws, the circuit shown in
Figure 2-11 was described by:

(.. di odA _
Rgis + Lsd—ts + Ryiy + T Vsin(wt + 6)
R +d/11 iy +d/12 (2.39)
| 1l dr 212 dt
\ io=iy +1i,

wherel; A, are the flux-linkages of transformers TE1l and TEZpectively, and
A = i1(L1g + Lip) @nda, = i(Lyg + Lom).
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Due to the nonlinearity of core magnetization irtdnces, analytical solution for
equation 2.39 cannot be readily obtained. To catatlgly show how each electric
component contributes to the sympathetic inrushcgse, an analysis is made by
assumind.,,, andL,,, as constants. Assuming TEL1 is identical to TE® gossible to
getR; =R, =R, Li;z+ Ly, =Lys + Ly, =L. If TEL has already been energised,
energisation of TE2 would induce changed0éndA, as a function of time, which can

be expressed by:

L 1 _(M)t
M) ==V, sin(wt + 0 —a) — =[1,(0) — A,(0)]e ‘L+2Ls
Z 2 (2.40)

+510,(0) - e 1)

L 1 _(%)t
A, (t) = =V, sin(wt + 6 — a) — =[1,(0) — A,(0)]e ‘L+2Ls
Z 1 z2- (2.41)
OB RO
where Z = [(R + 2Ry)? + (L + 2Ly)?1Y? , a = arctan[w(L + 2L;)/(R + 2R)] ;
41(0) and2,(0) are the initial flux of TE1 and the residual flukTE2, respectively.

From equations 2.40 and 2.41, it can be seen tb#t A3 and A, consist of one
sinusoidal component and two exponential DC comptendhe AC component and the
first DC component are the same, but the seconddponent int, is opposite to that
in A,, thereforei; andi, are opposite to each other and appear alternatdbpn,
because the DC componentsijnare negative, the maximum peakipfvould appear
right after the energisation of TE2, whilst the @Bmponents id; are of opposite
polarity and the time constant of the first DC camentr,[= (L + 2Ls)/(R + 2R,)] is
smaller than that of the second DC componegpt L/R], soi; will gradually reach the
maximum peak, and gradually decay afterwards. Tihglgied analytical analysis
shows in a general way the variation of flux-linkagn TE1 and TE2 which depends on
the time constants formed by the inductances asidtamces of the circuit branches. In
real situation, the core inductance is nonlineat tnerefore the time constants cannot

be so readily determined.

In [22] and [24], the interactions between parallietransformers were analysed using
the voltage drop across circuit resistances, wigktesn and transformer winding

inductances neglected, which is summarized aswsli®dy referring to Figure 2-11).
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Before closing S, only the magnetizing currenthed tinloaded transformer TE1 flows

through the system; the source volt#gean be described by:

dA
V.= (Rs+Ry) iy + d—tl (2.42)
The integration of;, over one cycle gives:
t+At t+At
f v, dt = f [(Ry +Ry) - iy]dt + Ag, (2.43)
t t

whereAt is of one cycle interval anflp; represents the flux change per cycle in

transformer TEL. Since source voltdges sinusoidal, the following relation is valid:
t+At
Ay = — f [(Rs + Ry) - iy] dt (2.44)
t
with i; being symmetricaldg, is zero.

After closing S, saturation of transformer TE2 @&gua transient inrush currgptwhich
flows throughR,. Due to the unidirectional characteristic of timeush current, each

cycle transformer Texperiences an offset flux by an amount of:
t+At
A(pl = _j [(RS + Rl) * il + RS * lz] dt (245)
t
Meanwhile, an offset flux per cychep, is produced in transformer TE2 by:
t+At
Ap, = —f [(R¢ + Ry) iy + R, - i1] dt (2.46)
t

At the initial stage, bothAp, andAg, are of the same polarity and mainly depend on
the voltage drop caused by the inrush curigntThe accumulation olA¢; drives
transformer TEInto saturation, while the effect afp, is to reduce the initial offset

flux in transformer TE2 so as to produce the dexfagrush current,.

As the transformer TE1 becomes more and more $atljra sympathetic inrush current
i, gradually increases from the steady state magnegtizurrent to a considerable
magnitude. Noted that as the transformer TE1 si&singith the polarity opposite to that
of transformer TE2, the peaks of the sympathetrasin curreni; are with polarity
opposite to that of inrush curredt on alternate half cycles. As a result, the vatag
asymmetry on transformer terminals caused by thasin curreni, during one half
cycle is reduced by the voltage drop produced ley shmpathetic inrush curreigt
during the subsequent half cycle. This decreaséls &p, andA¢,, and therefore
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reduces the changing rate of the magnitude of bethincreasing sympathetic inrush

currenti; and the decaying inrush curreépt

After a certain time, the increaseigfand decay of, can reach a point that:

(Rs +Ry) iy = —Rs - i, (2.47)
At this point, the flux change per cyd; is zero and hence curragtstops increasing.
Thereafter, the polarity dig; reverses and starts to reduce the offset fluxhm t
transformer TEL, as a result, the sympathetic mausrenti; begins to decay (so does
the inrush current,). Since both decaying currents have the same famdplibut with
polarities opposite to each other, no voltage asgtryris produced on the transformer
terminals and the flux change per cycle in eachsfamer only depends on the
winding resistance of each transformer. This is @inthe reasons for the inrush current
to be significantly prolonged in power systems w#ige transformers energised, as the

winding resistances of these transformers are nborwfarelatively small value.

23.1.2 Parametric study

Sympathetic interaction between two identical sAgihase transformers (rated at 333
kVA, 13.8/0.46 kV) was evaluated in the laboratdegts carried out in [81]. The
schematic diagram of the circuit used in laboratests is the same with that shown in
Figure 2-11. In the tests, circuit breaker was teetlose at the positive-going zero
crossing of the applied voltage and the residued @f the transformer (both in terms of
polarity and magnitude) was fixed by feeding a direurrent through the winding
before each test for a short period. The effectdine resistance, line inductance,
resistance of the transformer loop circuit andgfarmer loading were investigated and
it was found that:

» Line resistance: a key factor in determining thegnitade of the sympathetic
inrush current in the transformer already connedtettease of line resistance
generates higher maximum peak of sympathetic inoustent and accelerates
the build-up to reach the maximum peak;

* Line inductance: increase of line inductance redute magnitudes of both
inrush currents (the inrush current of the transfar being energised and the
sympathetic inrush current of the already conneti@asformer) but has little
effect on the build-up of sympathetic inrush;

* Resistance of the transformer loop circuit: it dpireduces the magnitude of
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sympathetic inrush current of already connectedstfaamer and speeds up the
decay of the sympathetic interaction (this represéne case of two parallel
transformers separated by transmission lines af length instead of a short
electrical connection) ;

» Transformer loading: negligibly affects the sympmith inrush current and the

inrush current of the energised transformer.

In [21], using a coupled field-circuit simulatiomp@oach, the possible influential
factors, including system resistance (i.e., sursafrce resistance and line resistance),
switching angle, residual flux in the energisednsfarmer and load current were
analysed. Again, the configuration of the electr@ecuit connection for the analysis is
also similar to that shown in Figure 2-11. It wasirid that: although the increase in
system resistance reduces the magnitude of thehrourrents drawn by the energised
transformer, it increases the magnitude of the shsdic inrush current in the already
connected transformer (however, it has very littifect on the duration of the
sympathetic inrush current); changing circuit bexaddosing time and transformer core
residual flux would cause significant variation ympathetic inrush phenomenon;
loading the energised transformer under variousl$ewith various power factors only

slightly affect the magnitudes of inrush and syrhptt inrush currents.

2313 Measurementsof sympatheticinrush in real systems

Sympathetic inrush has been encountered in mangtigah systems and caused
significant concerns. In [84], sympathetic interactbetween transformers in a 20 kV
converter test facility was reported. The configiara of the test facility is shown in
Figure 2-13(a). During converter testing, the active powecirsulating between S1-
T1-TO-T2-S2-S1 and only the losses are compendabed a 20 kV grid (with 160
MVA short-circuit level). The two transformers ThdaT2 need to be energised on a
daily basis for carrying out tests. To reduce ihrasirrent, a 100 Ohm short-circuit
current limiting resistor was connected, whichaigge enough to limit the inrush current
magnitude to values below 150 A and to damp outsimrcurrent in less than 50 ms.
However, sustaining sympathetic inrush currentsevegrcountered. As shown in Figure
2-13 (b), T1 was energised at 52.2 s and then T2 wagieed at 52.26 s; although
inrush current caused by energising T1 was dampgdnoone cycle, long-duration

sympathetic inrush currents were induced after @siag T2. The damping resistor,
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which helped reduce inrush current in the case r@rgesing T1, caused voltage
asymmetry which resulted in sympathetic inrush wh2mwas energised.

—
L
R Sl A N SZ
Vaoon=20kV
Pyx= 1MW T Ty
Sk=160MVA
External ~/ [—
Grid ——/~
Test Object
(T0)

(a) Diagram of the 20 kV converter test facility
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(b) Measured sympathetic inrush current waveforms

Figure 2-13 One-line diagram of 20 kV convertet fasility and recorded sympathetic inrush
current waveforms [84]

Voltage dips caused by sympathetic inrush betw&®nMVA 220/23 kV transformers
were reported in [85]. The configuration of the ctlieal system subjected to
sympathetic inrush is shown in Figure 2-14. Thestatibn is fed by two 220 kV
overhead lines with length of 178 km; it originallgnsisted of two 100 MVA, 220/23
kV transformers (T1 and T2) connected in parateetswpply power to mining facilities.
A new transformer T3 was added to meet increassgmahds. When energising T3,
sympathetic inrush was induced in the two alreamlynected transformers T1 and T2.
The energisation also resulted in high distortibmattages and caused tripping of those
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equipment connected to 23 kV busbar due to undaxyel Field measurement of RMS
voltage dip waveforms are shown in Figure 2-1%ak be seen that in both cases, the
maximum voltage dip magnitudes were no more than B8wever, the duration to
achieve a recovery were over 10 seconds. It shbais tlespite of small voltage dip
magnitude, voltage dips accompanied by sympathatish lasts much longer and may
still trip off sensitive equipment.

220 kV Overhead Substation 23 kV Side
Line 178 km 23KV
CB-T3 CBT3 B3
v Load
= Bus 2
CcB
T2 23 kV
OHL 2 CB-L2 CB-T2 CBT2
Main Utility @__ - .
\ / Loa
@_ 740-5W. Bus 1
L
OHL 1 CB-L1 CB-T1 @ CBT
& B1 v Load

Figure 2-14 Simpli

fied electrical system circuiagram [85]
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Figure 2-15 Measured voltage dips at 23 kV busgay [
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2.3.2 Mechanical forcesinduced by transformer inrush current

Mechanical force on transformer windings under shcuit is frequently of main
concerns [86]. Since the amplitude of inrush curreay be comparable to that of short-
circuit current, the mechanical forces built-up e@nndings under inrush were

investigated and compared to those under shomtititonditions [8, 9].

In [8], how mechanical forces build up under inrgsinrent was investigated, compared
to those occurring under short-circuit. The invgaion was based on 2D and 3D
modelling of a 268 MVA, 525/17.75 kV three-leggedpsup transformer. It was found
that inrush currents with peaks of more than 70%hef rated short-circuit current
magnitude would induce forces higher than thoseeustiort-circuit condition; these
forces summed up on the high voltage winding (ndisntae energised winding) can be

three times higher.

In [9], the radial and axial electromagnetic forde® to inrush currents were examined
for a three-phase, three-legged 66/11 kV, 40 MVAv@otransformer. The study shows
that the axial forces due to inrush current areagbMarger than those caused by short
circuit current and the radial force applied onhd\oltage (HV) winding is about three

times the corresponding force under short-circoitdition.

Even though inrush currents are normally smallantkhort-circuit current, they are
with a much longer duration. In addition, the dimatof inrush current can be further
prolonged under sympathetic inrush. This may causeling damage or insulation

failures a certain time span after transformer gisation.

2.3.3 Energising transformersfrom a limited capacity generator

In some industrial and utility installations, anengency generator is provided to supply
essential loads during islanded operation or fgtesy restoration. In such installations,
the necessary switching operations may requiregesieg a transformer or a group of
transformers from the emergency generator whiabf iselatively small capacity. The
resulted long-duration high magnitude inrush curraay generate adverse impacts on

the emergency generator [2, 78].

In [78], simulations were performed using EMTP toalgse the inrush transients

resulted from energising a 27 MVA transformer fram 8.3 MVA diesel generator
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under different operating conditions. The developetivork model included generator,
generator control, transformer and loads; the gamewas not included in the generator
control, because the governor time constant isdotizan the analysed inrush transients
and the level of active power consumption during tfansformer energisation is low.
The simulation results show that: although theshraurrents are of magnitudes lower
than three-phase short-circuit currents, they auehmhigher than normal operating
current and may generate high electromagnetic tosciilations; these oscillation may
subject the shaft to high torsional stresses wihmhld lead to fatigue failure if the

transformer energisation from the diesel geneiatbrequent.

In [2], energisation of wind turbine transformerghaan auxiliary diesel generator in a
large offshore wind farm during islanded operatieas investigated using time-domain
PSCAD/EMTDC simulation. The simplified diagram showm Figure 2-16 illustrates

the configuration of the wind farm collection gddring islanded operation.

EOffshore platform 33KV busbar
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Figure 2-16 Simplified single-line diagram of wifatm collection grid during an emergent
islanded condition [2]

As can be seen, it consists of eight cable feedsmsh feeder contains five wind
turbines and each wind turbine connects a ciraaaker, a wind turbine transformer (4
MVA, 33/0.69 kV, Dyn) and a low-voltage auxiliarpdd (18 kVA); the emergency
diesel generator (1.6 MVA, 33/0.4 kV) is locatedfa offshore platform together with
two shunt reactors (1.5 MVar) which are to balatheereactive power generated by the
33 kV cables.
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The collection grid was modelled in PSCAD/EMTDC:etldiesel generator was
modelled in a way similar to that used in [78]; 8&kV submarine cable sections were
represented by nominal pi-sections (the lengtlinefdable section between two adjacent
wind turbines is slightly above 1 km); the loadsweected on the low-voltage side of
each wind turbine transformer were modelled by taantampedances; the wind turbine
transformers were modelled by the PSCAD classicaehin which each phase of the
transformer is represented by a separate singlgepli@nsformer model with no
coupling between phases; additional dc-current cgsumwere connected to the wind

turbine transformer low-voltage side to simulatadaal flux in the transformer.

In the paper, there were in total five case studigish are summarized in Table 2-4. As
can be seen, the case studies mainly consideresffduts of residual flux, sympathetic

interaction between wind turbine transformers &l response of Automatic Voltage

Regulator (AVR). In all the cases, the shunt reacémd 33 kV cables were connected;
only the wind turbine transformer located farthfestn the platform was energised and
the energisation instant was at the positive-gaiegp crossing of phase-to-ground
voltage. It was found that: the sympathetic inrushrent induced in the already

connected wind turbine transformers imposes furteactive power demand on the
diesel generator; increase in the speed of AVRamesp from medium to high can result
in larger sympathetic inrush currents in the alyeamhnected wind turbine transformers
and hence higher reactive power demand from theedgenerator.

Table 2-4 Summary of case studies carried out]in [2

Case Energised wind turbine | Adjacent wind turbine Residual AVR
transformers transformers flux response
1 Not connected Zero
2 Not connected )
. . Medium
The wind turbine Connected speed
3 transformer farthest fron (With saturation) 70% P
the offshore platform Connected
4 (No saturation)
5 Connected High
(With saturation) speed

2.3.4 Harmonicincursion dueto transformer energisation

The inrush current resulted from transformer ermsatgin is rich in harmonics.
Evaluating the harmonic content of the transforimeush current is important for the
design of transformer differential protection ar tanalysis of harmonic resonant
overvoltages.
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2341 Harmonicanalysisof inrush current

In most previous contributions, the harmonic analgs inrush current was performed
by looking at the variation of its harmonic contemvith time. The first contribution

showing the harmonic content variation was presente [10]. In the paper, the
magnitude and phase shift of each harmonic compomere obtained from a Fourier
analysis for each cycle of the inrush separatelys Bpproach was also followed by

other contributions in [14, 24, 87, 88]. Typicalrm@nic analysis results given by [24]
are shown in Figure 2-17.
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Figure 2-17 Variation of harmonic content of inrieghirent as a function of time [24]

Figure 2-17 (a) illustrates the harmonic componerftsrush current alone (without
sympathetic inrush current involved). It can bensiat: the amplitude of any harmonic
component during one cycle is generally differewint its amplitude during another
cycle; the second order harmonic is the dominaet tre higher the magnitude of the
inrush current at any one cycle, the higher thes@wmrder harmonic content of that
cycle; the higher the harmonic order, the smakler magnitude of the corresponding
current component in the inrush current; for soraaronics, their highest amplitudes
do not appear at the first cycle after transformeergisation, such as the third and
fourth order harmonics; some harmonic componengm@h their phase from negative

to positive, or vise versa, after their amplitudes$ zero, such as the fourth and fifth
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order harmonics. Figure 2-1fb) shows the harmonic components of the current
combining inrush current and sympathetic inrushientr in which case, the even order
harmonic components decay rather quickly, wherbasotdd harmonics increase and

continue to stay for a considerable period of time.

2.3.4.2  Useof second harmonic of inrush current in transformer protection

During transformer energisation, the inrush curtgpically occurs in only one winding

of the transformer and thereby produce a diffeaérturrent that may result in the
operation of transformer differential protectior8]8Since transformer inrush is not a
fault event, the differential protection must bstrained for this condition.

Harmonic restraint is a classical method to endine reliability of transformer
differential protection during inrush events. Theest restraint function uses the
ratio between the magnitude of the second harmanit that of the fundamental
frequency component in the differential currenttnh@nic ratio is typically calculated
on a per-phase basis; typical setting of the natrges between 15% and 20%, above
which the differential protection is restrained][16

Experience shows that for most transformer appiinatthe setting can effectively
differentiate the inrush events and internal fawknts via harmonic restraint. However,
it should be aware of the fact that modern tramséys may be characterized by lower
second harmonic ratios because of higher desidongdiénsity and the use of step-lap
type joint [90]; in addition, in the case of tramsher ultra-saturation, the percentage of
second harmonic can fall below 5%, inevitably legdto mal-operation [17, 91];
furthermore, in the case of current transformer)(€aturation during internal faults, the
fault current transformed to the secondary mayaanamounts of second harmonic
higher than the setting and thus cause incorrestraiaing [16]. In view of the
limitations of the second harmonic restraint fumctithere are other methods proposed,
such as a complex second harmonic restraint [92}, festraint [93], or the use of

artificial neutral network [94].

2.3.4.3  Harmonic resonant overvoltages

Rich in harmonics, transformer inrush currents n@pduce harmonic resonant
overvoltages (also called temporary overvoltagdsiwmay subject transmission lines

and equipment (e.g., transformers and surge arsg¢sto long duration overvoltages
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with magnitude over twice the rated voltage fotaasy as 100 or more cycles, imposing
large risk of burning insulators, arresters and agimg transformer insulation. This
type of overvoltage has been identified in follog/itases:

* Energising the convertor transformers in HVDC satishs consisting of ac

filter circuit [13, 95];

* Restoration of a bulk power supply system [12,76,96];

* Energising transformer in systems with long lengthles [14, 36];

* Energising transformer in some industrial distnbatsystems with installation

of power factor correction capacitors [97] or ptiigee loads [98].

In these cases, the systems consist of the follpa@mmon characteristics: pronounced
parallel resonance points (such as in the systathdang transmission lines or reactive
components like filters and capacitor banks) and degree of damping (the system is
light-loaded or non-loaded). Selected examplesesponding to some of the typical

cases are given below.

Normally, the HVDC station is directly fed by geatrs without local ac loads being
connected, i.e., low damping. The ac filter ciraonhnected at the HVDC stations can
form several parallel resonance points in the iraped-frequency characteristic of the
system. The inrush currents resulted from enengisire converter transformer can
repeatedly shock the ac system — ac filter comimnaince per cycle, and due to the
slow decay of the inrush currents, result in oviages lasting many cycles, as shown
in Figure 2-18.
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Figure 2-18 Field measured overvoltages causethhgformer energisation in HYDC stations
[13, 99]

The value of the overvoltages depends on the \@ltiee harmonic current at which the

resonance occurs; the largest value of a certamdrac might occur a long time after

energisation. Measurements show that the peak \alsach overvoltages can be 1.7

pu [99], while simulations show that it can be o2quu [13, 95].
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In [14], harmonic resonance overvoltages excitedrbgsformer inrush current in an
inter-connected offshore power system were evalu#e shown in Figure 2-1@), in
the studied system, a 4.5 MVA transformer is lodad a remote offshore platform
which is supplied via an inter-connected circumsisting of a 11/35 kV, 25 MVA step-
up transformer, a 30 km subsea cable and a 35/A&\WVA step-down transformer;
the onshore plant operates at 11 kV and is equippid 30 MVA gas turbine
generators. A network model was developed in PSEMI/DC to study the resonant
overvoltages: the transformer being energised wadetted by the “classical” model in
which each phase of the transformer is represebiygda separate single-phase
transformer model with no coupling between phagessubsea cable was modelled by
cascaded nominal pi-sections; each generator wassented by a dynamic machine
model including their AVRs. Simulations were cadrieut to study the resonant
overvoltages caused by energising the 4.5 MVA faanger. The simulated overvoltage
and the variation of its harmonic content with timere obtained, as shown in Figure

2-19(b) and Figure 2-1€c), respectively.

11 kV 6 kv

0.72 kV
35kvV
Subsea Cable

30 MVA 4.5 MVA
GTG
Transformer

(a) System configuration of an offshore inter-connectecuit
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Figure 2-19 System configuration, simulated harmoesonant overvoltages and variation of
harmonic component [14]

It was also shown that severer overvoltages caexoged by energising the inter-
connector link (i.e., energising the step-up tramskr, the sub-sea cable and the step-
down transformer simultaneously). The authors ssiggethat the overvoltage problem

can become less severe with increased levels ergeon and load on the system.

71



Chapter 2 Literature Review on Transformer Enetgisal ransients

Harmonic resonant overvoltages are also likely ¢ouo during system restoration,
because the networks, after a complete or paniddpse, are lightly loaded and with
low system resonant frequencies. An example cordigan for a system restoration
was given in [96] and is shown here in Figure 2(@D The basic procedure to restore
such a system would be: start up the generatorsjed the local load at busbar B4;
energise the transmission line together with thensheactor connected to busbar B3;
finally, energise the unloaded transformer. Thagsation of the unloaded transformer
through long transmission line resulted in sig@ifitresonant overvoltages at busbar B3,
as shown in Figure 2-2@b). For harmonic resonant overvoltages during esyst
restoration, they can be controlled by several ootH{15]: increase resistive loading,
bring additional generators on line or decreasentagnitude of generator terminal

voltage.

From the harmonic analysis of the system currentlgning inrush and sympathetic
inrush currents (see Figure 2-{1)), it can be seen that the sympathetic intevaatan
probably reduce the severity of harmonic overv@gafpr systems resonating at even
ordered harmonic frequencies; however, for systeesonating at odd ordered

harmonic frequencies, harmonic overvoltages aehlito be prolonged [24].
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(a) Network configuration at the beginning , _
of system restoration (b) Simulated harmonic overvoltage

Figure 2-20 System configuration at the beginnihg restoration procedure and overvoltage
resulted from energising a transformer [96]

2.3.5 Voltage dips caused by transformer energisation

During recent years, power quality issues assatwatith voltage dips are gaining more
concerns. One reason for this is that customerdhaceming more aware of power
guality; for instance, flicker caused by voltagpsimay lead to customers’ complaints.
The other important reason is the increasing uggowfer quality sensitive loads, such
as adjustable-speed drives and programmable |@geeb process control in paper,

mining and electronic chip manufacturing plantsOfl@r example, in adjustable-speed
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drive, when the voltage drops below a critical Idee a long duration, the drive might
function abnormally or even shut down.

Transformer energisation is a planned operationmag cause severe voltage dips. It
gains increasing attention in recent years duddémted to comply with tightened grid
code requirements. In UK, a 3% threshold is norynalbplied to the voltage dips
caused by transformer energisation. This thresimlderived from the Engineering
Recommendation P28 (ER-P28) which defines the culescribing tolerable dip
magnitude (in other words, the size of voltage gedragainst the interval between each

voltage change, as shown in Figure 2-21 [4].

The curve shows the tolerable size of voltage changreases with the time between
each change. For examples, if the time between eaahge is 1 second, the allowable
size of voltage change is 0.4%; if the time betweanoh change is 200 seconds, the
limit will be 2%; and when the time between eachrde is equal to or more than 750

seconds, the maximum allowable size of voltage gbas 3%.
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Figure 2-21 Size of voltage change against the tietereen each change [4]

2351 Energising large generator step-up (GSU) transformer

The voltage dips caused by energising large GShstoamers from HV transmission
grid were investigated in [19], [51] and [101].

In [19], the system under study comprises genegatiants, long transmission lines and
power quality sensitive loads, which can be reférte the simplified single-line
diagram shown in Figure 2-22.
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Figure 2-22 Simplified single-line diagram of a B8 BC Hydro system [19]

The Dunsmuir Substation (DMR) is a major switchsgpbstation connected to BC
Hydro grid through two 500 kV ac submarine cabldwee 138 kV transmission lines
(with length of 89 km) are connecting between Dumsr8ubstation and the 150 MVA

John Hart (JHT) hydroelectric generating plant.09 2W pulp and paper mill (PPM),

containing power quality sensitive loads, are sigplVia two 3.7 km 138 kV lines from

the John Hart plant. Between John Hart plant aednill, there is a new independent
power producer (IPP), with a 250 MW gas turbine ggator which needs to be
connected to the 138 kV network. Since the indepenhg@ower producer generating
plant does not have black start capability, the G&usformer of the gas turbine
generator needs to be energised from BC Hydrotgrgbwer the auxiliary devices for
starting the generator. The nameplate data of tB& &ansformer are 315 MVA,

138/21 kV, 14.9% impedance and star-delta windiwiih 138 kV star side being

solidly grounded.

An EMTP model of the 138 kV network was developedcarry out assessment of
voltage dips caused by energisation of the GSlstoamer. In the network model:
» Positive and zero sequence Thevenin impedances wgs@ to represent the
remaining network and the 500 kV connection torttzen grid;
* Generating plant located at John Hart was repreddnt an ideal voltage source
connected to equivalent sub-transient impedance;
» Transmission lines were modelled by Bergeron model;
» GSU transformer was modelled by three single-phtsge-winding STC
transformers (the three single-phase transfornrers@nected in grounded-star
on the 138 kV side, and in delta on the 21 kV sitigle-96 nonlinear inductors
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were used to model core saturation and residual flu

Simulation assessment was carried out to estinteevoltage dips under the worst
energisation condition which was assumed in theysas:
» All three phases simultaneously switched at the zesssing of phase A voltage;
* Maximum residual flux of negative polarity in phasand the other two phases
with half of the maximum residual flux of positiy@larity (the maximum
residual flux was assumed to be the flux retainedha instant when the

magnetizing current become zero following the dorsteresis curve).

In the simulation of the worst case energisatibmas estimated that the maximum dip

magnitude of the RMS voltage dips observed at tilenas about 0.27 pu.

The study carried out in [51] not only assessethgal dips under the worst energisation
condition, but also investigated the influence etwork configuration variation on
voltage dips. Figure 2-23 shows the network studigé1].
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Figure 2-23 Simplified diagram of a HV supply netlwe Australian system [51]

A power station is located between a bulk supplytpand a 132/33 kV transmission
substation. The bulk supply point contains thred&dito higher voltage grid through
three 330/132 kV step-down transformers. Networkd# are connected to the bulk
supply point as well as the transmission substafitwere are five feeders going into the
power station, two from the transmission substatod three from the bulk supply
point. The GSU transformer connected to the 400 ®ierator needs to be energised
from the 132 kV grid. The nameplate data of the G&unsformer are 500 MVA,
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132/21 kV, 18% impedance, YNd11 winding connectiath 132 kV star side being
solidly grounded and its tapping range is from +1t8%b% (each step is of 1.25%).

The network was modelled in PSCAD/EMTDC, consistorighe supply network and
the GSU transformer (the generator was not includedhe model). The GSU
transformer was represented by three separateegphgise transformers. The effect of
residual flux in the GSU transformer was modellgdusing adjustable DC current

sources in parallel with the transformer HV ternigna

In the assessment, the assumed worst energisatmlition was that: energising at zero
crossing of one phase voltage and the maximumuakitlux was assumed to be 90%
of the peak nominal flux. Based on the same ereligis condition, voltage dips
resulted from energising GSU transformer undereitiéerent network configurations
were assessed. The three considered network caoatiigis (C1, C2 and C3) are:

* C1, as shown in Figure 2-24 (a), all busbars ardensalid; only two supply
sources are connected at the bulk supply pointinag$ to the substation of the
generating plant are switched in;

* C2, as shown in Figure 2-24 (b), all busbars ardarsolid; all three supply
sources are connected at the bulk supply point;géweration plant is only
supplied by one single feeder from the bulk supaint;

* C3, as shown in Figure 2-24 (c), the 132 kV busttdhe bulk supply point are
split; all lines linking the generator substatiamdahe transmission substation

are disconnected.

Under the three network configurations and the saorst case energisation condition,
the estimated inrush current (peak, duration) aitage dip magnitudes observed at the
terminal of the GSU transformer and at the transimis substation 132 kV busbar are
summarized in Table 2-5. It was found that, by ¢jrag configuration from C1 to C3,
the RMS dip magnitude observed at the transmissidastation 132 kV load bus can be
reduced from 16.8% to 6.3%. This is because thet@dicommon coupling connecting
all loads and the energised GSU transformer has &kéectively moved to 330 kV grid.
This increased the electrical distance betweeT$and the energised transformer, so
the voltages at transmission substation 132 kV dmssbecome less sensitive to the

energisation of GSU transformer.

76



Chapter 2 Literature Review on Transformer Enetgisal ransients

aind

ey —~ Ty 3 v Bulk Supply B o ) = y i Sy }
\ ) {.‘ ol Tx 3 ' ' { Tal 3301132KY Bulk Supply Point or 15|
| T E . T . |
. I LW 2
a8 - - -
[ N | N BN B “
= 3 + +
Equb/alan Equivalent
Batwaork Load Natwork Load

4
T ]
= Equivalen o Equivalant
19243kY Transmission Substalion Hetwerk Load 132/35kV Transmission Substation Mootk boad
(a) Configuration C1 (b) Configuration C2
T3 r- T2 330/132kV Bulk Supply P k Tai
[T s %l
L | -
e 8 BB |

Equivalant
HNetwork Load

Equivalent
MNatwork Load

(c) Configuration C3
Figure 2-24 Network configurations under comparison

Table 2-5 Estimated inrush current peaks, duraimhvoltage dip magnitudes resulted from
the worst case energisation under different networKigurations [51]

i )
Networ k Peak inrush Inrush Traan'\grSrn\(/;ltageq'lgsl:fz Y,
configuration | current (kA) Duration (s) Terminals L oad Bus
C1l 11.3 0.57 22.7 16.8
C2 11.7 0.60 20.6 14.5
C3 8.3 0.68 38.5 6.3

Instead of focusing on the voltage dip observedaospecific busbar, network-wide

voltage dips were studied in [101], taking into @aat the variation of energising angle,

residual flux condition and system loading. Thefmpmation of system under study is

illustrated in Figure 2-25. It consists of ten barsbin which three busbars are

connecting power plants, two busbars are conneeting turbines and eight busbars

are connecting loads. The lengths of the transomdsne range from 5.1 to 46 km. The
peak loads is 409.09 MW. To connect the power ptanthe JN bus, a main GSU

transformer needs to be energised first. The naateeplata of the main transformer are
124 MVA, 154/13.8 kV, 11% impedance and star-dettanection.
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Figure 2-25 Single line diagram of Jeju power gysiie Korea [101]

The network of Jeju power system in Korea was meddly following the approaches
below:

* Generator was modelled by using the SM model in BMT

* Transmission lines were represented by lumped petearmodel;

* Main GSU transformers were modelled based on toamsr test report data and

the core saturation curve was modelled to inclugstenesis characteristic;
» Substation transformers were modelled but withous@lering hysteresis;

* Wind turbine and HVDC system were not consideretth@network model.

Energisation of the main GSU transformer was sitedlander the conditions shown in
Table 2-6. Voltage dip magnitudes at all the sulmsia were observed, as shown in
Figure 2-26. It was found that the range of theag# dip magnitudes is between 0.15
pu and 0.2 pu. The substations with closer distémtiee energised transformer are with
relatively larger voltage dips. Regarding the dffet the parameter on voltage dip
magnitude, the assessment showed that voltage aljmitade is sensitive to the circuit

breaker closing angle, core residual flux and hagktion.

Table 2-6 Energisation condition for simulationesssnent [101]

Closing angle degree Residual flux L oad
0 28.3% Peak
45 15% Middle
90 0 Off-peak
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Figure 2-26 Voltage dip magnitudes resulted froffedent energisation angles when residual
flux is 28.3% and system loading is at its peakl]10

2.35.2  Energising step-up wind turbine transformer

In recent years, wind farms are becoming more peevaA large number of wind
farms have been connected to distribution or trasson grids and more are to be
designed and commissioned. A common requiremernth&connection of wind farm in
the UK is that the energisation of transformersusdhonot result in voltage dips
exceeding 3%, according to the P28 requirementsurAber of contributions have been
devoted to transformer inrush studies for wind fagnd connections [50, 75, 102, 103],
all of which were performed using PSCAD/EMTDC.

In [102], simulations were conducted to identifg thossible voltage dips resulted from
energising wind turbine transformers in two windnfasites: one consists of 20 wind
turbines, each rated at 1.5 MVA, the other consi$t$7 wind turbines, each rated at
1.0 MVA; both of them are directly connected to B3 distribution networks. The

simulation studies demonstrated that the voltags dan be affected by circuit breaker
closing time, closing time scatter among three folbe number of wind turbine

transformers to be energised simultaneously andntireber of already connected
transformers. It was found that, to meet grid costplirements, up to two wind turbine

transformers can be energised simultaneously

Similar simulation studies were performed in [7Bjvo wind farm sites (named here as
A and B) were investigated, as shown in Figure 2W®hd farm A contains 15 wind
turbine transformers (33/0.69 kV, 1.5 MVA, 6%) wiare connected via two 33 kV
feeders to the main wind farm switchboard and thiatpof-common-coupling (PCC) is
at 33 kV busbar; wind farm B contains 52 wind tagbtransformers (33/0.69 kV, 2.6
MVA, 8.28%) which are connected via eight radiaders back to the wind farm 33 kV
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main switchboard and the point-of-common-couplisdocated at 132 kV busbar. The
number of wind turbine transformers consisted ichefaeder varies between 1 and 9.

3 ph fault level

389 MVA 33kV 33kV
X 5 Incoming
X Transformers

10 km

? Overhead line é%

PCC dD

(a) Wind farm A configuration

33kV
3 ph fault level e

1582 MVA 132kV 132kV X Tncoming
<\ Transformers
——
15 km —X——

Overhead line

368

(b) Wind farm B configuration
Figure 2-27 Schematic diagram of two wind farm agunfations [75]

Assessment of voltage dips at the point-of-commauping was carried out by using
the commonly agreed worst case energisation condlitie., simultaneously energising
transformer at the voltage zero crossing of thesphrataining maximum residual flux
with polarity in line with flux build-up. It was fand that: to ensure the voltage dip at
the point-of-common-coupling does not exceed theligd, the maximum number of
wind turbine transformers allowed to be energisetubaneously was 3 in the smaller
capacity wind farm connecting to 33 kV grid, whilst the larger wind farm with a 132
kV grid connection, the maximum number was 9. Tdas be attributed to the much
weaker source strength of 33 kV grid compared &b o 132 kV grid.

Sympathetic inrush in wind farm B was also asses¥bd scenario considered was
simultaneous energisation of nine 2.6 MVA wind toebtransformers under the worst
case energisation condition; the wind turbine ti@msers on other feeders were
assumed already connected, and, for each feederNvivind turbine transformers, a
single equivalent transformer with Nx2.6 MVA waseds It was found that the
sympathetic inrush current at one adjacent feederincrease to a peak of 94 A about

12 cycles after the energisation.
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In [50], some curves were identified to correldte system fault level with voltage dips
resulted from energising some typical wind turbtiramsformers. The main contribution
of these curves is to allow the P28 assessment tpréliminarily carried out for a

proposed wind farm connection before the detaiksigh information is available.

In [103], voltage dips caused by the sequentialrgisation of wind turbine
transformers in a large offshore wind farm weral&d. As shown in Figure 2-28 (a),
the wind farm consists of 72 wind turbine transfersm(each rated at 2.5 MVA) which
were connected to an offshore platform via eigliefeeders (each feeder consists of
nine wind turbine transformers). As shown in Fig@8 (b), four sequences with
different switching time combinations between tmergising groups were assessed,
focusing on the effects of the switching angle, bemof simultaneously energised
transformers and energising sequence on voltagecdipent and active and reactive
power. It was found that the smallest voltage dgrgl the lowest inrush current occur
when the wind turbine transformers are switchedome by one (i.e., independent

energisation).

9WTx0s S5WTx5s 2WTx2s 1WTx1s

B lel B el AO01 01s 51s 6,1s 81s
A02 0,1s 51s 6,1s 71s
- AO1 A03 01s 51s 6,1s 6,1s
' :Ej A04 0,1s 5,18 41s 51s
. AO4 A05 0,1s 0,1s 41s 3,1s
- AO5 A06 0,1s 0,1s 21s 3,1s
! igj A07 0,1s 0,1s 21s 21s
57 A08 0,1s 0,1s 0,1s 1,1s
S A0D A09 0,1s 0,1s 0,1s 0,1s
(a) Wind farm topology (b) Energisation sequences

Figure 2-28 Wind farm topology and sequences fergnring wind turbine transformers [103]

Based on the four contributions specifically taegeto assess voltage dips caused by
energisation of wind turbine transformers for wif@m connections,Table 2-7
summarized the influential parameters that haven bamnsidered. In addition, the
parameters studied by each paper are illustratdchlle 2-7 as well. As can be seen,
none of them could take into account all the pdesiiifluential parameters. The most
frequently concerned parameters are switching amiggenumber of transformer being

energised simultaneously (aggregated energisadiwhsympathetic inrush.
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Table 2-7 Summary of the influential parameters

Parameters References
[102] [75] [50] [103]

Switching angle + + + +
Closing time span + - - -
Residual flux - - + +
System strength - - - +
Core saturation inductance + - - +
Aggregated energisation + + + +
Sympathetic inrush + + + -
Energisation sequence - + - -
Voltage dip propagation + - - -

+: parameter taken into account;parameter not considered

2.3.6 Statistical assessment of transformer energisation transients

When carrying out an energisation of a power tiamsér, the circuit breaker closing
time and residual flux are normally stochastic.thnee-phase system, the stochastic
nature can be more complicated with different cigdime span between breaker poles
and residual flux distribution in three phasesadidition, system parameters, such as
loading and source strength, can stochastically wathin a certain range. In view of
the parameter uncertainties, statistical simulatwas conducted to evaluate the
frequency of occurrence of inrush current or infustuced harmonic resonant

overvoltages in a number of studies.

In [104], Monte-Carlo method was used to studyftequency of occurrence of inrush
current first peak when energising a single-phasesformer at stochastic circuit
breaker closing time and with stochastic transforooee residual flux. In the study, it
was assumed that: closing time varies in a rangmefpower frequency cycle; residual
flux varies in a range of +1 pu of peak nominakflboth ranges were characterized by

Uniform distribution. Three cases were simulated, $able 2-8.

Table 2-8 Cases studies of the influences of s&ithaariables on the inrush current of a
single-phase transformer

Case Circuit breaker closing time Transformer residulak f
Range Distribution Range | Distribution
1 One cycle (20 ms Uniform Zero
Fixed at positive-going zero crossing pf
2 the applied voltage ﬂnglrjn?r]:;rﬁu‘;eak Uniform
3 One cycle (20 ms) Uniform
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The result of the Case 3 is shown in Figure 2-2&kwisuggests, under simultaneous
variation of closing time and residual flux, theush current first peaks obtained from

stochastic simulation runs seem to follow an asyirioa exponential distribution.

2

ey O™,_\OM OO0 ONDCNONOT IO ONNONG O
Ot O] AT~ CNIUNO0 DAt \D ER I T eSS
WO T 2T T o g s T.\DE\DF‘-P‘- r~r~ao

Current (A)

Figure 2-29 Frequency of inrush current first peaken residual flux and closing time vary
stochastically [104]

Statistical studies of energising a three-phasestoamer were mainly focused on
harmonic resonant overvoltages [38, 43, 95]. In,[#% resonant overvoltages excited
by transformer inrush currents in HVDC system wassessed by a series of stochastic
simulation tests. In each test, 1000 transformergsations were carried out with
stochastic closings and openings (the maximum $ipaa between circuit breaker poles
was assumed to be 3.3 ms); the residual flux wadigitty modelled by the stochastic
openings; system source strength and the X/R wm@tiequivalent impedance were

considered to be deterministic.

Harmonic resonant overvoltages generated by tremsfoenergisation during system
restoration process were statistically assessef88h and [43] based on a similar
network, as shown in Figure 2-30, with an auxiligrgnsformer energised from a

source plant through a 400 kV overhead line.

Source plant

Over-head line (400 kV) Target plant
//—\ \
) (\ I | I | |
( e ;m\/ ! ! ! ! ! Anxiliary
N Sl < J

transformer

Figure 2-30 Network configuration studied in harmearsonant overvoltages caused by
energising transformer during system restorati&j [4
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In the system studied in [38], the source plansia of three generators (total capacity
is 900 MW); the length of overhead line is 50 knd dhe auxiliary transformer is of
three-phase, shell-type, 96 MVA and 400/6.8 kV.

The possible influential parameters consideretiénstudy include:
» Circuit breaker closing time ;
* Residual flux in the transformer core.
» Direct-axis sub-transient reactance value of theeggors;

* Phase-to-earth line capacitance (i.e., the vanaifaconductors’ heights);

To represent the random closing times, it was asduttmat: the first pole of the circuit
breaker is closed anytime within one cycle (20 o0 Hz system); relative to the first
pole being closed, the second and third poleslased within a standard deviation (one
cycle). Regarding the random residual flux, it masumed that: the residual flux values
are in a range of +0.8 pu of peak nominal flux; shen of the three-phase residual flux
is recognized as zero. The possible range of thetransient reactance variation was
assumed to be £15% of the nominal value; the rdiogethe phase-to-earth line
capacitance was assumed to be +5% of the base. Valtiee studies, 25 deterministic
combinations of sub-transient reactance and lingadgance were formed; for each

combination, 100 runs were carried out with stottbassidual flux and closing times.

Based on the same type of network, a similar stay performed in [43]. Compared to
the work shown in [38], the main differences mad@i3] include:

* Adding transformer air-core reactance as a stochastrameter and it was
described by a Uniform distribution covering £20%adase value;

* The stochastic variation of sub-transient reactaand phase-to-earth line
capacitances were described by a Uniform distrdiouticovering their
corresponding ranges;

» Circuit breaker closing time were represented ugshmg approach shown in
section 2.2.3;

* The residual flux was modelled by two parametdrs: maximum residual flux
amplitude (,) and a parameter identifying the flux pattern; tweekqually
probable residual flux patterns were consideredghvimcludes:

{00, —90/2,—90/2}, {90, —90, 0} and{—go, ¢o/2, ¢o/2} for all the possible
phase permutations.
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The above contributions are focusing on stochasticulation related to harmonic
resonant overvoltages. So far, no statistical amalijlas been made on voltage dips

studies yet.

2.4 Possible approachesfor mitigating transformer inrush

Mitigating approaches for transformer inrush weegedoped based on controlling one
or more of the key factors governing transformeush transients, such as:

e Point-on-wave voltage at the instant of energisatio

e Magnitude and polarity of the residual flux in th@ansformer core at the

instant of energisation;

e Equivalent resistance of the primary winding citgui

e Impedance of the power supply circuit;

e Inductance of the air core in between the enemgisvinding and the

transformer core.

The oldest mitigation strategy to reduce inrushreniris the use of the pre-insertion
resistor as an intermediate step in closing a sWitc 105]. When a transformer draws a
large inrush current, the voltage drop across tieeinsertion resistor helps reduce the
voltage applied across the transformer and henedldl in the transformer, quickly

reducing the inrush current. The effectivenesshif mmethod is largely influenced by
the time of inserting the resistance and that epaéssing it. Although this method is
simple, it requires upgrading existing substatiaeakers, which is expensive; in
addition, if a pre-insertion resistor is not prdpday-passed after the switching process,

the breaker could be damaged.

Reducing residual flux in the transformer core ddm a possible strategy for reducing
inrush currents. In [106], it was shown that realdilux can be significantly reduced by
using a low, variable frequency voltage source ¢émagnetize the transformer. This
method has only been shown in simulation but hayetdbeen realized experimentally.

Modifying transformer design may help reduce inrusirrent. The modification

suggested by [107] is to change the distributiothefcoil winding in a way to increase
the transient inductance of the primary coil. Thee resented in [108] employs an
auxiliary winding to create an air gap in the tfansier core so as to control the core
reluctance. These methods have only been testébamatory on small single-phase

85



Chapter 2 Literature Review on Transformer Enetgisal ransients

transformers. It is however challenging and cogilynodify the design of large power

transformers.

Techniques involving the control of circuit brealobosing time are probably the most
widely discussed for mitigating inrush current. Thwst effective technique is to
optimize the circuit breaker closing time accordiogtransformer core residual flux
[109]. The basic principle is that: measure theidred flux in the core during

transformer de-energisation; with the residual flkixown, calculate the optimum
voltage angle resulting in the measured residuxl équal to the prospective flux; the
inrush current could be eliminated if the energisats carried out at the optimum
voltage angle. Applying this technique requiredaltation of additional measurement
equipment on the transformer terminals, which istlgoIn addition, its performance is
very sensitive to the accuracy of residual flux sueament and circuit breaker

operation.

The influence of tap position on the magnitudesaish current has been addressed in
[110]. It was considered that adjusting tap changesition to the lowest possible

energisation voltage could result in smaller inrgsinrent. So far, this strategy is the
most commonly applied. The effectiveness of thehméque has been proven in the

cases of energising generator step-up transforimérigh voltage networks [51, 85].

25 Summary

This chapter reviewed the published work studynagdformer energisation transients,
regarding the following aspects:

» Approaches for calculating transformer inrush auirre

* Modelling system components in EMTP for transformeergisation studies;

* Investigation case studies of transformer enelgisatansients;

» Possible measures for mitigating transformer iniginent.
The main findings from previous research are sunmadras follows:

For calculation of inrush currents:
» Simple analytical equations can only provide roeghmation of inrush current
for single phase transformers; for studying thevoet-wide impacts of three-

phase transformer energisation transients in lacgée networks, the use of
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EMTP-type simulation tools are preferred.

For modelling system components in EMTP to studggformer energisation transients:

BCTRAN+ and single-phase STC transformer modelsichvlonly require
commonly available transformer test report data emgbirical parameters, are
more frequently used;

Constant frequency distributed model (Bergeron mode preferred for
representing transmission overhead lines and gables

Circuit breaker can be simplified as ideal timetcolted switch but attention
should be paid to modelling closing time span;

Source network can be modelled by an ideal sineevemwurce and a Thevenin
equivalent impedance of the part of the networkumater study;

Loading can be treated as constant impedance mottetonstant resistance in

parallel with constant inductance.

For investigation of transformer energisation trants:

Mechanical forces on transformer winding generdtgdnrush currents can be
larger than that generated by short-circuit cusetite longer duration stress
imposed by the inrush currents can lead to redaafdansulation capability and
may cause insulation failures a certain time dfearsformer energisation;
Energising a transformer into a system where tlaeeeadjacent transformers
already connected can induce sympathetic interaatibich can dramatically
change the duration of the inrush transient; lesstance and the losses in the
transformer loop are the key factors influencinghpgithetic interaction, while
line inductance and transformer loading have négégffects;

The inrush currents resulted from transformer asatigpn are rich in harmonics,
with the second harmonic as the dominant one;ctiesacteristic can be utilized
to prevent the protection relay from mistaking theush with internal faults;
however, it incurs harmonic resonant overvoltagesystems with low resonant
frequencies and low degree of damping;

Significant voltage dips can be produced by tramsér energisation; the dip
magnitude is influenced by circuit breaker clositige, residual flux, the
number of transformers being energised simultarigoggstem loading and

source strength;
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Transformer energisation transients are decidedstochastic parameters;
Monte-Carlo simulation have been applied to siat#lyy estimate inrush current
for a single phase transformer and harmonic oveages;

Existing approaches for mitigating inrush currerg¢ aostly to be applied and

they all have limitations which restrict their ajggtion.

The literature review further indicates that:

For studying transformer energisation transient&MTP, system components
modelling can be targeted on the frequency rangedsasn 0.1 and 1 kHz;
Investigation of sympathetic interaction betweemsformers is only limited to
simple theoretical analysis and parametric studiesierstanding of the impact
of sympathetic interaction on other energisatiansrents is lacking;

\Voltage dips caused by transformer energisatiore wleterministically assessed
under the commonly agreed worst case energisatditton in most of
previous studies; however, the probability of réaghsuch a condition is
unclear yet;

Although sympathetic interaction between wind toebitransformers was
addressed, the relations between sympathetic atii@na and energisation

sequence have not been systematically studied.

In this thesis, voltage dips caused by transforrapergisation and sympathetic

interaction between transformers are investigatedwio systems: one is a 400 kV

transmission grid and the other one is a 33 kV wamh collection grid; modelling

approaches summarized from the literature revieataiten as the modelling guidelines

for developing network models in ATP/EMTP for theotsystems; the following topics,

which were not systematically addressed in thedlitee, are the main research focuses:

Investigate the influence of sympathetic inrush vmitage dips caused by
transformer energisation;

Stochastically estimate voltage dips caused by gessadion of large GSU

transformer;

Identify the energisation sequence resulting iis lgmpathetic inrush between

wind turbine transformers.
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Chapter 3  Field Measurements, Network Model
Development and Validation

When accommodating new generation connections,raelmng-duration voltage dip
events occurred due to energising large GSU tram&is into a 400 kV transmission
system with long transmission lines between theplsupources and the transformers
being energised. The long duration voltage dip tsvaiggered low voltage alarms and
led to power quality issues at the downstreamitigion grids. In order to investigate
the possible influential factors, assess the seéegmf the events and guide future plant
operation, a number of field measurements wereechaut to evaluate the voltage and
current variations; based on this, a detailed ndéwmodel was developed and validated
against the field measurement results, which helghér systematic simulation
assessments. In this chapter, the system configoravoltage dip events, field

measurements, network model development and viaidate given in detail.

3.1 South West Peninsula system

National Grid’'s transmission system in England & I#gaconsists of approximately
7200 km of overhead lines and 700 km of undergrataides, operating at 400 kV and
275 kV, as shown on the left in Figure 3-1. The&sraission system in the South West,
as shown on the right in Figure 3-1, consists 86@ km loop of 400 kV double-circuit
transmission lines starting from Melksham substaiio Wiltshire, running through
Hinkley Point and Taunton, down to Alverdiscott dndian Queens, and back through
Landulph, Langage, Exeter, Mannington and Nurslmigere it connects with the rest
of the transmission system at Lovedean in HampsNetwork with such a loop
arrangement reliably supplies the local demand.pgdak demand is about 2000 MW in
the region of the South West Peninsula (as indichiethe shaded area in Figure 3-1).
However, for many years, the total installed cayaici South West Peninsula, mainly
from Hinkley Point nuclear stations, has been @aidgut 1400 MW, which implies this

region was heavily relying on the power feedingriroearby networks.
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Figure 3-1 South West Peninsula system as parabbhal Grid’s transmission system in
England & Wales

In 2009, a new Combined Cycle Gas Turbine (CCGWeaygolant, with total installed
capacity of 905 MW, was commissioned and connetctdlde Lagage substation, which
is to underpin the National Grid's reinforcementhte South West Peninsula system. In
the future, it is estimated that the local demanitl modestly increase, yet significant
renewable generations are to be installed, driwethb commitments to connect more
low carbon generations to the transmission sysfegrshown in Table 3-1, substantial
amounts of generations have been approved andwitlelpe connected to the South

West Peninsula in the near future.

Table 3-1 Plan of new generation installation$iat$outh West Peninsula system [111]

Completion . . Plant Total Installed
Area Date Generation Name Substation Type Capacity (MW)
South West 31/10/2014 Atlant!c Array Stage 1 Alverdiscott Wind 302
South West 31/10/2015 Atlantic Array Stage 2 400 kV Offshore 404
South West 31/10/2016 Atlantic Array Stage 3 404
South West  01/09/2017  Hinkley Point C Stage 1 H'”I(')%VKF\’/O'M Nuclear 1670
. Alverdiscott Wind
South West 31/10/2017 Atlantic Array Stage 4 400 KV Offshore 405
South West 01/09/2018 Hinkley Point C Stage 2 Hlnrtl)eoku:/omt Nuclear 1670

To accommodate these incoming generations, it igorant to assess the impacts
caused by generation connection on the systembilglfaand power quality. Indeed,
during the connection of the CCGT power plant, lehgation voltage dips occurred

when GSU transformers were energised, which aagléeétin the following sections.
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3.2 Transmission grid under detailed study

The shaded network in Figure 3-1 is illustratedtry schematic diagram in Figure 3-2.

All substations are renamed by capital lettersatalitate the descriptions thereafter.
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Figure 3-2 Schematic diagram of South West Peransygtem under detailed studies

The system consists of 11 substations, some of hwh@commodates a number of
autotransformers (400/132/13 kV, 240 MVA, YNaOd13ybstations are linked by 400
kV double circuit transmission lines with lengtltenging from 21 to 97.54 km. The
networks beyond substation A and B are represdntédo equivalent sources, because
there are generating plants located around thesestsstations. There are capacitor
banks located at the substations H, G and B, St@icCompensator (SVC) devices
connected at substation |, E and B, and a synclhisooompensator connected at H (not
explicitly shown in Figure 3-2). The substationwhich provides transmission access
to the power plant, comprises two bus sectionseliny a coupling circuit breaker CB1
which is normally closed; there are two 400 kV gite connecting substation K with |
and two 400 kV circuits connecting K with J, respedty; through power feeder 1, two
GSU transformers, T2 (345 MVA, 400/19 kV, YNd1) and (415 MVA, 400/21 kV,
YNd1), are connected to the busbar of substationakKCB2; through power feeder 2,
GSU transformer T1 (345 MVA, 400/19 kV, YNd1) isnteected via CB3.
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3.3 Voltagedip events

In order to connect the power plant to the transiors grid, energisation of the GSU
transformers from the high voltage network shouddperformed first to gain power
supply from the main grid; the external supply hernt used to power the auxiliary
equipment which are necessary for heating up tiseaga steam turbines; finally the

generators can be synchronized.

At the commissioning stage of the power plant, tattempts were made to
simultaneously energise GSU transformers T2 andPTi8r to the first attempt:
« the synchronous compensator located at substatjowhidse capacity is 140
MW, was not connected;
« the coupling circuit breaker CB1 at substation Kswised,;
« all circuits in the 400 kV transmission grid weneservice;
* GSU transformer T1 was already connected to theethrough power feeder 2,

but the generator unit was not synchronized.

When the first attempt was conducted by closing@B2, voltage dips were observed
in the South West system, as shown in Figure 3edtgges shown are line-to-line

voltage).

418 <+—PreEnergisation
414 <+—Pogt-Energisation

Sub-A

418
414
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414
Sub-F 414

Sub-B
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413 || 416 || 414 416 413 413

399 | | 401 | | 388 [|sws|]| 410 SubD 413

Sub-H Sub-1 Sub-K Sub-E Sub-C

Figure 3-3 South West Peninsula voltage depressguited from the first attempt

Voltage dips in those substations in proximity e power plant were relatively large;
the maximum voltage dip was observed at substdfiowhich was about 7.8%. As

consequences of the dips, there were responsesréactive compensation around the
South West system; low voltage alarms in the Iratgl Energy Management System

were triggered and downstream distribution uttitreere affected.
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Several days after the firattempt, the CB2 was openddr carrying out furthe
commissioning which led to the second attempt of energisingaf@d T3.The initial
system conditions prior to ttsecond attempuere similar to those the first attempt
except thatmore proactive meures were taken to reinforce reactive power su.
Dynamic System Monitoring equipment was set up wisttion K to sensitily
capturevoltage and current variatic. During the second attemphree-phase inrush
currents wereaptured by the curretransformers located at power feel, which are
shown in Figure 3-4As can be seen, the maximum peof phase A and phase B ¢
almostthe same, both of which are abdhalf that ofphase C. In additi¢, three-phase
RMS (root mean squar«oltage dips were also measuradsubstation K, which a
shown in Figure &. It can be seen that: the resulted thpbasevoltage dips were

unbalancedthe biggesvoltage dip appeared at phasesMbjch wasabout 7%.
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Figure 34 Three-phase inrush currents measured is¢lceoncattempt
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Figure 3-5RMS voltage dips measured at substatoim the second atten
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3.4 Further field measurements

Since energisation of GSU transformers is a comapm@ration, there are concerns that
it would cause severe disturbances. Thereforehdurtfield measurements were
conducted to investigate the transient behavidrasisformer inrush and voltage dips

performance, which also helps develop network mamedimulation assessments.

During the time of carrying out field measuremetitgre were four energisation cases,
which are illustrated in Table 3-2. The first twoeegisation cases (Case E1 and Case
E2) were trial energisation made by the power p&ngineer by quickly pressing and
releasing the circuit breaker closing button. Tried e€nergisation might be to reduce the
transformer residual flux. In the energisation CB8eand Case E4, the circuit breaker
closing was completely conducted and the correspgn&SU transformers were

successfully energised.

Table 3-2 Four energisation cases in the furttedd fneasurement

GSU transformer Already connected
Cases . ) Outcome
being energised GSU transformer
El T2&T3 No Trial (on and off)
E2 T2&T3 No Trial (on and off)
E3 T2&T3 No Success (on)
E4 T1 T2&T3 Success (on)

For all the energisation cases, currents and vedtagere simultaneously measured on a
couple of locations including:
» Three-phase currents and voltages at power feeder 1
» Three-phase voltages at substation I;
* Three-phase currents at the circuit I-K linking staion |1 and K (the circuit
position is highlighted in Figure 3-2).
Measurement was not carried out at power feedescause the monitor on that feeder

was not working at the time.

3.4.1 Energisation CaseE1l

For the energisation Case E1, the three-phasentsiraed voltages observed at power
feeder 1 are shown in Figure 3-6 and Figure 3heetively; the three-phase currents
observed at circuit I-K and the voltages obserteslibstation | are shown in Figure 3-7

and Figure 3-9, respectively.

From the current waveforms shown in Figure 3-6rsipailses can be seen at the instant
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of energisationgt which could be due to the charging of stray cdagace. The interval
between the energisation instagtahd the inrush starting instanti$ about 4 ms.
Because the transformer is of star-delta-connecttbe inrush currents might be
qualitatively analysed by the helping effect theerplained in [112]. Atif the inrush
started in phase B first; fromtb t,, the inrush in phase B was aided by phases A and C
through the medium of the delta winding. At phase A started to experience its own
inrush, as the current began to increase rapidiis imposed demands on phase C from
both phase B and phase A. The two demands wergposde direction and the
helping-current from phase C would flow in the diten of the maximum
instantaneous demand. Froghot tz, the phase B current was larger than phase Ajeso t
phase C current remained in positive polarity bedrdasing. Atst the demand from
phase A and phase B were equal in magnitude buisiiepin polarity, therefore the
helping-current from phase C became zero. Aiethe current magnitude of phase A
was larger than that of phase B, the helping-ctnreiphase C therefore increased in
negative polarity. At4 the inrush in phase B ceased. Frqio t;, phase B and phase C
were helping phase A. This whole process couldepeated in the next cycle; however,
due to the circuit breaker opening gtthe three-phase currents through power feeder 1

returned to zero.

3000 |

Ph. A
2000

1000

-1000

Current, A

Inrush starting |
-2000 instant — |

Ph.B

-3000 LT ' ' '
-0.02 o | 1] oo 0.04 0.06 0.08 0.1

2000} S R Ph.C

Energisation |
1000 instant—! P
0 i T
to} i

-1000 ‘ ‘ ‘ ‘
0.02 0 0.02 0.04 0.06 0.08 0.1

Time, s

Figure 3-6 Three-phase currents measured at p@sdef 1 in Case E1

From the circuit I-K currents shown in Figure 3i¥,can be seen that: before the

energisation, the feeder currents only containesdst state load currents flowing
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through circuit I-K (the peak magnitudes for phase@hase B and phase C were 344 A,
346 A and 334 A, respectively); after the energisat the load currents were

superimposed by a portion of inrush currents dutimeginrush period, which increased
current magnitudes of phase B and C and decrehseclitrent magnitude of phase A.

After the inrush period, only the load currentsaiéal through the circuit I-K.

600

" Ph.B Ph.C Ph A
400 / / /

200

Current, A
o

-200

-400 o
Energisation; :
600 i P | ! |
-0.02 7002 0.04 0.06 0.08 01
Inrush period Time, s

Figure 3-7 Three-phase currents measured at thgitdiK in Case E1

Figure 3-8 shows the voltage variation observegaater feeder 1. As can be seen,
three phases were almost simultaneously energistk gositive-going zero crossing
of phase B line-to-ground voltage. The build-upvoltages exhibited distortion due to
the influences of the inrush currents. The shappatlithe voltage trace of phase C was
most probably due to the re-ignition when the dtrbweaker pole connecting phase C
was trying to open at the current zero crossingeapgd at the instand (s shown in
Figure 3-6). CB2 was opened at the instant whenthake-phase inrush currents
decreased to zero (i.e., at the instgrast shown in Figure 3-6). This instant was about
16.9 ms after the energisation instant. The opewh@dB2 de-energised the GSU
transformers and initiated a ring-down process Wwhitvolves exchange of energy
between electrical field in capacitances and magrfetld in the core of the GSU

transformers.

From Figure 3-9, it can be seen that: prior toehergisation, the peak magnitudes of
three-phase line-to-ground voltages at substatfon phase A, B and C were 333.8 kV,
333.5 kV and 331.0 kV, respectively. After the e@meation, three-phase voltage
magnitudes were all reduced by the inrush currdatsg the inrush period; the most

affected phase was phase B whose peak magnitudeediased by 36.1 kV.
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Figure 3-8 Three-phase line-to-ground voltages omealsat power feeder 1 in Case E1
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Figure 3-9 Three-phase line-to-ground voltages oreasat substation | in Case E1

-400

3.4.2 Energisation Case E2

The energisation Case E2 was carried out abouttywamutes after the Case E1,
during which, the closing and opening of CB2 welso dinished within one power
frequency cycle.

The measured inrush currents are shown in Figut®. 3Fhe closing time difference

among three phases can be interpreted by obsaherpom-in waveforms of the pulse
currents: the circuit breaker pole of phase C wasfirst one being closed, which was
followed by the closing of phase A and then thesiclg of phase B; between the closing
of phase C and phase A, the time interval was G3hatween the closing of phase C
and phase B, the time interval was 1.5 ms. The iitexval between the energisation
instant of phase C and the inrush starting instead about 4.5 ms, which is 12.5%
longer than that observed in Case E1l. It can be sden that the inrush started from
phase B first and, from the inrush starting instants peak, it was accompanied by the
helping-effect currents from phase A and phaseft€r, #s peak, inrush also appeared in
phase A. The total inrush time only lasted for @& ms which is less than half cycle.
The inrush current peak magnitudes were signifigaiotver than those observed in

Case E1. As can be seen in Figure 3-11, duringrthesh period, the small inrush

current being superimposed on the load currentwirilp through circuit 1-K, only

caused a slight distortion.
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Figure 3-10 Three-phase currents measured at feeder 1 in Case E2
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Figure 3-11 Three-phase currents measured at cirsun Case E2

The voltage waveforms measured at power feedee $rawn in Figure 3-12. It can be
seen that: phase A was energised almost at theéiveeg@ing zero crossing; however, it
was not the phase which experienced the biggestshnpeak. In fact, the peak
magnitude of phase B inrush current was the biggestording to Figure 3-10. This
indicates that the forming of inrush might be iefheed by residual flux. Once the
inrush currents decreased to zero, the transformerse de-energised. The de-
energisation time was about 13 ms after the eradrgrs instant. Following the de-
energisation, the ring-down transient began. Dueésmall inrush current magnitudes,
the voltages observed at substation | after thegession were only slightly affected,

as shown in Figure 3-13.
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Figure 3-12 Three-phase line-to-ground voltagessoneal at power feeder 1 in Case E2
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Figure 3-13 Three-phase line-to-ground voltagessomeal at substation | in Case E2

3.4.3 Energisation Case E3

In the energisation Case E3, the GSU transform&safid T3 were successfully

energised. The measured three-phase currents avensh Figure 3-14. It can be

interpreted that: the interval between the enefigisanstant and the inrush starting
instant is about 2.4 ms; the inrush started fromsphC first and then followed by phase
B; phase A was the phase helping the inrush ingoRaand B; the first peaks of phase
A, phase B and phase C were of 950 A, 2160 A a0 24 respectively.

In Figure 3-15, the inrush currents with a longeret range is illustrated. As can be
seen, about seven cycles after the energisatienntash current waveforms of phase B
and phase C abruptly jumped. This abrupt changeroe$h current waveform could be
due to the inaccurate measurement caused by thewsam of the current transformer

(CT). It will be further addressed in the sectiegarding CT modelling and simulation.

The variation of three-phase currents measuredratitc|-K is illustrated in Figure

3-16. Prior to the energisation, the magnitudesthaf measured three-phase load
currents were about 336 A, 340 A and 326 A for phAs phase B and phase C,
respectively. After the energisation, the load eats were superimposed by a portion of

inrush currents.
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Figure 3-14 Three-phase currents measured at feeder 1 in Case E3 (initial cycles)

Figure 3-15 Three-phase currents measured at deeger 1 in Case E3 (long duration)
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Figure 3-16 Three-phase currents measured atritudtdiK in Case E3

Before and after energisation, three-phase voltajpserved on power feeder 1 are

shown in Figure 3-17. The closing time, as onehef important initial conditions for
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inrush transients, can be identified. It can bermteted that: the closing of circuit

breaker was made on phase C first at about 5 mmdehe negative-going zero

crossing of phase C line-to-ground voltage; theeotivo phases were energised both
with a closing time delay of about 1 ms. If theidesl fluxes of the energised

transformers were zero, the closing time would heesulted in minimum peak of

inrush current on phase C. However, Figure 3-l4wshthat the phase A was of

minimum inrush current peak, which could be du¢hi existence of residual flux in

the transformer core. Comparing the peak magnitwdemrush currents with that

resulted from the second attempt presented inage8ti3, it can be seen the maximum
peak is twice as much as that shown in Figure 3-4.

The RMS variations of the voltages observed attstibs | are shown in Figure 3-18
(Note that the RMS calculation for field measuremesults was based on one power
frequency cycle window and refreshed half powegdiency cycle). It can be seen that
the dip magnitudes were about 5.5 kV (2.3%), 142(6%) and 9.35 kV (4%) for
phase A, B and C, respectively. In addition, it bandentified that the rate of the initial
voltage dip recovery was faster than that of therlatage, which will be shown that it

was due to the SVC compensation.
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Figure 3-17 Three-phase line-to-ground voltagessonea at power feeder 1 in Case E3
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3.4.4 Energisation Case E4

In the Case E4 energisation, T1 was energised, Wattand T3 already connected.

Voltages and currents were measured at the saragdos as in the previous cases.

The three-phase currents observed at power feeder ¢hown in Figure 3-19 in terms
of instantaneous current waveforms for a short-taregge and in Figure 3-20 in terms
of RMS current waveforms for a long-time range.akidition, three-phase voltages
observed on power feeder 1 in terms of RMS valgesaiown in Figure 3-21; three-

phase currents observed at the circuit I-K are shiowigure 3-22.

As can be seen in Figure 3-19, the magnetizingeatsrof GSU transformers T2 and T3
became gradually larger after transformer eneiigisatvhich indicates the initiation of

sympathetic inrush. The growth and the decay ofsyrapathetic inrush currents are
further illustrated in Figure 3-20 which shows tkttaé sympathetic inrush currents took
about 2 seconds to reach their maximum magnituttheslgrgest maximum magnitude
appeared in phase C, which is about 120 A in RM8)the decay lasted more than 25
seconds. With the presence of the long durationpsyhetic inrush, it can be seen in
Figure 3-21 that the system took a long time toie@h full recovery of three-phase

voltages.
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Figure 3-19 Sympathetic inrush currents measurgdwer feeder 1 in Case E4
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Similar to the one shown in Figure 3-16, the cugeneasured at circuit I-K shown in

Figure 3-22 can be divided into two parts: thetfpart is, before energisation, the

steady state load currents flowing through the udiycthe second part is, after

energisation, the steady state load currents supesed by a portion of transformer

inrush currents.
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Figure 3-21 RMS voltage dips measured at substhtioCase E4
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Figure 3-22 Currents measured at circuit I-K in€Cag

0.16

The above field measurement results provide sorsghts of transformer inrush

current transients (in terms of initiation, wavefopattern, decay and peak magnitudes)
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and also show the possible influences of transfoinresh current on voltage dips (in
terms of the degrees of unbalance among three ghdge magnitudes and recovery

trends). These results will be taken as the bendtsriar validating network models.

3.5 Network model development

Field measurement results indicate that the systenld experience unacceptable long
duration voltage dips during energisation of GSahsformers, therefore further studies
are required to assess this transient phenomendnit&rimpacts on power system
operation. Due to the difficulty in carrying out meofield measurements, computer
simulation is preferred to conduct more detailegdi®s. This section describes the
development of a network model using ATP/EMTP basedhe 400 kV transmission

network shown in Figure 3-2.

3.5.1 Equivalent source and impedance

The source S1 and S2 were represented by ideageokource. Equivalent source
impedances to represent source strength were defigen the short-circuit levels at
substation A and B, which are 7.1 GVA and 6.4 GY&spectively.

3.5.2 Transmission lines

Modelling of double circuit transmission lines &#ased on following parameters:
* Line length;
* Line dimension;
* Resistivity and diameter of phase conductor anthenire;
* Number of conductors in a bundle;
* Ground resistivity;

* Transposing scheme.

The lengths of the 400 kV double-circuit transmasslines in the South West system
can be referred to Figure 3-2. The longest oneiwéen substation H and G, which is
about 97 km. They are based on the similar typ@wér structure, as shown in Figure
3-23 Specifically, a, b and c define the horizontal distances between the phase
conductors and the tower centrgl; d, e andf define thevertical heights of phase
conductor and earth wire relative to ground surfatkey are all determined in

accordance to the tower designs shown in Table Bi3the table, some other
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information including the type of conductor, contihuc diameter and resistivity,

together with the number of conductors in a bundke, also provided. Figure 3-24

shows how the tower designs and transposing schareesssociated with each double-

circuit line between two substations. With all thnee data taken into account, Bergeron

model was chosen for modelling transmission lilesause it is more accurate than pi

routine for modelling long lines and it is suffioieto represent the line parameters in

the frequency range of transformer inrush transidnch is normally less than 1 kHz;

3 Earth wire.

Bundle centre, allowing for sag.

Ground surface.

Figure 3-23 Basic tower structure used in Southt\estem [113]

Table 3-3 Line dimension and conductor data [113]

Routine Phase Num_* Earth Linedimension (m)
name | conductor um. wire a b c d e f g
L2 Z 2 L 5.48| 5.71 | 6.09| 27.24 19.47| 11.63| 34.94
L2/2 RB 2 K 5.48| 5.71 | 6.09] 28.54 20.77| 12.93| 35.60
L6 Z 4 z 6.93| 10.16| 8.33| 32.26 21.79| 12.95| 43.09
L6/1 z 2 z 6.93] 10.16| 8.33| 32.26/ 21.79| 12.95| 43.09
*Num. represents the number of bundle conductors.
Conductor name Usage Material | Outer radius(mm) AC resistance (£2/km)
B phase ACSR 14.31 0.0684
£ = 2EBRA earthwire | ACSR 14.31 0.0643
L =LYNX earthwire | ACSR 9.765 0.1489
K = KEZIAH earthwire | AACSR 9.765 0.1654
RB = RUBUS phase AAAC 15.75 0.0558

ACSR: Aluminium Conductors Steel Reinforced; AANCAluminium Alloy Conductors
AACSR: Aluminum Alloy Conductor, Steel Reinforced.
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Figure 3-24 Tower designs and transposing schessexiated with double circuit lines

3.5.3 System loading

System loading connected to each substation tranefowas modelled by constant
lumped impedances connected at 132 kV side, wétptwer factors of local demands
considered. The constant lumped impedance coristgesistor connected in parallel
with an inductor. Based on the system loading datasured at the moment of
energisation (as shown in Table B-the values of the resistor were calculated BV

and similarly the values of inductor were calculiy \VZ/Q.

Table 3-4 System loading data of the South Wegesys

Substation | V (kV) | P(MW) | Q (MVar) PF R (Ohm) L (mH)
C 132 104 52 0.89 167 1067
D 132 209 89 0.92 84 621
E 132 331 77 0.976 52.5 719
F 132 213 68 0.95 82 813
G 132 187 1.21 0.999 93 45860
H 132 316 138 0.915 55 400
| 132 232 74 0.95 75 750
J 132 252 2.42 0.999 70 22930

V: line-to-line voltage;  P: active power;  Q: reactive power;

PF: power factor; R: resistor; L: inductor.

3.5.4 Reactive power compensation devices

The reactive power compensation devices in the IlSdfest system consist of

mechanical switched capacitor banks and StaticG¢enpensator.

Capacitor bank was modelled by three constant @apscconnected in parallel. In
series to each capacitor, the current limiting otduand resistor for representing losses
were also considered. The capacity of each capdwaink was scaled to 60 MVar.
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The SVC device was modelled by a thyristor-conggbllteactor (TCR) connected in
parallel with a fixed capacitor bank (FC), as shawfigure 3-25. The TCR comprises
a fixed reactor connected in series with a setyetlicectional thyristors. A control
module to vary the firing angle of the thyristolwes was integrated in the model to
continuously change the reactive power output ftibenreactor. If the TCR is controlled
to operate in conduction, the output of SVC is ¢ difference of the reactive power
between the TCR and the FC. If the TCR is off, tuwput of SVC is then only
contributed by the FC.

Power system busbar

RMS
voltage
FC TCR detector
Vrus
L Resulator -
Firing
pulse
| | generator

Control module

Figure 3-25 Schematic diagram of SVC configuration

The control module, as shown in Figure 3-25, cassisthree building blocks:

* RMS voltage detector

* Regulator

* Firing pulse generator
Continuously, the RMS voltage detector processestiase voltages measured at the
400 kV busbar to provide the RMS value of threeraged line-to-line voltages is).
The Vrusis then compared with theyin the regulator to produce a benchmark. The
benchmark and the measured line voltages are plugsifior the firing pulse generator to
produce firing pulses for controlling the operatmfrbi-directional connected thyristors,

which is achieved by following the procedure showfigure 3-26.

First of all, the line voltage is compared withex@ threshold to produce two opposite
square waves with a 1 pu magnitude. In this wag, ringes between two adjacent
voltage zero crossings suitable to give firing palare identified. In the next step, both

square waves are processed by an integrator anghaphss filter, resulting in two
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triangle waves. Comparing these two triangle waviéls a 0.005 threshold, the positive
parts of the two triangle waves are selected amth summed to produce another
triangle wave with a frequency of 100 Hz. This neiangle wave is then compared
with the benchmark obtained from the regulator: plaets of the triangle wave with
magnitude less than the benchmark result in zetputitthe other parts result in outputs
of 0.5. The comparison gives a square wave thptdsessed by a high pass filter to
generate firing pulses. The variation of the bermtkmwill change the width of the
square wave so as to vary the timing of firing pslsAs a result, the reactive power
output of the TCR can be varied, which subtracesdiitput of the FC so as to vary the
output of the SVC.
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Figure 3-26 Procedure for generating firing pukeesontrol bi-directional thyristors

0.95

3.55 Transformers
3551 Modelling GSU transformers

The transformer modelling approach suggested ahdatad in [6] was used to model
GSU transformers. It consists of two parts: a InB&€TRAN object to represent

transformer short-circuit characteristics; a setdelta connected nonlinear inductors,
located at the Low-Voltage (LV) terminal of the BRAN object, to represent

transformer core saturation characteristics (thosl@his named here as BCTRAN+).

108



Chapter 3 Field Measurements, Network Model Develapt and Validation

The test report data of 345 MVA and 415 MVA GSWhstormers are shown in Table
3-5 and Table 3-6, respectively. The BCTRAN objetilizes the nameplate data and
the short-circuit test data, including rated poweated voltages, short-circuit

impedance, full load losses and winding connectiomodel the transformers.

Table 3-5 GSU transformer test report (T1&T2, 348A)

Nameplate data [kV] [MVA] [A] Coupling
HV 400 345 498 YN
LV 19 345 10483 dl
Open-circuit E.[kV,%] [MVA] 1,[%] P.[kW]
LV 17.1(90) 345 0.049 126.2
19(100) 345 0.103 174.1
20.9(110) 345 0.350 239.9
Short-circuit [kV] [MVA] 2% P,[kW]
HV/LV 400/19 345 17.8 838.4

Table 3-6 GSU transformer test report (T3, 415 MVA)

Nameplate data [kV] [MVA] [A] Coupling
HV 400 415 599 YN
LV 21 415 11410 d1i
Open-circuit E.[kV,%] [MVA] 1,[%] P,[kW]
LV 18.9(90) 415 0.05 156.8
21(100) 415 0.069 211.1
23.1(110) 415 0.179 290.8
Short-circuit [kV] [MVA] 2% P,[kW]
HV/LV 400/21 415 17.12 924.7

Open-circuit test data were used to derive satmaturves for the nonlinear inductors.
Type-96 nonlinear inductor (enables the settingiial residual flux) was selected for
GSU transformers. The conversion procedure forioioig hysteresis saturation curves
for type-96 nonlinear inductor is shown in Figur2 3 which consists of four steps:

* Step 1: transform RMS voltage versus current d¥tas{ms into peak flux-
current dataipeakipea based on the algorithm presented in [57] (a MABLA
program was specifically developed based on therighgn for carrying out the
transformation);

» Step 2: curve fit théyearipeak data to obtain a piecewise nonlinear saturation
curve;

» Step 3: select a positive saturation point fromplezewise nonlinear curve for
ATP subroutine HYSDAT [58] to derive a hysteresisp;

 Step 4: assign an additional point beyond the aatur point to set the
saturation inductance deduced from transformecaie- inductance, with the

effect of winding leakage inductance considered.[52
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Figure 3-27 Conversion to derive saturation cuprayfpe-96 nonlinear inductor

Figure 3-28 shows the lower half hysteresis cureesthe GSU transformers. The
saturation points used to define the correspondiagr hysteretic loop are appointed,;
beyond the saturation points, the final slopes aitirmtion curves are quantified by

AMAI.
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Figure 3-28 lower half hysteresis curves for G&usformers
It was assumed that the air-core inductance isleéquaice of transformer short-circuit
inductance. This assumption is reasonable, becausen an unloaded two winding
core type transformer is energised from the HV wwigdside (usually the outer
winding), the cross section area of the air-coréndgr enclosed by the HV winding
where the flux goes through under deep saturasomormally about twice the cross
section area of the gap between HV and LV windingere the flux goes through

during the short-circuit test.

To preliminarily check the accuracy of the modsisjulation of open circuit test was
applied to the developed BCTRAN+ models for the Gldsformers. Results obtained
from testing 415 MVA and 345 MVA GSU transformer dets are shown in Figure
3-29 and Figure 3-30, respectively. In both figutke simulated no-load current and
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no-load losses as a function of magnetizing voltageler 0.9 pu, 1 pu and 1.1 pu of
rated voltage) are compared with that given inttaasformer test report, which show

good agreements between measured and simulatigltsres
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Figure 3-29 Open circuit test results deduced f@BU transformer model (415 MVA)
compared to manufacture test results
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Figure 3-30 Open circuit test results deduced @8t transformer model (345 MVA)
compared to manufacture test results

Furthermore, the BCTRAN+ models were tested regardairush current calculation,

with results compared with those generated by tbeeradvanced Hybrid Transformer
model (including 3-limb and 5-limb core models, th® core configuration of the

transformers was unclear). To do the comparisoe, Atk i curves used in the

BCTRAN+ model (i.e., the curves shown in Figure83i&ere also used to implement
the Hybrid Transformer models; the models were gised on the primary side at the
same switching angle against an ideal 400 kV veltagurce, with residual flux

assumed to be zero. The energisation cases, inglediergising 345 MVA transformer
at phase A voltage zero-crossing, energising 415AMnsformer at phase A voltage
zero-crossing and energising 415 MVA transformemplaase A voltage peak, were
simulated and the results comparison are showmguré& 3-31, Figure 3-32 and Figure
3-33, respectively.
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Figure 3-31 Comparison of inrush currents generayeldybrid and BCTRAN+ for 345 MVA
transformer (Energised at phase A voltage zerosaigs
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Figure 3-32 Comparison of inrush currents generbyedybrid and BCTRAN+ for 415 MVA
transformer (Energised at phase A voltage zerosaigs
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Figure 3-33 Comparison of inrush currents generbyedybrid and BCTRAN+ for 415 MVA
transformer (Energised at phase A voltage peak)
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As can be seen, the patterns and magnitudes ofthife-phase inrush currents
calculated by the BCTRAN+ model can closely matecbsé estimated by the more
advanced Hybrid Transformer model. Good agreememse achieved in the
energisation cases with different switching anglBsis indicates that the relatively
simple core topology in the BCTRAN+ model is su#itt to give accurate simulation

results.

3552 Modeling substation transformers

The way to model substation transformers is simitarthat for modelling GSU
transformers, which is a BCTRAN object plus a sktdelta connected nonlinear
inductors. The differences are that: type-93 naaiinductors were used for the core
representation of substation transformers (becdlisee is no need to model their
residual flux condition since they are in servie@d they were located at the tertiary
winding terminal. As the type-93 nonlinear inductonly requires single-value
saturation curve, the procedure to derive the aftur curve for type-93 nonlinear
inductor is simpler compared to that for type-9@limear inductor. As shown in Figure
3-34, the basic procedure is the same with thawsho Figure 3-27 but with the step of
forming hysteresis loop skipped.

Vrms b )‘peak
TR e —— 6} 110%[mmmmmmmmmes 9] 110%
1007 — o @ 100%]------—--— o @ 100%
] — o — o - e E—

RMS to Peak Curve fitting

Irms Ipeak Ipeak

Figure 3-34 Conversion to derive saturation cuorefpe-93 nonlinear inductor

As shown in Figure 3-35, two saturation curves weeeved from transformer test
report data: one is for conventional transformémege manufactured before 1980); the
other is for modern transformers. This differensedue to the change of transformer
design, manufacture technique and core materialnarthe time of 1980. The nominal
magnetizing current of modern transformer is muctaler than that of conventional

transformer, and therefore with lower core losses.

The air-core inductances of all the substationsfiammers were assumed to be four

times the transformer short-circuit inductance, the substation transformers are
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autotransformer; this assumption follows the gumdelgiven by CIGRE Study

Committee 33 for quantifying the air-core inductait autotransformer [33].
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Figure 3-35 Substation transformer saturation @irve
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3553 Moddling Current Transformer
In the field tests, the measurement of inrush atsrecan be influenced by the

performance of current transformer (CT). When tAei€saturated, the shape of inrush
currents given on the CT’s secondary side candpefsiantly different from those seen
on its primary side. A CT model was developed towate such a transient response.

In Figure 3-36, the circuit diagram of the CT modelshown. It is formed by three
single-phase transformer models. Each single-phaseéel consists of an ideal
transformer, a type-96 non-linear inductor and aged impedance. The ideal
transformer is with a ratio of 1200/5. The type-8®n-linear inductors were
characterized by the&— i curve shown in Figure 3-37; the curve was derivased on
the procedure shown in Figure 3-27. The lumped dapee, whose value was assumed

to be5 + j0.62 Ohm, represented the relay burden and CT windimgedance.
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Figure 3-36 Circuit diagram of CT model
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Figure 3-37 CT magnetization characteristic
3.6 Network model validation

The field test results were used to validate theelbgped network model.

The simulation setup for each validation study ¢sied of two parts: the first part was
the initialization of network condition to definbe values of system source voltages,
source strength impedance and system loading;eitend part was the initialization of
energisation condition including the circuit break#osing time and the transformer
residual flux.

Regarding the network condition, the network maodas initialized via the following
procedure:

« The system source voltages were initialized byregfeing the steady state
voltages (measured prior to energisation) at stibst& for simulating E1, E2
and E3, the applied source voltage (line-to-lire}18 kV; for simulating E4,
the applied source voltage (line-to-line) is 414 kV

e It was assumed that the synchronous compensatsulstation H was not
connected,;

« Equivalent source impedances for supply sourcean81S2 were derived based
on the short-circuit levels: 7.1 GVA for S1 and GY¥A for S2;

* Following the loading data provided by the netwoperator, the loading at each
substation was distributed in such a way that eadistation transformer was
about half loaded: it should be noted that, dulaoling variation, the loadings

115



Chapter 3 Field Measurements, Network Model Develat and Validation

of substation H and G in the Case E1, Case E2 asd €3 were set to be 10%
more than those in the Case E4.

As for the energisation condition, circuit breakd#wsing times were interpreted from

the measured voltage waveforms and transformeduakiluxes were all assumed.

3.6.1 Validation against Case E1 measurement

For both transformers (i.e., T2 and T3), residuakds in phase A, B and C were
initialized to -0.3 pu, 0.15 pu and 0.15 pu of peakninal flux, respectively. T2 and T3
were simultaneously energised at the positive-gaeig crossing of phase B line-to-
ground voltage. The voltage variation on power &el inrush current drawn by the
T2 and T3, current variation on circuit I-K and tagle variation observed at substation-
| were all simulated based on the network modethwesults plotted against the
measurement in Figure 2-26, Figure 3-39, Figur® 344d Figure 3-41, respectively. As
can be seen, the waveforms obtained from simulatiosely agree with field test
results. Specifically, the de-energisation trartsisrreplicated by taking into account
the ring-down transient caused by the interactemvben cable (the cable was modelled

by a lumped capacitance with Q) and transformer core nonlinear inductance.
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o

| | | I |
-0.02 0 0.02 0.04 0.08 0.08 01
Time, s

Figure 3-38 Simulated voltages at power feedemipaoed to those measured in Case E1

4000 T T T

Measurement === Simulation

2000

0

Inrush current, A

-2000

-4000 ] : ; ;
0.02 0 0.02 0.04 0.06 0.08 0.1

Time, s
Figure 3-39 Simulated currents at power feedemipared to those measured in Case E1
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Figure 3-41 Simulated voltages at substation | amexb to those measured in Case E1

3.6.2 Validation against Case E2 measurement

For both transformers, residual fluxes in phasphgse B and phase C were set to 0.64

pu, -0.16 pu and -0.48 pu of peak nominal fluxpessively. Circuit breaker closing

time were interpreted based on the voltage measomethe power feeder 1, which

indicates that, by referencing the positive-goiegozcrossing of phase A line-to-ground

voltage, phase C, phase A and phase B were eng@fi$e27 ms (167°), 9.55 ms (172°)
and 10.67 ms (192°), respectively.

The voltage variation observed at power feedeniysh current drawn by the T2 and

T3, current variation on circuit I-K and voltageridion at substation-1 were all

simulated based on the network model, with the lt®splotted against the

measurements shown in Figure 3-42, Figure 3-43urBig3-44 and Figure 3-45,

respectively. As can be seen, the waveforms oldtaireen simulation closely agree

with test results.
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Figure 3-42 Simulated voltages at power feedemipaoed to those measured in Case E2
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Figure 3-43 Simulated currents at power feedemipared to those measured in Case E2
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Figure 3-44 Simulated currents at circuit I-K comguhto those measured in Case E2
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Figure 3-45 Simulated voltages at substation | cmexpb to those measured in Case E2

3.6.3 Validation against Case E3 measurement

To further justify the accuracy of the developedwoek model, simulation validation
was conducted against the Case E3 measurementich WA and T3 were energised

simultaneously (T1 was not connected during thestreanent).

Circuit breaker closing time were interpreted fridm voltage waveforms measured on
the power feeder 1. phase C was set to be enerfiiseé@t 5 ms after the negative-

going zero crossing of phase C line-to-ground gataeferencing the closing time of

phase C, the other two phases were energised htthawdelay of 1.1 ms. Residual

fluxes in both T2 and T3 were initialized to -0.385, 0.55 pu and -0.165 pu of peak
nominal flux for phase A, phase B and phase C adsgely.

The simulated currents and voltages on power fekdemrrents flowing through circuit

I-K and also the RMS voltage variation at substatioare plotted against field
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measurement results in Figure 3-46, Figure 3-4guréi 3-48 and Figure 3-49,
respectively. As can be seen, the simulated wavefonatch the measurement results
well; specifically, in Figure 3-43he part of voltage recovery with faster speedss a
replicated by considering the response of SVC énntwork model.
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Figure 3-46 Simulated voltages at power feedemipaoed to those measured in Case E3
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Figure 3-47 Simulated currents at power feedemipased to those measured in Case E3
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Figure 3-48 Simulated currents at circuit I-K comgzhto those measured in Case E3
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Figure 3-49 Simulated RMS voltage variation at safixsn | compared to those measured in
Case E3

3.6.3.1  Reproduceinrush current waveformsaltered by saturated CTs

During the validation against measurement E3, & Yoaund that (as shown in Figure
3-50): good agreement between simulated and mehsungsh currents (drawn by T2
and T3) can only be achieved in the first few cychdter the sixth cycle, the simulated
inrush currents cannot replicate the abrupt chamgesurrent peak and waveform

pattern of the measured inrush currents in phasedphase C.
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Figure 3-50 Comparison between measured and siedlilatush currents drawn by T2 and T3
in Case E3 (simulated currents observed at ther®Tapy side)

It is believed that the changes appeared in thesuned phase B and phase C currents
were due to the CT saturation caused by the sagmfidc offset components presented
in both currents. No obvious change can be obsearvdte measured phase A current is

because its offset dc component was of relativelglsmagnitude, in which case, good
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agreement between simulated and measured curramtstii be retained. To confirm
such reasoning, the developed CT model was incatpdrin the network model to
reproduce the inrush currents altered by the Clra@bn effects. The simulated inrush
currents shown in Figure 3-50 was taken as thetifgpuhe CT model, and the resulted
secondary side currents of the CT model were obtiand compared with the
measured inrush currents in Figure 3-51. As caselea, the abrupt changes in phase B
and C can be very well matched, which indicates tha simulated inrush currents
shown in Figure 3-5@re accurate and confirms that the abrupt chanfyj#®ednrush

currents was due to CT saturation.
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Figure 3-51 Comparison between measured and thdaged currents (observed at the CT
secondary side)

3.6.4 Validation against Case E4 measurement

Further validation was also conducted to replithéeresults obtained from the Case E4
measurement. In this case, network model was seinalate energising T1 with

transformer T2 and T3 already connected. Circiegker closing times were obtained
from the measured voltage waveforms in which thpeases were energised
simultaneously at 4.44 ms (80°, relative to theitpa@sgoing zero crossing of phase A
line-to-ground voltage); residual fluxes were assdmo be zero. Based on these
parameter settings, the simulation results wereulsameously generated by the

developed network model.

121



Chapter 3 Field Measurements, Network Model Develat and Validation

In Figure 3-52, instantaneous wave shapes of thinese sympathetic inrush currents
were compared, focusing on the initiation of syrhp#t inrush. It can be seen that the
simulation results can replicate the double-pedkepss, as well as the growing trend
and peak magnitudes. Furthermore, the simulated R$athetic inrush currents and
the field measurement results were compared inr€ige53 in terms of the build-up
and decay of sympathetic inrush. Good agreemeatthieved in terms of the initiation,

the peak instants and magnitudes as well as treydec
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Figure 3-52 Simulated sympathetic inrush currenhfower feeder 1 compared to those

measured in Case E4
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Figure 3-53 Simulated RMS sympathetic inrush cusenpower feeder 1 compared to those
measured in Case E4
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Figure 3-54 illustrates the comparison regardirg ling-duration RMS voltage dips,
with the dip magnitudes particularly compared inbl€a3-7. As can be seen, the
simulated voltage dip recovery traces are simitarfield measurement results; the

largest deviation of dip magnitude is approximazBgo.

The comparison in Figure 3-55 is the currents nreasat circuit I-K. Good agreement
can be seen in the range of steady stage (i.er, forienergisation), which confirms the
correct modelling of system loading. In the rande tansient stage (i.e., after
energisation), simulation results also show gooceegent with field test results. It
should be noted that the initial part of voltageowery was affected by the response of
SVC, which has also been correctly replicated andimulation results. Regarding this
SVC effect, more details will be described in Cleapt.
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Figure 3-54 Simulated RMS voltage at power feedesrhipared to those measured in Case E4
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Figure 3-55 Simulated currents at circuit I-K comguhto those measured in Case E4

Table 3-7 Comparison of three-phase voltage dipnmades

Dip magnitude (kV) .

Phase Field test Simulation Deviation
A 4.23 4.35 2.8%
B 9.28 9.08 2.1%
C 9.65 9.6 0.5%
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3.7 Summary

In this chapter, voltage dip events caused by ésiagylarge GSU transformers is
reported, in conjunction with field measuremenetwork model development and its
validation. The system under study is a 400/132tkWismission system featured by

long transmission lines between the supply souncetlae energised transformers.

In the voltage dip events, it was shown that thergsation of GSU transformers can
trigger a network-wide voltage dips; the recordedximum RMS voltage dip was
about 7.85% of the initial voltage; the eventsgeged low voltage alarms and the dips

were noticed by the downstream distribution uésti

In the further field measurements, voltage dipsoimwg sympathetic interaction
between GSU transformers were observed, showingthieaduration of sympathetic
inrush can last more than 20 seconds and so diilhecovery of the resulted voltage
dips; in addition, the voltage and current wavef®rmeasured at different locations

provide useful benchmarks for network model valmtat

Based on the system parameters provided by theorleteperator, a network model
was developed in ATP/EMTP by following the guidesnsummarized in Chapter 2.
The network model was validated against the fie@hsurement results, showing good
agreements. It thus confirms the accuracy of theviitng modelling approaches:
 The source network can be modelled by an ideal-wae& source and a
Thevenin equivalent impedance of the part of thevaek not under study;
 The transmission network between the supply sowand the energised
transformer should be represented in detail, takit@account the transmission
lines, system loading and reactive power compemsalevices;
» The Bergeron model can be used to represent trasgmi lines, with line
dimension and transposing scheme considered;
« System loading can be represented by lumped cdnstsistance and
inductance connected in parallel;
» Transformers can be represented by the BCTRAN+ m@mmsisting of a
BCTRAN object with a set of delta-connected nordin@ductors).

In the following chapters, computer simulation asseents of the voltage dips caused

by transformer energisation will be carried outdzhen the validated network.
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Chapter 4  Assessment of Voltage Dips Caused by
Transformer Energisation Transients Using
Deter ministic Approach

In this chapter, a comprehensive assessment agetips caused by energising large
GSU transformers is deterministically conducted edason the network model

developed and validated in Chapter 3.

Being the first step of the assessment, differaptgsation conditions are analysed and
compared, considering circuit breaker closing titn@nsformer core residual flux, the
number of GSU transformers being energised andntimeber of GSU transformers
already connected. Based on the commonly agreedtwase energisation condition,
assessment of network-wide voltage dips is perfdrieeinvestigate the voltage dip
patterns under non-outage, single-circuit outage @ouble-circuit outage situations.
Furthermore, sensitivity studies are carried out identify the key influential
parameters. Finally, possible operational meastwesontrol the voltage dips are
assessed and an optimized energisation proceduprosed to effectively and

economically reduce the voltage dips caused bytoamer energisation.

4.1 Voltagedipsunder different energisation conditions

Ten case studies were carried out using the validaetwork model to compare voltage
dips under different energisation conditions. Tk&ads of these case studies are shown
in Table 4-1. They differ from each other in terwiscircuit breaker closing time,
transformer core residual flux, the number of G&s$formers being energised and the
number of GSU transformers already connected. Regarclosing time, it was
assumed that the closing time span is zero (tHeenfe of closing time span will be
studied by stochastic approaches in Chapter 5)cli@ng time is referenced to the
positive-going zero crossing of phase C line-todgib voltage. When residual flux is
considered, it was assumed that phase A, B ands€eps -0.8 pu, 0 and 0.8 pu of peak

nominal flux, respectively. Combination of such lasing time and residual flux is
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regarded here (and also in the rest of the thesighe commonly agreed worst case

energisation condition.

It should be noted that, for quantifying the dipgmidude and duration, the following
two criteria are used in this chapter and alstvérest of the thesis:
* Dip magnitude: the dip magnitude is defined asltheest RMS voltage among
three phases;
* Dip duration: the 3% dip was taken as the beginrand end threshold for

guantifying the voltage dip duration.

The results of the case studies are summarized ainleT4-1, with voltage dip
magnitudes and durations observed at the substasefected for the comparison,

because it is located closest to the substatioriii€lwconnects the generating plant.

Table 4-1 Voltage dips observed at substation euddferent energisation conditions

GSU transformer | closing Residual flux Voltage dips
Case . . time (pu) Magnitude (%) Duration (s)
Energised| On-ling (ms) A | B | C A B C A B c
1 T1 - 5 0 43| 35 1.8| 0.274 0.181 0
2 T1 - 0 0 20| 29| 44 0 0 0.393
3 T1 T2&T3 0 0 20| 29| 44 0 0 0.631
4 T1 - 0 -08| 0 0.8| 5.8 5 9.6] 0946 0.636 2.728
5 T1 T2&T3 0 -0.8/ 0 | 08| 58| 5 9.6 | 290 | 1.477| 6.448
6 T2&T3 -- 5 0 78| 6.4 33| 0.906 0.600L 0.006
7 T2&T3 -- 0 0 37| 5.0 8.2 0.04| 0.26p 1.12
8 T2&T3 T1 0 0 37| 5.0 8.2 0.04| 0.279 2.614
9 T2&T3 -- 0 -0.8| O 0.8| 10.7 9.2 184 1576 1.199 3.564
10 T2&T3 T1 0 -0.8| 0 | 0.8 ]10.7| 9.2 | 184 | 4.0 2.68 | 7.919

Comparing Case 1 with Case 2, it can be seenéhatgising at the peak of phase C
voltage only gives small voltage dip on phase @ results in larger voltage dips on the
other two phases, which shows that, in the caskreé-phase system, a closing time in
favour of one phase may act against the other tvasgs. This is also evidenced in the

comparisons between Case 6 and Case 7.

Comparing Case 2 and Case 4, it can be seen that thie transformer is energised at
the commonly agreed worst case energisation comndithe resulted voltage dips are
much higher than those voltage dips resulted framergisation at zero-crossing
energisation instant but with zero residual flwhisTcan also been seen from other
comparisons, including the one between Case 3 asd &, the one between Case 7 and

Case 9 and the one between Case 8 and Case 10.
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Under the same closing time and residual flux coonli it can be seen that:

* Energising transformers T2 and T3 together wouldseavoltage dips with
longer dip duration (in most cases) and with maglatalmost twice that caused
by energising T1 alone, which, for instance, carséen from the comparison
between Case 4 and Case 9;

» Comparison between Case 4 and Case 5 shows, witprésence of on-line
transformers, the voltage dip magnitudes are theedaut the durations can be
prolonged by more than 100%; similar observatiom dme seen in the
comparison between Case 2 and Case 3, between Casd Case 8, and

between Case 9 and Case 10.

The above case studies show that the sympathetishrdoes not affect the voltage dip
magnitude, which is obvious because at the ingiabe of the energisation transient,
voltage dip is mainly determined by the inrush entrin the energised transformers,
while at this time the sympathetic inrush drawntlg adjacent transformer has yet to
build up. With the increase of the sympathetic shreurrent, the decay of the inrush
current in the energised transformer slows downamd consequence the dip duration
is prolonged. The comparisons made between the stasbBes indicate that this
prolonging effect can be very significant. Compgri@ase 4 with Case 5, the dip
duration of phase C is prolonged by 136%; similaclymparing Case 9 with Case 10,
the dip duration of phase C is prolonged by 122%.

As far as the case studies of energising only d8e @ansformer are concerned, Case 5
is the worst case energisation. Among all of theecstudies, Case 10 is the worst
energisation case, as it results in the largestdignitude and the longest dip duration.
Both cases are further analysed in terms of theentiand voltage variations.

4.1.1 Current and voltage variation when energising T1 with T2& T3
already connected

Energisation Case 5 is similar to the field measna Case E4 in Chapter 3: both
involve energising T1, with T2 and T3 already casted; however, Case 5 is with more

unfavourable closing time and residual flux coruiti

The inrush current drawn by T1 after the energisais shown in Figure 4-1. The

maximum current peak appears on phase C and hioist 2500 A. As shown in Figure
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4-2 and Figure 4-3, part of the inrush current 8otlirough the double-circuit lines

between substation | and K and part of it flowstlyh the lines between substation J
and K. The inrush current flowing through the liredween J and K (not observed in
the field measurement) is much larger than thatifig through the lines between | and

K, which is mainly due to the large impedance @ tircuit between substation G and
H.

The incursion of sympathetic inrush in transform&fsand T3 is illustrated in Figure
4-4 (initiation stage) and Figure 4-5 (RMS currdang period). As can be seen, at the
initiation stage, sympathetic inrush currents statb build up at about 0.1 second after
the energisation; they then took about 1 seconctach their peaks, which is twice
faster than that observed in field measurement EdselThe maximum instantaneous
peak value is about 1000 A, and the maximum RMX @891 A. Compared to that

observed in field measurement Case E4, the RMSipediout three times larger.

In Figure 4-6, the three-phase RMS voltage dipsllasrated. It shows that the voltage
dip recovery trace started to be altered once yhgathetic inrush currents started to
build up, which can be further evidenced by the panson between Case 4 and Case 5
regarding the voltage dip recovery on phase CKkspae 4-7).
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Figure 4-2 Currents flowing through one of the gitg between substation | and K (Case 5)

128



Chapter 4 Assessment of Voltage Dips Caused bysToemer Energisation Transients Using Determini&pproach

o
o

Current, kKA
o

o
)

0 0.1 02 03 0.4 05 06 07 08 09 1
Time, s

Figure 4-3 Currents flowing through one of the gitg between substation J and K (Case 5)
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Figure 4-5 RMS sympathetic inrush current obseatgabwer feeder 1 (Case 5)
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Figure 4-7 Comparison between Case 5 and Casaadirg phase C voltage dip
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4.1.2 Current and voltage variation when energisng T2& T3with T1
already connected

Further analysis of the current and voltage vametiin Case 10 was also conducted. In
Figure 4-8, the maximum peak of the inrush curematvn by T2 and T3 together is
about 4800 A. This current peak is about twice dheent peak observed in Case 5,
since there are two transformers being energisedul&ineously in Case 10.
Correspondingly, the magnitudes of the inrush cusr@bserved on the two circuits
(Figure 4-9 for I-K, Figure 4-10 for J-K) are praponally increased.

The sympathetic inrush current drawn by transfoririealone (as shown in Figure 4-11
and Figure 4-12), is similar to that drawn by T2l a8 together (see Figure 4-4 and
Figure 4-5 in the analysis of Case 5). This is heeahe total number of transformers

engaging sympathetic inrush in both cases is thesa

In Figure 4-13, the voltage dip of phase C obselime@ase 10 is compared with that
observed in Case 5. As can be seen, the higheshincurrent in Casel0 results in
voltage dips with magnitude twice that observe@ase 5; the dip duration, however, is
of much smaller difference between the two caség;iwcan be attributed to the similar

level of sympathetic inrush for both cases.
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Figure 4-8 Inrush current observed at power fegéd€rase 10)
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Figure 4-9 Currents flowing through one of the @it between | and K (Case 10)
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Figure 4-13 Comparison between Case 5 and Casgaéding phase C voltage dip

4.2 Network-wide voltage dips

Based on Case 10, network-wide voltage dips wetlduinvestigated by focusing on

the following aspects:
* Network-wide voltage dip pattern under non-outagiedition;
* Network-wide voltage dip pattern under single-cirautage condition;

* Network-wide voltage dip pattern under double-diroutage condition.
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4.2.1 Network-wide voltage dip pattern under non-outage condition

Non-outage condition means there is no circuit gaitan the network. Case 10 was
performed under the non-outage condition, with agdt dip magnitudes and durations
observed in phase C at substations D, E, F, G, ahdlJ analyzed in detail (because

phase C is subjected to the biggest voltage digeru@ase 10 energisation).

Figure 4-14 shows the patterns of voltage dip mages of phase-C on both 400 kV
and 132 kV side. It can be seen that the two pettare almost identical. This indicates
that, as far as dip magnitude is concerned, thiageldips appear on the 132 kV side
are not much affected by the substation transfanrerthe system studied. The dip
magnitude observed at each substation is founeé telated to the distance between the
substation and the supply source and also thendestbetween the substation and the
energised transformers. For those substationsu@mdy H, | and J) located in the
proximity of the energised transformer and reldyiviar away from the supply source,
the observed dip magnitudes are relatively largetose substations (including D, E,
F and G) located relatively far away from the erssg transformer and close to the

supply source, the observed dip magnitudes argvallasmall.

H400kV @132kV

20%

18%

16%

14%

RMS voltage dip magnitude

12%

10% -

D E F G H I J
Substation

Figure 4-14 Patterns of voltage dip magnitudesszcatl the network substations (voltage dips
observed at substation autotransformers’ 400 k¥ gedsus 132 kV side)

Figure 4-15 shows the patterns of voltage dip domatbserved on 400 kV and 132 kV
side. It can be seen that the dip durations onKM33ide are longer. The prolonged

voltage dip duration at 132 kV side is attributedhie sympathetic inrush of substation
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transformers which is further illustrated by vokadip traces at substation | shown in
Figure 4-16. It can be seen that both sides wittlesssame amount of voltage dip
magnitude, however, the recovery at 132kV sidetstar be affected by sympathetic
inrush about two cycles after the energisation@ndinues to be affected for more than
9 seconds. The substation transformers locatedbstation | and J have been found to
be the most affected, because their electricahests to the GSU transformers are the
shortest. The above findings show that the endrgisaf GSU transformers can trigger
a network-wide sympathetic inrush, because the ayimatic phenomena can extend to

substation transformers.
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Figure 4-15 Patterns of voltage dip duration acedisthe network substations (400 kV side
versus 132 kV side)
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Figure 4-16 Voltage dip recovery traces observetDatand 132 kV busbars of substation |
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4.2.2 Network-wide voltage dip pattern under single-circuit outage

The network may be subjected to single-circuit gaetainder maintenance or fault
condition. In fact, as reported by the network apar, transformer energisation did
occur during maintenance of one of the double-ditmes.

To understand the impacts of single-circuit outagethe voltage dip pattern, various
single-circuit outage scenarios were simulated daseCase 10 energisation condition.
In the simulation studies, voltage dips in phasedte observed at substations D, E, F,
G, H, I and J and compared with those obtained undae-outage condition. The
relatively severe voltage dips scenarios have lb@emd under the A-F and J-E single-
circuit outage, which are shown in Figure 4-17 &igure 4-18. Note that in both
figures, the sub-figure on the left shows the camspa regarding the voltage dip
magnitude whilst the sub-figure on the right shdivs comparison regarding the dip
duration. From the comparisons, it can be seen shagle-circuit outage only results in
slight increase of voltage dips; the maximum insesaf dip magnitude and duration

both appear at substation J.
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Figure 4-17 Voltage dips caused by single-circutbge between substation A and F
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Figure 4-18 Voltage dips caused by single-circutege between substation J and E
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4.2.3 Network-wide voltage dip pattern under double-circuit outage

Under some circumstances, the network may be debjdo outage of both circuits
connecting between two adjacent substations. Tlag otcur when one circuit of the
double-circuit line is under maintenance and theotircuit coincidently experiences a
fault condition. Network-wide voltage dips causey énergisation under such a
situation were examined using the Case 10 eneigisahd the results were compared
with the voltage dip pattern observed under no@eetwork condition. It was found
that:

» Outage of both circuits between substation A aid B and C leads to increase
of voltage dips in all the substations, which candeen in Figure 4-19 and
Figure 4-20, respectively; specifically, A-F douglecuit outage causes larger
voltage dips than that caused by B-C double-cirouiage; similar effects were
found in the cases of C-D and D-E double-circutbge;

* In many cases of double-circuit outage, the voltdigepattern is only slightly
affected; these cases include outage of doubleitsrbetween the following
substations: F-G, F-E, G-H, H-l1 and I-K; especiallye case of I-K double-
circuit outage actually results in less sever \gatdips in most of substations,
which is illustrated in Figure 4-21,

* The most unfavorable scenario is found to be tBedduble-circuit outage; in
that case, as shown in Figure 4-22, the largesageldip magnitude becomes
over 30%, with duration over 14 s. The large insesaf voltage dip magnitude
is mainly due to the significant increase of thegkl of the transmission lines

between the supply source and the energised G&bfdraners.
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Figure 4-19 Voltage dips caused by double-circutage between substation A and F
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Figure 4-20 Voltage dips caused by double-circutage between substation B and C
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Figure 4-21 Voltage dips caused by double-circuiage between substation | and K

35% 16

B Non-outage condition B Non-outage condition
30% e U — - -
° @ Double-circuit outage between J and E r " Double-circuitoutage between J and E
B 25% __ - 212 -
2 S
o ® 10 -
g 20% - 5
°
2 o 8 -
T 15% - °
% % 6- -
= o — - =
g 10% S . B
5% - - 2 1 n
0% - = 0 - L
D E F G H J D E F G H J
Substation Substation
(a) Dip magnitude (b) Dip duration

Figure 4-22 Voltage dips caused by double-circutage between substation J and E
4.3 Sensitivity assessment

The voltage dips caused by transformer energisadimn influenced by multiple
parameters. Sensitivity assessment was carriedtaoudentify the most influential
parameters. Here, the concerning parameters inthelsystem source strength, system
loading, GSU transformer load losses and GSU toamsdr core saturation inductance.
Closing time and residual flux were not taken imimcount in the sensitivity study
because they were treated as fixed parametersrigrtne worst energisation condition.
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The energisation Case 10 was selected as the basear the sensitivity assessment.
The sensitivity assessment addressed variatiotiseofoncerning parameters between

+100% and -50% of their values in the base caseup to 200% variation was applied).

The results of the sensitivity study are showniguFe 4-23 in which voltage dips due
to variation of transformer load losses, core sditom inductance, source strength and
system loading are shown in Figure 4¢(@3 Figure 4-23b), Figure 4-23c) and Figure
4-23(d), respectively.

In general, it can be seen that: both the corea@n inductance and the supply source
strength exhibit significant impact on dip magn#uthe dip duration is largely affected
by the variation of transformer load losses as wsllthe supply source strength; the

impact of system loading variation on voltage dipadion and magnitude is moderate.
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Figure 4-23 Voltage dips influenced by variatiorkef parameters

Furthermore, two sensitivity factors were used uardgify the effects of the parameter

variations on the voltage dip magnitude and dunatime is dip magnitude deviatiory V

137



Chapter 4 Assessment of Voltage Dips Caused bysioemer Energisation Transients Using Determini&pproach

and the other is dip duration deviatiog. These two factors are presented in Figure
4-24 as an example which compares the phase Cgeoltgp between two cases: the
base case (plotting in solid line) and the casé& W@0% increase of source strength
(plotted in dotted line). The percentage of dip magle deviation is deduced from
100%x(Vi-Vpasd/Voase Similarly, the percentage of dip duration dewatis calculated by
100%(T1-Thasg/ Thase

==
1 1
1 1
0971 1
1 1
3 Lo
- Vl:valsqI :
% 1 1
S Ivl
= 1Vl
1 1
S oot 1
(2] o
= o
m I I
L v Base case
0.85 Yol +100%
1 I
Ivdl
1 1
v.y
0.8 :
0 2 4 6 8 10

Figure 4-24 Example for illustrating two sensitwiactors \j and T

Based on the results shown in Figure 4tB8 two sensitivity factors were analysed and
the obtained quantities of the deviations are tbetaand compared in Figure 4-25 and
Figure 4-26, respectively. In both figures, eacluem represents the deviation caused

by variation of a certain parameter.

Figure 4-25 illustrates that change of core satmainductance presents the biggest
impact on dip magnitude. Source strength is thersgeost influential one. In fact, in
the reduced cases, the impact of source strengifitiva on voltage dip magnitude is
comparable with that caused by variation of cotaraion inductance. The variation of
system loading only results in minor impact on di@agnitude. The variation of

transformer copper losses barely impacts the dignmade.

In Figure 4-26, it can be observed that changeamistormer load losses dominates the
impact on voltage dip duration (e.g., 50% reductdriransformer load losses could
increase dip duration by 88%); the cases of redfigietbad losses have more impact

than those of increased. The second most influeptisameter is again the source
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impedance. 50% reduction of source strength witrease the duration by 36.5%.
Variation of system loading only shows minor impantvoltage dip duration, which is
similar to its impact on dip magnitude. The vaoatiof core saturation inductance
shows very little impact on voltage dip duratioowever, exhibits great impact on dip
magnitude. It should be noted that, although thevatanalysis focuses on phase C, the

other two phases also exhibit the same trend.
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Figure 4-25 Impacts of parameter variation on \g#tdip magnitude
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Figure 4-26 Impacts of parameter variation on \g#tdip duration

The minor impact of system loading variation suggethat the system loading
condition is of less concern when carrying out $farmer energisation in the network
studied, which can be attributed to the low rafien@ximum substation loading to the

source strength (which is less than 0.09), i.e. sthurce strength is t@rong relative to
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system loading. However, it is noteworthy that fomse systems having a higher ratio
of system loading to source strength, the effecdystem loading might become more
obvious. The network studied here is characterimetbng transmission lines between
supply source and the transformers being energéswedi therefore the effect of source
strength, to some extent, has been offset by tipedances of long transmission lines;
in those systems where the supply source is locelteskr to the transformers being
energised, the impact of source strength variatimuld be more significant. The
variation of core saturation inductance directljluences the magnitude of inrush
currents and thus produces great impact on the nadggnitude; however, most
transformers up to date are only tested at faatprio 110%; open circuit test at higher
voltages is required for more accurate estimatiooooe saturation inductance. On the
other hand, the saturation inductance only slighffects the decay time constant of
inrush transients (due to the saturation inductaalaively small compared to network
impedance), and therefore shows little impact om dp duration. The significant
impact of transformer load losses on dip duratebecause the decay of sympathetic
inrush is highly determined by the losses of thdJG@&nsformers and the losses of the
connection between them. Due to the short elettdcstance between the GSU
transformers, the amount of load losses of the &&kkformers is the key contributor
to the damping of sympathetic inrush and thereionqgoses the greatest impact on dip

duration.

4.4 Operational measuresfor controlling voltage dips

With Case 10 energisation under non-outage comdids the base case, some
operational measures were studied to effectivety esonomically mitigate the voltage
dips caused by transformer energisation, whichuohel

» Adjusting tap changer position;

» Application of SVC device;

» Application of mechanical switched capacitors (MSC)

* Opening of the coupler circuit breaker.
The key benefit of these operational measuresasttiey utilized the devices already

existing in the system and do not incur any add#la@ost.
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4.4.1 Utilization of tap changer

The GSU transformers are equipped with on-loacckegmgers which can be positioned
to a maximum tap to give 1.15 pu of the rated g@taPositioning at this maximum tap
increases the number of turns to be energised,hwias two potential effects: one is
that the nominal operating flux is lowered becaokthe smaller voltage per turn; the
other is it increases the winding air-core induceanro approximate the first effect, the
values of the peak flux-linkages in the originalxficurrent curves were times by a
factor of 1.15; for the second effect, the valubthe core saturation inductances of T2
and T3 were both increased by 40% (this amount egtisnated by the transformer
short-circuit inductances measured under the maxirtap). The modified saturation

curves of the transformer T2 and T3 are shown gui@ 4-27(a) and Figure 4-27(b),

respectively.
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Figure 4-27 Modified saturation curves for approaimg maximum tap effect

By applying the approximated saturation curves he transformer T2 and T3,

energisation Case 10 was simulated. In Figure 2@ Figure 4-29, the resulted
network-wide voltage dip magnitudes and duratiaescmmpared to those observed in
the base case, which shows that: both dip magnandeduration can be reduced; the
reduction on dip magnitude (about 24%) is muchdatban that on dip duration (about
7%). The reduction of dip magnitude is largely ibtited to the increase of core

saturation inductance, which is in line with thediings in the sensitivity assessment.
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Figure 4-28 Voltage dip magnitudes observed irctse with GSU transformers set to their
maximum tap
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Figure 4-29 Voltage dip duration observed in theecaith GSU transformers set to their
maximum tap

4.4.2 Application of SVC

The SVC can give immediate reactive power compenrsad the transmission system.
Under transformer energisation, the voltage dipgoerance is further studied when the
SVC is involved, taking into account the possildeiation of SVC’s capacity, response

time and distance to the GSU transformers beingpeses.

4421  SVC capacity

In this study, it was assumed that the locatiothef SVC is at the 400 kV busbar of
substation K and its response time is fixed at 28 With different capacities,
including 75 MVar, 150 MVar and 300 MVar, the effet the SVC capacity on voltage
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dip performance was simulated. Regarding the effeat voltage dip magnitude, the
results obtained are shown in Figure 4-29; regarthie effects on voltage dip duration,
the results obtained are shown in Figure 4-31; lveghe compared with the patterns
observed in the base case. As can be seen, applicdt SVC device has negligible
impacts on dip magnitude but helps speed up theg®Ildip recovery; the recovery can
be observed on all the substations; faster recovanybe achieved by the SVC with
larger capacity; applying 300 MVar SVC can resnl8B% reduction of dip duration.
The negligible impacts on dip magnitude can beabaited to the fact that the SVC
normally needs several cycles to respond to thiageldips within which maximum dip
magnitude has already been reached.

25%

W Base case @ 75 MVar
20%
0150 MVar 00300 MVar —
g — _
=]
=
€ 15% -
o —
£ —
Q.
2
& 10% -
S
©
>
5% - ~
0% - —
D E F G H J

Substation

Figure 4-30 Effect of SVC with different capaciti@s dip magnitude
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Figure 4-31 Effects of SVC with different capacitien dip duration

4422 SVCresponsetime

With the capacity of SVC fixed at 300 MVar and ligation at the 400 kV busbar of
substation K, possible effect of response timeatiam on the SVC performance was
studied. The values of response time under studyde 80 ms, 120 ms and 160 ms. It
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is shown in Figure 4-32 that the effect of SVC attage dip duration is not affected by
the variation of SVC response time.

4423 SVC location

With the capacity of SVC fixed at 300 MVar and iesponse time at 120 ms, further
studies were conducted to see whether the locafi®@/C may affect the dip duration.
Besides locating the SVC at substation K, two otlmrations were considered:
substations E and H. In Figure 4-33, the obtairetems of dip duration are contrasted
to that observed in the base case. As can be #emisubstations nearest to the SVC
location will benefit the most; therefore it is deble to locate SVC close to the

substation where the transformers are to be emetrgis
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Figure 4-32 Effects of SVC with different valuesresponse time on dip duration
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Figure 4-33 Patterns of voltage dip duration atk406ide for various SVC locations

4.4.3 Application of MSC

Although switching in capacitors also shows simidnility to speed up the voltage

recovery, it might cause other negative disturbartoethe system, such as switching
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overvoltages and voltage overshoot. Therefore,iegpmn of switching in capacitor

banks is not suggested here as a remedial solution.

4.4.4 Opening coupler circuit breaker

The two busbars at the substation K is coupled biycait breaker CB1. To make the
substation operating solid, CB1 is normally in thesed position, which is a condition
for all the cases studied above. As one of theiples®perational measures, it is
interesting to evaluate the effect of opening tleipter CB1 on the voltage dip
performance. This was conducted by simulating tlergisation Case 10 with the CB1
being opened. Results obtained are compared wahabserved in the base case, as
shown in Figure 4-34 and Figure 4-35 for voltage dnagnitude and duration,

respectively.
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Figure 4-34 Effects of opening coupler CB1 on diggmitude
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Figure 4-35 Effects of opening coupler CB1 on dipation
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As can be seen, opening the coupler CB1 moderaddlyces the dip magnitudes (about
21%) but significantly reduces the dip durationafe 75%). This great impact on

duration is largely attributed to the fact thae thpening of CB1 adds long transmission
lines into the connection between the GSU transéoriil and GSU transformers

T2&T3, which effectively increases the losses a# ttonnection between the GSU
transformers. As the decay of sympathetic inrushighly determined by the losses of
the connection between the GSU transformers anid dhen losses, the increase of

connection losses significantly reduces the difatiom.

4.4.5 Combining operational measures

The above analysis shows that adjusting the tapggrao the maximum tap, applying
SVC device and opening coupler circuit breaker etactively relieve voltage dips.
These three mitigation approaches were combinegthiegto simulate the energisation
Case 10. Note that in the study, it was assumeddieaSVC is of 300 MVar, 120 ms
response time and located at substation K. Aghm stmulated voltage dip magnitude
and duration patterns are compared with those wbdein the base case, which are
shown in Figure 4-36 and Figure 4-37, respectivAl/can be seen, by simultaneously
applying all the possible operational measuresdipanagnitude at substation | can be
reduced by 37% and the dip duration by 85%.

25%

H Base case O Combined

20%

15%

10% -

Voltage dip magnitude

5% -

0% -
D E F G H J
Substation

Figure 4-36 Dip magnitude pattern simulated undenltined case
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Figure 4-37 Dip duration pattern simulated undeniocmed case
4.5 Summary

In this chapter, the voltage dips due to energidmge GSU transformers was
comprehensively studied based on a real 400/132ddWwork, with special attention
paid to the influences of sympathetic inrush. Trewoerk model developed and

validated in Chapter 3 was used for carrying oatdimulation studies.

The degrees of voltage dips under different enatigis conditions were assessed. It
was found that, under the worst case energisataditton: with two GSU transformers
simultaneously energised, the maximum dip in tres@nt system is at the substation
closest to the transformers being energised anmdatmitude is about 18% and duration
about 3.5 seconds; with the presence of sympathatigzaction, the magnitude of
sympathetic inrush current can be more than twheettansformer rated current; the
sympathetic inrush can prolong the dip duratiomfr®.5 seconds to 7.9 seconds. The
voltage dips caused at 400 kV transmission systel® can propagate into 132 kV
distribution system and the dip duration on 132skdé is longer due to the sympathetic

inrush of substation transformers.

Network-wide voltage dips were assessed under nitege network condition. The dip
magnitude observed at each substation was foubd telated to the distance between
the substation and the supply source and alsoiitende between the substation and
the energised transformers. Those substationselbéatthe proximity of the energised

transformer and relatively far away from supply meuwould experience larger dip
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magnitudes.

Furthermore, the network-wide voltage dips weresssd when the network under line
outage situations. It was found that: under simgiedit outage, the network voltage
dips performance is similar to that observed unden-outage network condition;

however, if there is double-circuit outage, botlp dnagnitude and duration can be
significantly exacerbated; in the present systerdeurstudy, the most unfavorable
double-circuit outage can increase the dip magaitiodabout 30% and the duration to

about 14 seconds.

Considering sympathetic inrush and voltage dipscargrolled by multiple parameters,
sensitivity assessment was carried out to idethiéymost influential parameters on dip
magnitude and duration. It was found that transtsreore saturation inductance has
the most profound impact on the voltage dip magi@fihowever, this parameter is not
readily available from factory test report. The ambof transformer load losses has
been proven as the key influential parameter oargehing the duration of sympathetic

inrush and voltage dip.

Based on the understanding obtained from the detetc assessment, possible
operational measures to control the voltage dip®wgplored. It was found that:
» Adjusting tap changer to its maximum tap can redwgiage dip magnitude by
24% and duration by 7%;
* Applying 300 MVar SVC next to the GSU transformegirty energised can
reduce the dip duration by 39%;
* Opening the coupler circuit breaker can contriatteut 75% reduction of dip
duration and 21% reduction of dip magnitude;
» If these operational measures are applied simutasig, the dip magnitude and
duration can be reduced by 37% and 85%, respegtivel
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Chapter 5  Assessment of Voltage Dips Caused by
Transformer Energisation Transients Using
Stochastic Approach

Transformer energisation, as mentioned in the ptesvchapters, may cause significant
inrush current that could induce adverse impactpawer systems and the transformer
itself; the severity of these impacts is determibgdeveral key parameters which can
be classified as external and internal for thedfi@emmer. External parameters include
the circuit breaker closing time, strength of thg@y source and system loading;
internal parameters include residual flux and sditom characteristics of the

transformer core. In most of previous researcherdahistic combinations of these key
parameters are normally used for assessing theadwestse impacts and the commonly
agreed one is the worst energisation conditionattarized by simultaneous energising
transformer at the voltage zero crossing of ones@laad its corresponding residual flux

set to be with maximum magnitude and polarity me lwith flux build-up.

However, since the circuit breaker closing timansformer core residual flux as well
as system conditions are normally of stochastianeathe assessments performed using
the deterministic approach as mentioned above condrestimate the outcome or at
least unable to give the probability distributiohtlee occurrence of inrush transients,
therefore, they cannot assist the realistic estomadf the adverse impacts of inrush
transients on the system. Hence, recently, a nuofisudies were devoted to studying
the impacts of parameter uncertainties on the talon of transformer energization
transients [43, 104, 114]. The studies extendedetwedeterministically-defined studies
to many stochastically-defined case studies byidengag the stochastic nature of the

key parameters.

In this chapter, Monte Carlo approach is used echststically evaluate voltage dips
caused by transformer energisation in the Southt 8esem. The 400 kV transmission
network model developed and validated in Chaptaes 8oordinated with MALAB

program to perform the Monte Carlo simulation. 4t aimed to identify the dip
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frequency pattern and the likelihood of reaching tip magnitude resulted from the
commonly agreed worst case energisation conditwith their sensitivities to the
variation of circuit breaker closing time span,ngsrmer core residual flux, system

condition and the number of transformers beinggned together also investigated.

5.1 Monte Carlo simulation platform

5.1.1 Monte Carlo ssmulation

Monte Carlo simulation is a procedure of iteratwvelerforming stochastic sampling
experiments with a system model [115]. In eachatten, the values of the stochastic
variables consisted in the system model are redsainfrom their corresponding
distribution functions, based on which, a simulati® conducted to estimate the system
performance. Through performing a large numbertatistical sampling experiments,
the response of a system to the stochastic vasialale be approximately obtained. The
more experiments being performed, the more accuitae approximation can be

achieved towards the real performance of the system

5.1.2 MATLAB-ATP interfacing smulation platform

Monte Carlo simulation requires a large number whutations where the only
difference between each case is a stochastic weriaf a few stochastic parameters.
Manually carrying out such a simulation (editingdarunning the ATP program)
requires tremendous efforts and may easily caustakas. It is therefore preferable to
automate such a simulation process. A MATLAB-ATRerfacing simulation platform
was specifically designed and established for aatmg the Monte-Carlo simulation.
This platform coordinates the advantages of the MAB and ATP: ATP package
executes the transient simulation; MATLAB generaiad modifies the values of the
stochastic variables as the inputs for simulatammtrols Monte Carlo simulation and

processes the simulation results.

Arbitrary number of simulation runs can be carr@d. For each simulation run, the
coordination of MATLAB and ATP for Monte-Carlo sidation follows such a
procedure:
» First, the random number generators in MATLAB aafled upon to generate
values for the stochastic variables such as clagimg and residual flux;

* Second, MATLAB opens the ATP program and writes dgleaerated values of
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the stochastic variables to the ATP program;

e Third, the ATP-solver is called upon by MATLAB taecute the modified ATP
program;

* Fourth, once ATP simulation has completed, an ALR ffle is generated and
MATLAB calls another program (PL4toMAT) to convdtie ATP PL4 file to
MAT file which can be read by MATLAB;

« Fifth, the data stored in the MAT file are processe obtain results such as the
maximum inrush current peaks, the maximum dip ntages, the distribution

of dip magnitudes and so on.

5.2 Stochastic parameters deter mination

5.2.1 Potential stochastic parameters

The key influential parameters that could affeahsformer inrush-induced voltage dips
are transformer core saturation inductance, tramsfo copper losses, closing time,

residual flux, system loading and source strength.

Supposing detailed design data are available,foansr core saturation inductance can
be determined by the core and winding dimensicamstiiormer copper losses can be
determined by the winding material, cross secti@a and length, which indicates they
are fixed by transformer design. Therefore, the fvawameters can be regarded as

deterministic parameters.

As mentioned in Chapter 2, closing time and rediflua are normally of stochastic
nature. In general, when the closing of a circuéaler is uncontrolled, the signal to
initiate breaker closing is stochastic with resgedhe ac voltage wave; in addition, the
breaker poles of three-phase do not close simutashg, but with some closing time
scatters which may vary with time and maintenarides]. Hence, the circuit breaker
closing time is featured by the stochastic signglliime to order the closure of three

poles and the stochastic closing time span betweethree poles.

Transformer residual flux is largely influenced the ring down process initiated by
transformer de-energisation [117]. Resulted from tirocess, the residual flux in the
transformer core can be influenced by a numberaofofs including de-energisation
instants, circuit breaker chopping characteristtcansformer core material, winding

capacitances and other system capacitance connextte transformer [118]. The
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uncertain properties of transformer residual flax e categorized by two folds: one is
the magnitudes of residual flux in three phasesthadther is their distribution among
three phases. Up to date, knowledge about thesadpects include: residual core flux
can be as high as 85% of peak nominal flux; resiflua in cores of three phase

transformers must inherently sum to zero [117, 118]

The amount of loads connected to the system coale daily and seasonal variations.
Similarly, the source strength may vary with systeamfigurations and generation
connections. Therefore, to certain extend, botthese two parameters are of stochastic

feature.

5.2.2 Quantification of stochastic parameters

For the above-mentioned stochastic parameters, @aeltan be quantified by a range
defined by minus and plus certain percentagesnoinainal value; in addition, the range
can be characterized by a probability distributismg Uniform, Gaussian, Exponential

or any other distribution functions.

Normally, Uniform distribution is used to describbee ranges of source strength and
system loading; Uniform distribution can also bediso describe ranges of switching
angle and residual flux in the case of single plastem. In the case of three-phase
system, two procedures shown in Figure 5-1 andrEi§t2 are used for quantifying the

closing time and residual flux.

Utilizing the approach suggested in [43], modelliofythe stochastic closing time
followed the procedures shown in Figure 5-1. Fesstommon order time T_cot, which
is the same for three poles of the circuit brealedefined by a Uniform distribution
ranging in one power frequency cycle. Second, theximum closing time span
(MCTYS), i.e. the time interval between the firstgpand the last pole to close, is defined.
Third, the MCTS is used to define the range of ¢dlusing offset time for each pole
T offset i (i represents phase A, B or C); the earsgassumed to be from —-MCTS/2 to
+MCTS/2, referring to the T_cot; in addition, a pability distribution is assigned to
define the offset time range. Finally, the closiimge of each pole can be determined by
the summation of T_cot and T_offset_i which arecissstically generated based on
their corresponding ranges and distributions.
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Define the range and distribution for
the common order time T cot

Define the maximum closing time span
(MCTS)

Define the range the offset time T offset for three
poles based on the MCTS

Define one distribution to
characterize the offset time range

Stochastically sample T _cot and T offset to
define the closing time for each pole

Figure 5-1 Procedure for generating stochastiaititireaker closing time

For generating three-phase residual fluxes, itoimimonly assumed that: the residual
flux of each phase is in a range whose absolutarma® value is no more than peak
nominal flux; the three-phase residual fluxes stlosum to zero. With these
assumptions, the three-phase residual fluxes werergted through the procedure
shown in Figure 5-2. As can be seen, the first gdp define the maximum residual
flux Resi_max (normally in terms of the percentagethe peak nominal flux) for

determining the residual flux range (i.e. from sRenax to +Resi_max); in the second
step, a probability distribution is assigned toreloterize the residual flux range; in the
third step, based on the range and probabilityridigion, two residual flux values

Resi_1 and Resi_2 are stochastically generated; theheck loop is called upon to
verify whether the absolute value of the sum ofiRkesand Resi_2 is smaller than
Resi_max, which is to ensure that |Resi_3| = |-ReRiesi_1| < Resi_max; if not, go
back to the second step; if yes, proceed to thle §fep to calculate Resi_3; finally,

Resi_1, Reis_2 and Resi_3 are stochastically asdigmphase A, B and C, respectively.

Both procedures were programmed in MATLAB to geteerthe stochastic circuit
breaker closing time and transformer core resiflual as the inputs for ATP to carry

out transient calculations.
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Define residual flux range:
from -Resi_max to +Resi_max

|

Define the distribution of the range

|

Randomly sample
Resi_1 and Resi_2 within the range

Abs(Resi_1+Resi_2)
<Resi_max

Calculate Resi_3
based on 0-Resi_1-Resi_2

Randomly assign Resi_1, Resi_2 and
Resi_3 to phase A, B and C

Figure 5-2 Procedure for generating stochastistoamer core residual flux

5.3 Preiminary assessment on a single-phase cir cuit

A preliminary assessment of voltage dips causediragsformer energisation was
carried out based on a single phase circuit. Tiglesiphase circuit is a simplification of
the three-phase South West system, which is shoviAigure 5-3. The circuit consists
of:
* anideal voltage source;
* an equivalent series impedance, representing treegtrength;
* a set of shunt connected resistance and inductaapegsenting the system
loading;
* anideal circuit breaker, whose closing time cardr@rolled;
* an ideal transformer connected in series with apesance and a nonlinear
inductor, representing a single phase transformer;
* an measurement unit which observes instantaneoltageoand current and

calculates RMS voltage dip.
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Figure 5-3Single phase simulation circuit for preliminary MerCarlo simulatio

Initially, a determinsticworst casesimulation was carried out based on commonly
agreed worst case energisa condition (i.e.,the circuit breakewas closed at the
postive-goingzero crossin of the applied voltagand the transformer core reted 0.8
pu of peak nominallux with positive polarity, with the system conditiorset as: the
source fault level is of 9.5VA (X/R ratio is 10), the system loading is of 1800 M
(powerfactor is 0.95 inductivi. The resulted inrush currents and voltage observed
at the transformer primary terminal are shdn Figure 5-4 andrigure5-5, respectively.
As can be seenhe first peak of the inrush current, thltage dip magnitude and
duration were 4.6%A, 12% and 1.02 s, respectively. Thesere taken as the base

values to scalthe results obtainefrom the following case studies within this sect
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Figure 5-4inrush current resulted froenergisinga single phase transformer unthe worst
energisation condition
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Figure 5-5 Voltage dips resulted from energisirgingle phase transformer under the worst
energisation condition

Further, stochastic simulaiton was performed basedhe single phase circuit. The

simulation consists of two cases, which are shawhable 5-1.

Table 5-1 Case studies of stochastic estimatiakéige dips caused by energising a single
phase transformer

c Closing time Residual flux System condition
ase
Range Distribution Range Distribution Range Distribution
p1 | One power fixed
frequency Uniform 0.8 bu of peak Uniform
P2 Cyc'e nominal flux +25% Uniform

In Case P1, only the circuit breaker closing timd &e transformer core residual flux
were considered as stochastic variables; both emtlwere defined by Uniform
distribution; the range for the closing time wa® @ower frequency cycle and the range
for the residual flux was between -0.8 and +0.8o0ppeak nominal flux; the system
conditions were fixed at the level identical toghaset in the worst case simultion (i.e.,
9.5 GVA source strength, 1800 MVA loading).

In Case P2, besides considering the variationamhststic closing time and residual flux
(range and distirbution of the two variables wepasidered to be the same as in Case
P1), the variation of system condition (e.g., seustrength and system loading) was
also considered and its range was considered #@%¥% (i.e., the source strength varied
in a range from 75 to 125% of 9.5 GVA and the sysleading varied in a range 75 to
125% of 1800 GVA); both ranges were charaterizedJbijrom distribution. It should

be noted that the X/R ratio of the source impedamzkthe power factor for the system

loading were assumed to be constant.
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For both case studies, 1000 runs were conductesl diftributions of closing time and
residual flux obtained from Case P1 are shown iguf@ 5-6 and Figure 5-7,
respectively.
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Figure 5-6 Distribution of closing time in Case P1
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Figure 5-7 Distribution of residual flux in Case P1
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The resulted voltage dips of Case P1 are illusdratefollows:
» Scatter diagrams: relative dip magnitudes andivelatip durations plotted
against the relative inrush current peaks, whiehséwown in Figure 5-8 and
Figure 5-9, respectively;
e Bar charts: illustrating the frequency of differedip magntiudes and
durations, as shown in Figure 5-10 and Figure Sddpectively.
As can be seen in Figure 5-8, based on the basesvabtained from the worst case
simulation (e.g., the highest inrush current fpstk 4.63 kA and the worst case dip
magnitude 12%), the resulted inrush current peaksvaltage dip mangitudes are in
per unit values by scaling to 4.63 kA and 12%, eefipely; each voltage dip magnitude
Is corresponding to a specific inrush current petlere is an approximate linear
relationship between the voltage dip magntiude thedinrush current peak; the larger
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the inrush current peak, the larger the dip magetiuThere are two worst case
boundaries: the horizontal one is set by the woase dip magnitude and the vertical
one is set by the highest inrush current first péddne of the results obatined from

Case P1 study can exceed the two boudaries.
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Figure 5-8 Relative voltage dip magnitudes plotgdinst relative inrush current peaks
Similar observations can be made in Figure 5-9rcBgg the relation between the dip
duration and the inrush current peak; the sectioreco dip duration is attributed to
those dips with magnitudes samller than the 3%ltigshold.
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Figure 5-9 Relative voltage dip magnitudes plotgdinst relative inrush current peaks

Relative voltage dip duration, pu
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Figure 5-10 illustrates the distribution of theatele voltage dip magntidutes. As can be
seen, about 50% of the dips are with magntiudedlenthan 0.2 pu of the worst case
dip magnitude; only about 6% of the dips are withgmtudes larger than 0.8 pu of the
worst case dip magnitude. The distribution of thlative voltage dip durations is shown
in Figure 5-11. Benchmarking the 3% dip threshaldout 55% of the dips are with
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duration equal to zero and less than 5% of the aipswvith duration larger than 0.8 pu
of the worst case dip duration.
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Figure 5-10 Frequency of voltage dips at differdiptmagnitude ranges
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Figure 5-11 Frequency of voltage dips at diffediptduration ranges

The resulted voltage dips of Case P2 stochasticlation are illustrated as follows

(similar to Case P1, the obtained dip mangitudagtins and inrush peaks are in per
unit values by scaling to 12%, 1.02 s and 4.63rke&pectively):

Scatter diagrams: relative dip magnitudes andivelatip durations plotted
against the relative inrush current peaks, whiehstwown in Figure 5-12 and
Figure 5-13, respectively;

Bar charts: showing the frequency of different shagntiudes and durations,
which are shown in Figure 5-14 and Figure 5-15eetvely.

In Figure 5-12, the scattered points indicate thatsame inrush current peak may result
in a variaty of voltage dip magnitudes, mainly da¢he vairation of system condition;
the width of the scatter range is proportional e tnrease of inrush current peak.
Benchmarking the scattered points with the worsedaoundaries, most of the points

are capped inside; a few points are out of theageltdip mangitude boundary in the
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cases of weak source strength; yet none of thenbeawf magnitudes exceeding both

boundaries.

1.6 T T T T
1.4r
1.2F

Worst case boundary
1

0.8f

06

Relative voltage dip magnitude, pu

0.4f :
02t AT
-
0 .‘“‘H‘L I I L I
0 0.2 0.4 0.6 0.8 1 1.2

Relative inrush current peaks, pu
Figure 5-12 Relative inrush first peaks plottediagfarelative dip magnitudes
Similarly, the relative inrush current first peade®e ploted against the realtive voltage
dip durations, as shown in Figure 5-13. It shovwa:tiwhen the inrush current peak is
smaller than 0.3 pu of the worst case inrush ctipeak, the dip duration is zero, i.e.,
the voltage dip mangitude is smaller than the 3%éstiold; when the inrush current
peak is bigger than 0.3 pu of the worst case, tiage dip duration increases with the
inrush current peak magnitude; again, due to theatvan of system condition, the
possible voltage dip durations corresonpondingre imrush current peak is scattered.

The width of the scatter range is also propotidadhe inrease of inrush current peak.
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Figure 5-13 Relative inrush first peaks plottediagjarelative dip durations

Figure 5-14 shows the frequency of occurrence férdint voltage dip mangitudes. As
can be seen, the proportion of dips with magnitudss than 0.2 pu of the worst case
dip magnitude is about 65% which is larger than tiserved in Case P1; only about 6%

of dips are of magnitudes larger than 0.8 pu ofitbest case dip magnitude.
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Figure 5-15 shows the frequency of occurrence tiém@int voltage dip durations. As
can be seen, about 70% of the dips are of zerdidoyghe proportion of dips with

duration reaching the worst case level is less 18an

The above findings suggest that the chance to emepa voltage dip with a scale
matching that estimated by the commonly agreed waase energisation condition is
very low. This can be attributed to the fact tHat, any value of residual flux, there
exists a counteracting closing time that resultsaarly zero inrush current, whereas the
probability is small for a maximum residual fluxttvia right polarity to meet a closing

time at voltage zero crossing.
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Figure 5-14 Frequency plot of votlage dip magnitudsative to the worst case dip magnitude
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Figure 5-15 Frequency plot of votlage dip duratielative to the worst case dip magnitude

The preliminary study on the single phase circlhitsirates the influence of random
parameter variation on the outcomes of the inrushstent and the associated voltage

dips. It forms a basis for carrying out stochaaisessment for three-phase circuits.
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5.4 Stochastic assessment of voltage dips caused by
energising three-phase transformers

Besides studies on single phase circuit, voltage daused by transformer energisation
were also stochastically assessed in the threeeptiasuit based on the South West
system. The assessment consists of the followictioses:
» |dentify the dip frequency pattern resulted fromemgimsing one three-phase
transformer in the South West system;
* Study the influences of closing offset time digttibn and residual flux
distribution on the dip frequency pattern;
» Study the influences of the variation of sourcerggth and system loading on
the stochastic estimation of the dip frequencyepait
» Study the dip frequency pattern when multiple tfamsers are simultaneously

energised.

5.4.1 Simulation setup

The network model developed and validated in Chigpteas used as the basis for the
stochastic simulation, which is briefly describexdfallows: system equivalent sources
were represented by ideal voltage source conneéatseries with Thevenin equivalent
impedances; transmission line was represented bgeBm model; all the loads and
shunt devices, such as capacitor banks, were neodeyl constant impedances and they
were directly connected to the 400 kV busbars;sfiamer modelling mainly takes into
account winding resistances, leakage inductanced #&mansformer saturation
characteristics, and this was realized by the ismdBCTRAN model with hysteretic
inductor (type-96) externally connected to the hwiltage winding terminal. It should
be noted that, since the main focus of the stochasisessment is the voltage dip
magnitudes on the 400 kV side, the 400/132 kV siost transformers were not taken

into account in the model.

5.4.2 Design of case study

To conduct the stochastic assessment, severatdliffease studies were considered,
which are shown in Table 5-2:
1) A base case for the stochastic estimation, name@ase S1, is calcuated to

identify the dip frequency pattern; it considersemgmsing only one GSU
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2)

3)

4)

5)

transformer (T1) with the closing time and residfiak treated as stochastic
parameters and system condition (e.g., system rigadnd source strength)
fixed,

Influences of closing time on the dip frequencyteuat are studied in Cases S2,
S3, S4 and Sb5; specifically, Cases S2 and S3 cam#ie influence of the
MCTS, Cases S4 and S5 study the influence of tlsirg offset time
distribution;

Influences of residual flux distribution on the dipquency pattern are studied
in Cases S6, S7 and S8;

Influences of the variation of system conditionluaing system loading and
source strength are considered in Case 9;

In Cases S10 and S11, the dip frequency pattesuted from simultaneously
energizating two transformers are assessed andarethwvith that obtained in
the base case.

Table 5-2 List of case studies conducted in stdahassessment

Offset time Residual flux .
Case | Range — — Energised Transfprmer
(ms) Distribution Distribution INetwork condition
S1 +2.5 Gaussian
S2 0 --
S3 +5 Gaussian Uniform . )
Sa Uniform Only T1 is energised
_ S5 | Exponential - Fixed network condition
S6 Gaussian
S7 Exponential 1
S8 Exponential_2
425 Only T1 is energised
S9 Gaussian network condition £25%
Uniform variation (Uniform)
S10 T2 & T3 are energised
S11 Fixed network condition

worst

For all the case studies, the common order tingd ene power frequency cycle range
defined by Uniform distribution and the residuaixlis of a range between -0.8 pu and

+0.8 pu of peak nominal flux.

The dip magnitude observed in the case of energiSihunder the commonly agreed

case energisation condition (9.6%, named Ber®/CDML1) is selected as the
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base value to be referred to by all the dip magesuobtained from Case S1 to S9.
Similarly, the dip magnitude observed in the cakerergising T2 and T3 under the
commonly agreed worst case energisation conditl®¥fo, named here as WCDM2)
is used as the base value for scaling all the dignitudes obtained from Case S10 to
S11.

5.5 General dip frequency pattern

In Case S1, the offset time of each pole was censtd to follow a Gaussian
distribution whose mean is zero (i.e., three ptéesl to be closed simultaneously) and
whose standard deviation is MCTS/6 (note that tl&® was assumed to be 5 ms). As
for the residual flux, it was assumed to be charamtd by Uniform distribution. After
1000 runs, the probability distributions of the seff time for three-phase poles and
three-phase residual fluxes were obtained anddheghown in Figure 5-16 and Figure
5-17, respectively. The frequency of voltage dipshree phases at substation | are
shown in Figure 5-18 and Figure 5-19 regarding dmagnitude and duration,
respectively. To test whether 1000 runs is suffigies000 stochastic runs were
conducted and the resulted patterns were compatkdhese obtained from 1000 runs.
Dip frequency patterns out of 5000 runs of Casev8ie obtained and plotted in Figure
5-20 (for the frequency distribution of dip maguié) and Figure 5-21 (for the
frequency distribution of dip duration). Comparitige two bar charts with those
obtained from 1000 runs, the differences betweemthare very small, indicating that it

is sufficient to make the subsequent studies basekD00 runs.

As can be seen, the dip frequency patterns of pheke are almost identical to each
other, indicating that the dip frequency patterrseslied on one of the phases can
represent those observed on the other two phakesefore, analysis of the simulation

results can be focusing on one phase and the phasen here is phase C.

By observing the dip frequency of phase C showhkigure 5-18, it can be seen that:
out of 1000 stochastic dip events, over 80% ofdips are with magnitudes less than
0.6 pu of WCDMZ1; no more than 6% of the dips arthwmagnitudes larger than 0.8 pu
of WCDML1; only about 0.2% of the dips are with magdes larger than the WCDM1

and their magnitudes are about 1.1 pu of WCDM1s Taiger dip magnitude suggests

that calculation based on the commonly agreed woase energisation condition
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(which assumes zero closing time span) may underatst the worst case dip
magnitude by 0.1 pu.

30 T T T T T
I Ph. A
o5 I Ph. B ||
[ IPh.C
X ool i
>
Q
S 15- .
=
o
E 10+ .
5, .
0
4 3 2 -1 0 1 2 3 4

Offset time for three-phase poles, ms

Figure 5-16 Distribution of offset closing time fitree-phase poles in Case S1
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Figure 5-18 Frequency of dip magnitude of each @ladsubstation | out of 1000 stochastic
runs
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Figure 5-19 Frequency of dip duration in each plaseibstation | out of 1000 stochastic runs
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Figure 5-21 Frequency of dip duration in each plaseibstation | out of 5000 stochastic runs

5.6 Influences of closing time span

5.6.1 Maximum closing time span

The MCTS may vary between circuit breakers. Thisatian may affect the outcome of

the dip frequency pattern identified in the bassec81. To address this concern, two
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case studies were conducted: one with zero clasimg span (Case S2) and the other
one with 10 ms MCTS (Case S3). For both casegd]iittiebutions of closing offset time
and residual flux are the same as those used iCdlse S1. Similar to Case S1, 1000
runs were made for Case S2 and Case S3 to prhdidipp frequency patterns of phase
C at substation I; these two patterns are comparddthat obtained from Case S1 in
Figure 5-22 (It should be noted that the comparisale on phase C can represent the
comparison made on the other two phases, becaegifrequency patterns of three
phases are almost identical to one another). Adeaseen, there is not much difference
between any two of the dip frequency patterns. Timicates that the dip frequency
pattern is not sensitive to the variation of MCTS.
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Figure 5-22 Frequency of voltage dip magnitudehage C at substation | under different
values of closing time span

5.6.2 Closing offset time distribution

Closing offset time with Gaussian distribution sldolbe common because circuit
breaker poles tend to be closed simultaneously H8\vever, circuit breakers can be of
different characteristics due to different opemtimechanisms, frequencies of
maintenance and levels of wearing. Therefore, wpsopffset time might be
characterized by other distributions. Here, two enclosing offset time distributions,
Uniform and Exponential, were considered to stuayihfluence of closing offset time
distribution on the dip frequency pattern. Bothtrlitions were established within a
range of £tMCTS/2 (noted that the value of the MG3Sms, the same as in Case S1).
The Exponential distribution was designed to maleentlosing offset time samples
concentrated on the ends of larger values. Aft@01IQns, the frequency of the closing

offset time resulted from the Uniform and Exponaindiistributions are shown in Figure

167



Chapter 5 Assessment of Voltage Dips Caused bysfoemer Energisation Transients Using Stochastipréach

5-23 and Figure 5-24, respectively. Obviously, cared with closing offset time with

Guassian distribution, the samples of larger oftise¢ are largely increased in the case
of Exponential distribution.

20 T T T

[ JPoleC

10+ B

5 - || |I N
0

-3 25 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 25 3

Offset time for three-phase poles, ms
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Figure 5-24 Exponential closing offset time digttibn within £2.5 ms range
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Prediction of the dip frequency pattern of phasatGubstation | with Uniform and
Exponential closing offset time was conducted is€84 and Case S5. The results are
compared with that obtained in Case S1 in Figu2s5As can be seen, the dip
frequency patterns are very similar to one anothie; dip magnitudes are mostly
concentrated in the range between 0.2 and 0.4 pWv@DM1; the frequency of dip
magnitudes larger than 0.8 pu of WCDML1 is less #fanout of 1000 runs.
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Figure 5-25 Frequency of voltage dip magnitudgshiase C at substation | for different closing
time span distributions

5.7 Influences of residual flux distribution

Up to date, little knowledge is known about theideal flux distribution in the
transformer core. This uncertainty gives rise ® tieed of evaluating the influence of
residual flux distribution on dip frequency patteBesides the Uniform distribution
considered in the Case S1, stochastic estimatiovolbfge dip frequency was made
based on other residual flux distributions inclgdi@aussian and Exponential. The
Exponential distribution is of two types: the Expatial_1 was designed to make more
residual flux samples concentrate on the maximurdsenhe Exponential 2 was
designed to make more residual flux samples coratenbn the minimum ends. All the
residual flux distributions were generated follogvithe procedure shown in Figure 5-2
based on the range between -0.8 and +0.8 pu of pewadnal flux. The probability
distributions of three-phase residual fluxes geteeraput of 1000 runs are shown in
Figure 5-26, Figure 5-27 and Figure 5-28 for theu&a#an, Exponential_1 and
Exponential_2 distributions, respectively. As candeen, the absolute magnitudes of
the residual flux samples are concentrated betWezand 0.6 pu of peak nominal flux
in the case of Gaussian distribution, between OQa#dpu in the case of Exponential 1

and between 0.6 and 0.8 pu in the case of Expaiedti
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Figure 5-26 Gaussian residual flux distribution
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Figure 5-27 Exponential_1 residual flux distributio
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Figure 5-28 Exponential_2 residual flux distributio

The dip frequency patterns observed on phase Qbstation | were generated under
the above three residual flux distributions, whigare compared with that obtained
under Case S1 in Figure 5-29. As can be seen,iphizedjuency pattern resulted from
Gaussian residual flux distribution is almost taee with that given by Case S1; in the
case of Exponential_1, the frequency of dips withgmtudes less than 0.6 pu of
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WCDM1 is increased to about 90%, whilst the frequyenf dips with magnitudes larger
than 0.8 pu of WCDM1 is reduced to less than 2%idteal flux with Exponential_2
distribution increases the frequency of dips betw@® and 1 pu of WCDM1 from 5%
to 11%, but it does not result in substantial iasee of the dips with magnitudes
exceeding 1 pu of WCDML1. These findings suggest tiha dip frequency pattern is
sensitive to the distribution of residual flux. Roansformers prone to retain residual
flux of high magnitudes, the frequency of dips witlagnitudes close to the worst case
dip magnitude is higher.
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Figure 5-29 Frequency of voltage dips in phase slibstation | for different residual flux
distributions

5.8 Influences of system condition variation

In the real system, the source strength and sykiading might also vary in a certain
range. The influence of this variation on the dgqtiency pattern was studied in Case
S9. As shown in Table 5-3, the variation of soustength is modelled by +25%
variation of the base case fault level; the soumggedance angle varies between 75°
and 85°; the variation of system loading is moakbg +25% variation of half nominal
loading and with its power factor varies betweeh &d 0.999 (due to the simulation
program limitation, 0.999 was used to approximhaee gower factor of 1.0). All of the
variations were assumed to follow Uniform distribat The variation of residual flux

and closing time were the same as those assunteasm S1.

The dip frequency pattern observed on phase C ladtation | was calculated and

compared with that of Case S1, as shown in FiguB®.5As can be seen, the two
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patterns are very similar to each other. This iatdis that, the dip frequency pattern
estimated by Case S1 is not sensitive2&ovariation of system condition.

Table 5-3 Possible ranges and PDFs for random [edieasn

Parameter Variation range Distribution

Source strength +25% of the base case fault leyel nifolin

Source impedance angle 75°-85° Uniform
Load power factor 0.9-0.999 inductive Uniform

System loading +25% of half nominal loading Uniform
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Figure 5-30 Frequency of voltage dips in phase slibstation | (comparing Case S9 with S1)
5.9 Influences of energising multiple transformers

In previous case studies, the energisation onlplies one transformer. In certain
circumstances, multiple transformers being enedgiae the same time might be
experienced. The dip frequency pattern resultech fsach energisation was studied by
using the case of energising GSU transformers TR Téhtogether in the South West
system, which involves two scenarios: one is Cak@ i8 which the level of residual
flux for both transformers were assumed to be #mees the other is Case S11 in which
the residual flux for both transformers are indejmm. (Note: for both cases, the
modelling of the stochastic closing time and realdiux was the same as in Case S1 in

terms of their ranges and distributions).

The dip frequency patterns for both cases wereirddaafter 1000 runs. The dip
frequency pattern of phase C at substation | obthimtom Case S10 simulation is
compared with that of Case S1 in Figure 5-31. duB2, similar comparison between

Case S11 and Case S1 is given. It can be seenfttia:transformers being energised
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simultaneously are of the same residual flux, tipefaequency pattern is identical to
that observed in the case of energising one tramsfioonly; if the transformers are of
stochastically different residual flux, the freqagrf dips with magnitudes between 0.2
and 0.6 pu of worst case dip magnitude is increastdst the frequency of dips with

other magnitudes decreased, which indicates tleatikblihood of reaching the worst

case dip magnitude is reduced.
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Figure 5-31 Frequency of voltage dips in phase $libstation | of Case S10 contrasting with
that of Case S1
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Figure 5-32 Frequency of voltage dips in phase slibstation | of Case S10 contrasting with
that of Case S1 (two transformers with differesideal flux)

5.10 Summary

In this chapter, Monte Carlo simulation has beemdcated to stochastically assess the

voltage dips caused by transformer energisatiothenSouth West Peninsula 400 kV
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grid, using the network model developed and vaéidah Chapter 3. The simulation
was automated by an ATP-MATLAB interfacing platfomich uses ATP to handle
transient calculation and MATLAB to generate sintioia inputs, control Monte Carlo

runs and process results.

A dip frequency pattern was produced over 1000hstsiic runs and it was found to be
sensitive to the distribution of residual flux basensitive to the distribution of closing
offset time. This suggests that it is importantrtodel the residual flux distribution in

transformer core while closing offset time disttibn can be of less concern. In
addition, it was shown that the dip frequency pattes insensitive to the system
condition when varying in a range of +25% of thedaase condition. The voltage dip
frequency pattern can be extended to cover the imomdn which a number of

transformers are being energised simultaneously.

Furthermore, it was found that the probability eaching the worst case dip magnitude
(estimated by the commonly agreed worst case esaign condition) is lower than
0.5%, indicating that the worst case scenario I&kely to occur in a system; in fact,
about 80% of the dips are likely to be with magdés lower than 0.6 pu of the worst
case. Nevertheless, it was shown that there are wlifh magnitudes exceeding the
worst case dip magnitude, indicating the inadequaicthe deterministic assessment

approach by using the commonly agreed worst casgisation condition.
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Chapter 6 Assessment of Transformer Energisation
Transients Due to Offshore Wind Farm Connection

To acquire more green energy, increasing instatiatof larger offshore wind farms are
being designed and commissioned. The total instaiépacities of offshore wind farm
in counties such as Germany, UK and China are plamo be 10 GW, 18 GW and 30
GW by 2020, respectively [119-121]. The capacitésndividual offshore wind farm

and wind turbine are also expanding: offshore wiadns with installed capacity
reaching 1 GW have been proposed [122]; wind tebiwith rated capacity reaching

10 MW are commercially available [123].

Typical electrical system for an offshore wind famaolves a collection grid within the
wind farm and a transmission system to delivemptbwer to the onshore main grid. The
collection grid begins from the wind turbine traovshers (usually at the base of the
wind turbine tower) which steps up the generatiotitage from typically 690 V to a
medium voltage of 25-40 kV [124]. Depending on wiad farm total capacity and the
capacity of individual wind turbine, a large offseowind farm may accommodate
dozens or even more than a hundred wind turbimsfivramers, as can be seen from the
top ten existing offshore wind farms (up to 201&ded in Table 6-1 [125]. Usually, the
wind turbine transformers are distributed over anber of cable feeders; each feeder

may contain 5-10 wind turbines.

During the energisation of wind farm collectiondyrthere are two potential factors to
be considered: one is the possible voltage dip reeqpeed at the point-of-common-
coupling between the electrical system of the werdn and the utility company [75],
which concerns grid code compliance; the othehéssympathetic interaction between
wind turbine transformers [126], which on one hanay prolong the resulted voltage
dips and on the other hand prolong the mechanrzhklzermal stresses imposed on the
wind turbine transformers (according to the IEC B206:2011 standard [127], due to
frequent energising wind turbine transformers dyisind farm operation, wind turbine

transformers can be frequently exposed to mechiaaigh thermal stresses of inrush
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currents). Both factors have not been thoroughtiregsed for large offshore wind farm

connections.

In this chapter, modelling and simulation method@s gained from the studies
conducted in Chapter 3 and Chapter 4 are usedvieatenetwork model of an existing
large offshore wind farm collection grid, basedwlich, deterministic and statistical
approaches presented in Chapter 4 and Chapter llodreemployed to assess voltage
dips and sympathetic inrush caused by energisingd viurbine transformers under
various scenarios. The assessment aims to prouvidargce on planning and operating
offshore wind farms, especially focusing on idemti§ an optimum energisation

sequence to reduce sympathetic interaction betweehturbine transformers.

Table 6-1 List of top ten operational offshore wiadns [125]

Offshore Wind Farm Capacity Turbine Turbine | Year Country
(MW) Capacity (MW) [ Number
Walney (phases 1&2) 367 3.6 102 2012 UK
Thanet 300 3 100 2010 UK
Horns Rev Il 209 2.3 91 2009 Denmark
Radsand Il 207 2.3 90 201D Denmark
Lynn and Inner Dowsing 194 3.6 54 2008 UK
Robin Rigg 180 3 60 201( UK
Gunfleet Sands 172 3.6 48 2010 UK
Nysted (Ragdsand I) 166 2.3 72 2003 Denmark
Bligh Bank (Belwind) 165 3 55 2010{ Belgium
Horns Rev | 160 2 80 2002 Denmark

6.1 Offshorewind farm under study

The Nysted offshore wind farm collection grid ansl connection with onshore main
grid are shown in Figure 6-1. At the point-of-commymupling, there is a 132 kV
onshore substation where a 40 MVAr shunt reactonsglled to compensate cable-
generated reactive power. From the point-of-commaumpling to the offshore platform
of the collection grid is a 132 kV transmissiorkliconsisting of 18.3 km onshore cable
and 10 km offshore cable. A main transformer (18@®0 MVA, 132/33/33 kV) is
located at the offshore platform; its HV terminate connected to the transmission link
and LV terminals connected to eight 36 kV cabledé&s (labelled from A to H,
distance between two adjacent feeders is about§50 he electrical circuit of feeder-
A is taken as an example and illustrated in defelcan be seen, each feeder contains
nine 2.5 MVA, 33/0.69 kV wind turbine transformef$e HV side of the wind turbine

transformer is connected with a circuit breakeid 8me LV side is connected with a
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small amount of auxiliary load. The cable connegtiwvo adjacent wind turbine
transformers is 505 m long.

PCC

Main Grid
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) ] Wind turbine Offshore substation Auxiliary Circuit
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Figure 6-1 Layout of Nysted offshore wind farm ealion grid and its connection with onshore
main grid

6.2 Measurement of energisation transients

In [128], inrush currents caused by simultaneousrgisation of all the wind turbine
transformers connected to feeder-A were measuredhétime of conducting the
energisation, all the wind turbine transformers eveonnecting a 0.37 kW auxiliary
load; in addition, the secondary side of wind toebtransformer A1 was connecting a
capacitor bank rated at 180 kVAR). Measurementfirgfe-phase voltages and currents
were carried out at three locations (as indicatdéigure 6-1):
e P1: the terminal of the offshore platform circuie@ker linking feeder-A;
e P2: the primary side of the wind turbine transforié which is the closest to
the offshore platform;
e P3: the primary side of the wind turbine transforA@ which is farthest away
from the offshore platform;
(Note that P1 was located between circuit breakdr38 kV cable; both P2 and P3
were located between circuit breaker and wind heltransformer).

Three-phase voltages measured at P1, P2 and BBawe in Figure 6-2 (a), Figure 6-2
(b) and Figure 6-2 (c), respectively. In the figjr¢he base value of the measured
voltages is the phase-to-ground voltage (whic$sjs/3 kV). As can be seen, right after
the energisation, there were high frequency osiaha of the voltages around the
energisation instants, which provoked the occueearfmvervoltages. The overvoltages

observed at P3 were slightly higher than those rebdeat the other two measurement
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points. The high frequency oscillation of threegaoltages decayed within about 1
ms. After the decay, certain level of voltage distm can still be seen.
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(c) Voltages measured at location P3

Figure 6-2 Measured three-phase voltages duringyisa¢ion of feeder-A [128]

Voltage waveforms measured at P1 around the emdiagis instants are further
illustrated in Figure 6-3. Closing time deviatiacen be observed: phase B was the first
one being closed at the instant near the voltagk pEnegative half cycle; the closure

of phase A was delayed by 0.22 ms and the clodybase C was delayed by 0.47 ms.

Measured voltages
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Figure 6-3 Voltage waveforms around the energigatistants (at location P1) [128]

Three-phase currents were also measured at PIndPR3 which are shown in Figure
6-4 (a), Figure 6-4 (b) and Figure 6-4 (c), respett. In the figures, the base value for
the currents measured at P1 is 420 A; for the ntsrmeasured at P2 and P3, the base
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value is 43 A. As can be seen, spiky currents appeat the instants of energisation;
the magnitudes of the spiky current measured aPRBnd P3 were about 668 A, 24 A
and 19 A, respectively. After energisation, thedito saturation was about 5 ms.
Saturation of wind turbine transformers led to tiezurrence of inrush. The inrush
currents can be observed at all the three measatgpoints. By inspecting the first

cycle of the inrush currents measured at diffefenations, it can be seen that their
patterns are similar to one another. The more lasmiyy currents observed at P2
compared to those observed at P1 and P3 is dueeteftect of the capacitor bank

connected at the secondary side of wind turbinesfoemer Al.
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(c) Inrush currents measured at location P3
Figure 6-4 Measured three-phase currents duringyesa¢ion of feeder-A [128]

The first peak magnitudes of three-phase inrusheats are illustrated in Table 6-2. It
can be deduced that the inrush current peak manifll91 A) measured at P1 was
close to nine times the peak magnitude of the mausrent drawn by transformer Al.
After the first inrush current peak, the inrushreuts started to decay. In Figure 6-5, the
peak magnitudes of the first ten cycles of the phasmrush current measured at P1 are
plotted, which shows that it decayed by about 66%( 1191 A to 446 A) within 180
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ms. For the same time span (180 ms), phase B imwsént decayed by 68% and phase
C by 62.5%.

Table 6-2 Inrush current first peaks resulted feomargisation of feeder-A

I nrush current Platform current Alcurrent | A9current
peaks P1(A) P2 (A) P3(A)
Phase A 1191 124 123
Phase B -605 -78 -58
Phase C -1182 -121 -115
1400
% 1200 JE=t '8
g 1000 \‘\
g 800 ‘\I\‘
:: 400 ..\.\.
% 200
0

0 25 50 75 100 125 150 175 200
Time (ms)

Figure 6-5 Decay of phase A inrush current peakassoned at P1

6.3 Modelling of offshorewind farm collection grid

Modelling of offshore wind farm collection grid nmy considered the modelling of

wind turbine transformers, offshore substation sfammers, circuit breakers, external
grid and their interconnections. Wind turbine getars are normally not connected
prior to the energisation of collection grid anérifore they were not considered in the

network model.

Wind farm collection grid models developed in poas research, including those
presented in [36], [75], [102], [103] and [50], skex that: the auxiliary load on the
secondary side of the wind turbine transformer lsameglected or simply represented
by a constant resistance; the nominal pi modelbeansed to represent cables; an ideal
voltage source connected with an equivalent sounpedance can be used to represent
the external grid. These modelling experiencesthmgenith those obtained in Chapter
3 were used to develop the collection grid modethef Nysted offshore wind farm
using ATP/EMTP.

The developed network model is shown in Figure Bs5can be seen, it consists of four

180



Chapter 6 Assessment of Transformer Energisatiansients Due to Offshore Wind Farm Connection

building blocks. Block 1 models the connection witle onshore main grid, which was
represented by an ideal voltage source connectegries with an equivalent source
impedance; the shunt reactor was modelled by limmghrctor. In block 2, the 132 kV

onshore cable and offshore cable were represegtadcnomber of pi sections. In block
3, the Hybrid Transformer model was used to remtedbe offshore platform

transformer. Block 4 is the main part of the wirdnh collection grid model and it is
mainly formed by circuit breakers, cable sectiond &ind turbine transformers: the
circuit breakers were modelled by ideal time-caigtbswitch; the 33 kV cable sections
were represented by nominal pi model; the windingliransformers were modelled by
BCTRAN+. Further details of the building blocks adescribed in the following

subsections. This network model can be expandethaode more feeders.

Figure 6-6 Complete network model of the Nysteddafsrm collection grid and its connection
with the main grid

6.3.1 Modelling of supply source

The onshore main grid, i.e., the system beyondpitiat-of-common-coupling, was
represented by a network equivalent circuit comgjstf an ideal voltage source and a
Thevinin equivalent source impedance; a resistaimceparallel with the source
impedance was used to improve the numerical statwhi the simulation [76]. The
values of the source impedance were estimated framfault level of the 132 kV
busbar at which the wind farm is connected, the ¥ of the source impedance was
assumed to be 6 [129] and the value of the resistam parallel with the source
impedance was assumed to be 150 Ohm. The shumbrezs modelled by three star-

connected linear inductors which are of 1387 mH.
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6.3.2 Modeling of cables

Due to the low frequency nature of transformer gisation transients, nominal pi
model was considered to be suitable for represgntiables. To calculate cable
parameters, namely impedance and admittance miiioywing cable geometrical data
and material properties were defined in the pi rhoolgine [130]:

1) Geometry: location of each conductor, inner antér radii of conductor, insulation
and shielding layers, burial depth of the cableesys

2) Material properties: resistivity and relativeripeability of conductors, relative

permeability and permittivity of the insulating reaal outside conductors.

The data used to define the geometry and matenoglepties of the 132 kV single-core
onshore cable, 132 kV and 33 kV three-core subraarables are given in Table 6-3
and Table 6-4, respectively (note that cables batw&9 and A3 is of 95 mfrcross
sectional area and cables between A3 and the oégplatform is of 185 mfcross

sectional area, which follows the design used ilgilind offshore wind farm [131]).

Table 6-3 132 kV single core onshore cables [132]

Cross-section of conductor [Mm 1200

Laying depth [m] 1

Flat formation spacing [m] 0.25

Resistivity [Ohm.m] Al 3.6E-8

Radius of conductor [m] 0.0214

Thickness of conductor shielding [m] 0.0018

Thickness of insulation [m] 0.015

Thickness of insulation shielding [m] 0.0018

Thickness of lead sheath [m] 0.003

Thickness of anti-corrosion sheath [m] 0.004

Total radius [m] 0.04685

Table 6-4 132 and 33 kV three-core offshore caldl@3]

Voltage level 132 kv~ 33kV 33 kV
Cross-section of conductor [Mm 800 185 95
Laying depth [m] 1 1 1
Resistivity [Ohm.m] Cu 2.3E-8 2.3E-8 2.3E-8
Radius of conductor [m] 0.016 0.0079 0.0056
Thickness of conductor shielding [m] 0.001 0.0004 .0004
Thickness of insulation [m] 0.015 0.008 0.008
Thickness of insulation shielding [m] 0.00075 0.800 0.0008
Thickness of lead sheath [m] 0.0028 0.001 0.0008
Total radius of one core cable [m] 0.04 0.0195 0301
Inner radius of wire armour [m] 0.087 0.048 0.043
Outer radius of wire armour [m] 0.093 0.053 0.048
Thickness of anti-corrosion sheath [m]  0.004 0.004 0.004
Total radius [m] 0.097 0.057 0.052
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6.3.3 Modelling of wind turbine transfor mer

Wind turbine transformer was represented by BCTRANedel which makes use of
BCTRAN model to represent transformer short-cirahiaracteristic and a set of delta
connected hysteresis type-96 inductors attachethe@how-voltage side to model core

saturation characteristic.

As mentioned before, the BCTRAN model can be ddribased on transformer test
reports (mainly using short circuit and open cit¢ast data). The information obtained
from manufacturer for modelling the wind turbinartsformer using BCTRAN is given
in Table 6-5. The core saturation effects were leddy three wye-connected type-96
hysteretic inductors whose saturation characteristshown in Figure 6-7. The air-core
inductance of the transformer was assumed to beetifie transformer short-circuit

inductance.

Table 6-5 Main electrical information for modellimgnd turbine transformers [128]

Parameters Value
Rated power [MVA] 2.5
Connection group Dyn7
Rated primary voltage [kV] 33
Rated secondary voltage [kV] 0.69
Copper losses [kW] 22
No-load losses [kW] 5.5
Short-circuit impedance [%)] 8.3
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Figure 6-7 Saturation curve of wind turbine tramsfers
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6.4 Network model validation

The developed network model was used to simul&eadlse of simultaneous energising
the entire feeder-A (as the one presented in tloidpe6.2). The simulation setting of
network model parameters is given in Table 6-6.r&woltage level, circuit breaker
closing times were derived from the field measurellage waveforms. Validation of
the network model was conducted by comparing tineulsited inrush current and
voltage waveforms with those obtained from field aswwements, focusing on

waveform patterns, peak magnitudes and decay trends

Table 6-6 Network model parameter settings for ftmg field measurement results

Parameters Setting Note
Source voltage level 107.7 kV Peak value of 132k\).
Source impedance pR0.3 Ohm, %=3.454 Ohm Derived from 5 GW fault level
Circuit breaker closing Ph. A 3.55 ms Closing time _reference: posmve-gm.ng
time Ph. B 3.33 ms zero crossing of phase B voltage;
Ph. C 3.72 ms Only applied to feeder circuit breaker.
Ph. A 0 . . . )
Resaualfux[“Ph.B | 50306 | APPLEA (0 a1 wnd e tanelormers
Ph. C ~0.306 pu P '

In Figure 6-8, the simulated voltage waveformsoaation P1 are compared with those
obtained from the measurements. The high frequetdiage oscillation appearing
around the energisation instant is not well repéida due to the frequency response
range of the network model components is up to %.KRevertheless, the simulated
voltages agree reasonably well with the measurdidhges in terms of circuit breaker

closing times, peak magnitudes and waveform pattern
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Figure 6-8 Comparison of voltage variation duringmgisation

The simulated three-phase inrush currents drawwiby turbine transformer A9 are

compared with measurements in Figure 6-9. In adlditihe total inrush currents drawn
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by all the wind turbine transformers located atdfreA are compared with

measurements in Figure 6-10. As can be seen froth bomparisons, the peak
magnitudes and patterns of the simulated threeepimagsh currents are very similar to
those of the measured inrush currents. This inectitat the network model is not only
capable to estimate the inrush currents drawn $tgrad-alone wind turbine transformer

but also the total inrush currents drawn by anyaofavind turbine transformers.
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Figure 6-9 Comparison between measurement andaimmiregarding the inrush currents
drawn by wind turbine transformer A9
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Figure 6-10 Comparison between measurement andetioturegarding the total inrush
currents drawn by nine wind turbine transformertegder-A

The inrush current decay trends were also compagegleen the simulated waveforms
and measured ones. The one shown in Figure 6-1pam@s the inrush currents drawn
by all the wind turbine transformers connectedeatder-A. In Figure 6-12, two decay
trend comparisons are shown, one compares the phesash current drawn by wind

turbine transformer Al (in red curves) and the ptbempares the phase A inrush
current drawn by wind turbine transformer A9 (inidlcurves). Each trend line indicates

the decay of inrush current peak magnitudes dutegfirst twelve cycles. As can be
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seen, the comparisons show that the decay trendsmoilated inrush currents match
well with those measured decay trend lines. Thikcates that the system parameters
that determining the decay time constants of tlasfiormer inrush transients are

correctly represented by the network model.

Specifically, the comparisons in Figure 6-12 alboves the faster decay of inrush
currents in wind farm transformer A9 than that ifh &nd this is also well replicated in
the simulation results, which indicates the losassociated with the cable sections
between Al and A9 are accurately represented. Thismportant for studying

sympathetic inrush between wind turbine transfoanas the amount of cable section

losses would significantly influence sympatheti¢emaction between wind turbine
transformers.

The above validation comparisons indicate that nleéwvork model is capable to
reproduce field measurement results in terms olsimr current patterns, peak

magnitudes and decay trends, which confirms theracy of the developed network
model.
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Figure 6-11 Decay trend comparison regarding feguolash currents
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Figure 6-12 Decay trend comparisons regardingrthesh current drawn by transformer Al and
that drawn by A9
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6.5 Voltagedipscaused by energising wind turbine
transformers

Using the validated wind farm collection grid madebltage dips at the point-of-
common-coupling (as shown in Figure 6-1) caused emgrgising wind turbine

transformers were assessed.

6.5.1 Consideration of source strength variation

Possible ranges of 132 kV fault levels are colieédtem National Grid’s Seven Year
Statement [134]. As far as the National Grid Elettir Transmission (NGET) system is
concerned, the fault level ranges from 864 MVA @64 MVA. In the following

sections, the source strength corresponding td964 MVA fault level is termed as the
strong source strength; the source strength carnelipg to the 864 MVA fault level is

termed as the weak source strength.

6.5.2 Voltage dips caused by energising wind turbine transformers

For evaluating voltage dips caused by energisinglwirbine transformers, six cases of
energising feeder-A were studied, which are showirigure 6-13. In each case, the
horizontal column is corresponding to the numbemwofd turbine transformer being
energised simultaneously. In Case W4, for examiple, energisation involves three
sequential energisations represented by three atephporizontal columns and each
column represents three wind turbine transformersgoenergised together. For all the
case studies, it was assumed that the energisatioonducted under the commonly
agreed worst case energisation condition (i.e.résidual flux, phase A, B and C retain
-0.8 pu, 0 and +0.8 pu of peak nominal flux, resipety; for closing time, simultaneous
energisation at the positive-going zero crossinghase C line-to-ground voltage); the
energising direction is from Al to A9. Under suandition, all the cases were tested
against the strong and the weak source strengtedGET system and the results are
shown in Table 6-7 and Table 6-8, respectively.eNbat 3% voltage dip was taken as
the beginning and end threshold for quantifying dif@ duration. As can be seen, the
voltage dips caused by energising an individualdwimrbine transformer (in Case W6)
is much less than 3% and far less than that cabse&nergising a large GSU
transformer. In fact, under the strong source gtitena feeder of wind turbine

transformers can be energised simultaneously witlhoeaching the ER-P28 limit;
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under the weak source strength, up to three wirtldre transformers are allowed to be

energised together.

Wind Turbine transformer
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Figure 6-13 Case studies of energising wind turbiaesformers in one feeder

Table 6-7 Voltage dips resulted from energisingeder of wind turbine transformer under the
strong source strength

Voltage dips
Case Phase A Phase B Phase C
Magnitude Duration Magnitude | Duration | Magnitude Duration
(%) (ms) (%) (ms) (%) (ms)
w1 0.55 0 1.24 0 1.2 0
W2 0.3 0 0.81 0 0.75 0
W3 0.3 0 0.75 0 0.72 0
w4 0.2 0 0.52 0 0.47 0
W5 0.13 0 0.36 0 0.32 0
W6 0.06 0 0.18 0 0.16 0
Table 6-8 Voltage dips resulted from energisingeder of wind turbine transformer under the
weak source strength
Voltage dips
Case Phase A Phase B Phase C
Magnitude Duration Magnitude | Duration | Magnitude Duration
(%) (ms) (%) (ms) (%) (ms)

w1 2.9 0 6.6 80 5.8 65
W2 1.8 0 4.4 51 3.7 30
W3 1.7 0 4.2 32 3.7 20
w4 1.1 0 2.89 0 2.4 0
W5 0.75 0 2.0 0 1.65 0
W6 0.35 0 1.0 0 0.85 0

6.5.3 Stochastic estimation of voltage dips caused by energising wind
turbinetransformers

In Case W1, the voltage dip magnitude resulted fremergising a feeder of wind

turbine transformers under the worst energisatardiion is 6.6% and the dip duration

is 80 ms (as can be seen from Table 6-8). Theihitetl of reaching such a dip was

further analysed by using stochastic simulationtha simulation setup, the circuit
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breaker closing time was defined by one cycle Unifdistributed common-order-time
and a Gaussian distributed closing offset time ¢(mealue equal to 0 and standard
deviation equal to 0.833 ms); the range of thedrediflux was defined as +0.8 pu and
of Uniform distribution (note that the residualXlin each wind turbine transformer is
independently assigned). The results obtained ft600 stochastic runs are shown in
Figure 6-14 for the frequency of occurrence ofmigignitude and Figure 6-15 regarding
the frequency of occurrence of dip duration. Theults indicate that: the frequency of

reaching the worst case voltage dip is actuallyigidte; over 95% of the dips are with
magnitudes less than 0.6 pu of the worst case.
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Figure 6-14 Frequency of voltage dip magnitudénineé phases at the point-of-common-
coupling under energising a feeder of wind turlira@sformers
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Figure 6-15 Frequency of voltage dip duration meéhphases at the point-of-common-coupling
under energising a feeder of wind turbine transéysm

6.5.4 Effect of transformer winding connections on voltage dips
propagation

Effects of transformer winding connections on vgétadips propagation from 132 kV

side to 33 kV side were studied. The possible wigdionnections of the 132/33 kV

transformers operating at the distribution grid ¥hMd1, YNd11 or YNynO [135]. The

voltage dips (resulted from Case W1 energisatiditgr goropagating through the

transformers with these winding connections werseoled on the secondary side of
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132/33 kV transformers and compared with those wkseat the point-of-common-

coupling, as shown in Figure 6-16.

As can be seen, on the secondary side of 132 kéfsemer with YNynO connection,

the observed three-phase voltage dips are identitialthose observed at the point-of-
common-coupling (this finding is similar to the tamle propagation through the
400/132 kV autotransformer shown in Figure 4-1dj;the voltage dips observed on the
secondary side of 132 kV transformer with YNd1 afdid11 connections, the biggest
voltage dip has been increased by 12.5%, compavitigthose observed at the point-
of-common-coupling; in addition, the transformerttwlNd1 connection changes the

phase with the biggest voltage dip from phase Bhtase C.

The above analysis indicates that grid transformigh YNynO connection has no
impact on the propagation of three-phase voltags;dhe grid transformer with YNd1

or YNd11 connection would increase the dip magmtselen by the end users.

EPh.A mPh.B Ph.C

YNynO YNd1 YNd11

Hil

Primary side of 132 kV
transformer (at PCC)

A N

N W s~ u;

Three-phase voltage dip magnitudes, %

o
|

Secondary side of 132 kV grid transformer

Observation points

Figure 6-16 Effects of transformer winding connac$i on voltage dip propagation

6.5.5 Voltage dips caused by consecutive energisation of wind turbine
transformers

Since each wind turbine transformer is normally ipged with a circuit breaker,
consecutive energisation of a group of transformaesy be preferred rather than
simultaneous energisation of all the transformensnected at the feeder. Under such
practice, if there is a need to quickly energigeealer of wind turbine transformers, the
time interval between two consecutive energisatimosild be short. With the time

interval shorten, the voltage dip limit given b tgrid code become smaller (according
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to ER-P28, see Figure 2-21); for examples, thetlismabout 1.3% if the interval is 1

minute; about 0.4% if the interval is 1 second.

Supposing the time interval between two consecughergisations is 1 second, voltage
dips caused by Case W4, W5 and W6 were furtheedg€€ase W2 and W3 were not
tested because the voltage dip magnitudes resiutiedthese cases already exceeded
the grid code limit). For all the cases, the ersaon was conducted under the
commonly agreed worst case energisation conditgainat the weak source strength
and the energisation direction was from the endedbto the offshore platform to the

end farthest from the offshore platform.

Results are shown in Figure 6-17, Figure 6-18 agdrE 6-19, respectively. As can be
seen, the maximum dip magnitudes resulted fromemrive energisation under Case
W4, W5 and W6 are 2.95%, 2% and 1.2%, respectivEhese dip magnitudes all
exceed the 0.4% limit stated in the grid code. Th@cates that, under the assumed
energisation condition, the time interval betwe&n tonsecutive energisations cannot
be as short as 1 second. By comparing the maximpmmaegnitudes with those limits
given in Figure 2-21, it can be deduced that: tmgly with the dip limits, the interval
for Case W4 should be more than 12.5 minutes; &&eGN5, it should be more than 3.3
minutes; for Case W6, the time interval is the &=gir which is about 1 minute. This
shows that consecutively switching in only one $farmer at a time is the
recommended way to energise a feeder of wind tarbansformers while keeping the

lowest risk of exceeding the grid code limit.
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Figure 6-18 Voltage dips caused by consecutivegesation under Case W5
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Figure 6-19 Voltage dips caused by consecutivegisation under Case W6
6.6 Sympathetic inrush between wind turbinetransformers

Since wind turbine transformers are electricallysel to each other, sympathetic inrush
between them is a potential concern. In view of,tline potential sympathetic inrush
interaction resulted from the above energisaticsesavere evaluated, as presented in

the following sections.

6.6.1 Sympathetic inrush caused by energisation of multiple
transformers

From Case W1 to Case W5, several wind turbine toamers being energised together
is involved. Such energisation of multiple transfers, compared to energising one
stand-alone wind turbine transformer, generatesdnigirush current and larger voltage
dips, which is evidenced particularly in Case Whug, sympathetic inrush caused by
energisation of multiple wind turbine transformessstudied in the following two

subsections, in which, all the energisation caseliess were carried out under the

commonly agreed worst case energisation condigamat the weak source strength.

6.6.1.1  Sympatheticinrush in the adjacent already connected feeder

In Figure 6-20, the configuration of two feederseder-A and feeder-B) connected to
offshore platform is schematically shown: feedeisAo be energised and feeder-B is
already connected. The distance of the cable ceoionebetween transformer A1l and
Bl is defined as the electrical distance betweeritlo feeders. With different electrical
distances, Case W1 energisation of feeder-A tramsfis were conducted to assess the
possible sympathetic inrush induced on feeder-Bure 6-21, Figure 6-22 and Figure

6-23 show the results corresponding to 1, 2 anch &lectrical distance, respectively.
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Al A2 A3 A4 A5 A6 AT A8 A9
Feeder A
being energised
i
B6 B7 B8 B9

Offshore o
{I‘s;mc iElectrical distance
platform ihul.wucn two feeders
,,,,,,,,,,,,,,,,,, +

Feeder B
already connecte
——————————— -
B2 B3 B4 B5

Bl
Figure 6-20 Schematic diagram of two wind farm f¥sdconnected at offshore platform

As can be seen, in the case with 1 km electricgthdce, the maximum instantaneous
peak of the total sympathetic inrush current drdoynfeeder-B transformers is about
130 A and the duration of the sympathetic inrusless than 0.9 second. Compared to
the sympathetic inrush currents drawn by large G&insformers, the degree of
sympathetic inrush is much less significant. As #bectrical distance between two
adjacent feeders increases, both the peak magritodehe duration of sympathetic
inrush currents decrease considerably, becaussutivearine cables connected between

the two feeders provide resistive damping that segges the sympathetic inrush.
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Figure 6-21 Sympathetic inrush currents drawn leyaineady connected feeder (1 km electrical
distance between two feeders)
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Figure 6-22 Sympathetic inrush currents drawn leyaineady connected feeder (2 km electrical
distance between two feeders)
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Figure 6-23 Sympathetic inrush currents drawn leyaineady connected feeder (3 km electrical
distance between two feeders)
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Furthermore, similar studies were carried out ftreo energisation cases involving
energisation of multiple transformers. For Case wil W3 (with 1 km electrical
distance), it was found that the maximum peak efttital sympathetic inrush currents
is about 75 A and the duration of the sympathetiash is about 0.75 second. For Case
W4 and W5 (with 1 km electrical distance), the sythetic inrush current is negligible,
which suggests that, in the present offshore wananfgrid, sympathetic interaction
between two feeders could be of little concern of more than three wind turbine

transformers are being energised together.

6.6.1.2  Sympathetic inrush between transfor mers being ener gised together

When carrying out energisation of multiple transifers, the residual fluxes in wind
turbine transformers being energised may diffemfreach other. Figure 6-24 shows an
extreme condition that: the four transformers neathe offshore platform (Al1-A4)
possess maximum residual flux opposite to the Iflukd up; the other five wind turbine

transformers (A5-A9) possess maximum residual ifiune with the flux build-up.

Al A2 A3 A4 A5 A6 A7 A8 A9

A

platform

4 wind turbine transformers 5 wind turbine transformers
—— maximum residual flux — maximum residual flux
— opposite to flux build-up — in line with flux build-up

Figure 6-24 Wind turbine transformers with differeesidual flux condition

Simultaneous energisation of these nine wind teriiansformers was simulated under
the worst energisation condition against the wealire strength. The currents
observed at the primary sides of these wind turliaesformers are shown in Figure
6-25. Although the transformers were energised kameously, inrush took place in the
wind turbine transformer A5, A6, A7, A8 and A9, \gtisympathetic inrush took place
in the wind turbine transformer Al, A2, A3 and AWhis indicates that: sympathetic
interaction could even be induced between the éetgransformers if their residual
flux conditions are different; the transformers @fhare relatively less saturated would

be forced to engage sympathetic inrush by theivelsgtmore saturated transformers.
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Figure 6-25 Sympathetic and inrush currents inatimel turbine transformers being energised
together

6.6.2 Sympathetic inrush caused by independent energisation

Independent energisation of wind turbine transfearmeans energising only one wind

turbine transformer at a time. In the case of seadkrgisation, the concern over
sympathetic inrush focuses on the wind turbinesi@mers within the same feeder, as
there is negligible effect on other feeders (acegydo the findings in section 6.6.1.1).

Using the validated network model, two independamrgisation cases (Case W6_1
and Case W6_2) were simulated under the commonlgedgworst case energisation
condition against the weak source strength:

e Case W6_1 concerns energising A9 with other transos already connected;

« Case W6_2 regards energising Al with other transfos already connected.

Under the Case W6_1 energisation, the resulted atmapc inrush currents at the
already connected wind turbine transformers areveha Figure 6-26. As can be seen,
sympathetic inrush currents are induced in A8, A8, A5 and A4. A8 exhibits the

largest sympathetic inrush peak which is about 26rAm A7 to A4, the magnitudes of

maximum peaks decrease from 24.5 to 4.6 A. Regarthia duration of sympathetic
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inrush, the longest one is also seen at A8 andshizgtest one is seen at A4. The

sympathetic inrush currents in transformers Al,afd A3 are of negligible level. Such

a distribution of sympathetic inrush current cooédattributed to following reasons:

* When the high inrush currents drawn by A9 flow tigb the feeder cables, there is
voltage distortion being built up by the resistigeements of the cable sections,
especially on those 33 kV cable sections becausigeafhigher resistivity; since A8
is the closest to A9, the resistive voltage digtorseen by A8 is the most significant
and therefore the largest sympathetic inrush i bpiin A8;

* From A8 further away down to A4, smaller and smadlgmpathetic inrush currents
could be induced, due to the increasing electdestnce from A9 causing bigger
losses and shorter feeder cable for building uistres voltage distortion;

* The established sympathetic inrush currents woaldrze out the distortion caused
by inrush currents of A9 so that very little off§leix can be seen in A1, A2 and A3,
therefore they were of negligible sympathetic ihrésotprints.
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Figure 6-26 Sympathetic inrush currents observetiise W6_1 simulation
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In Case W6_2, Al is the wind turbine transformeingeenergised with other wind
turbine transformers already connected. The sinomatesults of this case are
illustrated in Figure 6-27. Following the energisat the peaks of sympathetic inrush
currents induced in the already connected windirtertransformers are relatively the
same. This is because the wind turbine transforerguerience almost the same amount
of resistive voltage distortion built up on the lembconnecting between the supply
source and the wind turbine transformer Al. Theatiomn of the sympathetic inrush
currents, however, exhibits considerable differendée duration of sympathetic inrush
in A2 is the largest, for it is located closestib; as the electrical distance between Al
and other already connected wind turbine transfsmecreases, the duration of
sympathetic inrush decreases. However, in contigadty the results given by Case
W6 _1, the initiation process of all the sympathatizish currents is much slower and
the maximum peaks are much smaller, which suggeésts the resistive voltage
distortion across the system between supply samdeAl is much smaller than that in
Case W6_1.
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Figure 6-27 Sympathetic inrush currents observecase W6_2 simulation
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From the above two case studies, it can be dedtiwdthe degree of sympathetic
inrush induced on each wind turbine transformearigely related to the location of the
wind turbine transformer being energised and thetive location of the other already

connected wind turbine transformers.

6.7 I|dentification of energisation sequenceresultingin less
sympathetic inrush between wind turbine transformers

The above two case studies imply that the sequeficenergising wind turbine

transformers would affect the amount of sympathietiash currents being induced on
each wind turbine transformer. In this section, eptil relationships between
energisation sequence and sympathetic inrush &eetvaluated, aiming to identify the
energisation sequence resulting in less sympathatish between the wind turbine
transformers.

6.7.1 Sympatheticinrush level

As illustrated in Figure 6-28, the level of sympathetic inrush isimkd by the
multiplication of the RMS peak of the sympathehauish current and its duration, with
its unit is defined as A-s. This sympathetic inrdshel is aimed to qualitatively
represent the degree of over-fluxing involved ia #fympathetic inrush process which
might impair the wind turbine transformers in terofsmechanic and thermal effects.
Note that the threshold chosen to define the stadt the end of sympathetic inrush
duration is 1.12 times of the RMS nominal magnetzicurrent of wind turbine
transformer (this threshold was chosen because larger than the maximum RMS
magnetizing current and is reliable enough to detecinitiation of sympathetic inrush).

Sympathetic Inrush Level = RMS peak * Sympathetic inrush duration
RMS peak

Sympathetic inrush duration

Sympathetic inrush current, A

| | | | | | l | l |
0.5 1 15 2 25 3 35 4 4.5 5 55 6
Time, s

Figure 6-28 Definition of sympathetic inrush level
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6.7.2 Energisation sequence

Four energisation sequences were considered foepertiently energizing the
transformers in feeder-A of the Nysted offshore dviarm, which are listed below and
also detailed in Table 6-9:

Sequence 1 (S1): starts energisation from the wirldine transformer closest to the
offshore platform towards the one farthest fromdffshore platform
(i.e., from Al to A9);

Sequence 2 (S2): starts energisation from the wirine transformer farthest from the
offshore platform towards the one closest to tHishaire platform (i.e.,
from A9 to Al);

Sequence 3 (S3): starts from both ends towardslejidd

Sequence 4 (S4): starts from middle towards botis.en

Table 6-9 Sequences for energising wind turbinesfamers in a feeder

Wind turbine transformer being energised

Sequence

2 3 4 5 6 7 8 9
S1 Al A2 A3 A4 A5 A6 A7 A8 A9
S2 A9 A8 A7 A6 A5 A4 A3 A2 Al
S3 Al A9 A2 A8 A3 A7 A4 A6 A5
sS4 A5 A4 A6 A3 A7 A2 A8 Al A9

6.7.3 Study procedure correlating sympathetic inrush level and

ener gisation sequence
The flowchart shown in Figure 6-29 illustrates teeidy procedure to correlate
energisation sequence and the sympathetic inrush le

» First, an energisation sequence is defined;

» Second, initialize the energisation condition inrte of circuit breaker closing
time and the residual flux in the wind turbine stormer to be energised;

* Third, simulate the energisation of the targeteddwurbine transformer;

* Fourth, record the sympathetic inrush currents ¢eduon other adjacent wind
turbine transformers and calculate the sympathatish level;

» Fifth, check if all the wind turbine transformeravie been energised; if not,
update the topology by connecting the newly enedyisansformer and then
move back to the second step;

* Finally, calculate the total sympathetic inrushelesccumulated on each wind

turbine transformer.
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As an example, let us consider applying the studcgdure to assess energisation
sequence S1. The energisation starts from eneggiin at this first energisation, no
sympathetic inrush can be observed, as other wumdine transformers are not
connected yet. From the second energisation onteatide last one, each energisation
would induce sympathetic inrush on the previouggsed transformers, i.e., following
S1, energizing A2 would cause sympathetic inrusiAlnand energizing A4 would
cause sympathetic inrush in Al, A2 and A3. For eadergisation, the level of
sympathetic inrush of each transformer is recoré@thlly, these levels recorded in all
the energisations are summed together to représem@iccumulated sympathetic inrush
level for each wind turbine transformer. In thisyvafter following S1 to energise all
the transformers, eight sympathetic inrush levedsildr be accumulated on each phase

of Al but zero on A9 as it is the last one beingrgised.

Select energization sequence

Initialize energization condition

l

Conductone energization following the
selected sequence

Record sympatheticinrush level observed
the adjacent connected transformers

the newly energized wind turbine n

transformer

Update topology by connectinﬁ

No Complete all
energization?

Calculate the total sympathetic inrush level
accumulated on each wind turbine transforme

=

Figure 6-29 Procedure to correlate energisationessze and sympathetic inrush level

6.7.4 Assessment of sympathetic inrush level under different
ener gisation sequences using deter ministic approach

Utilizing the study procedure, the sympathetic girlevels that would be accumulated

in each wind turbine transformer under the four rgisation sequences were
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deterministically assessed. In the assessmentgertiegisation condition for all the
energisation events was initialized to the commaadyeed worst case energisation
condition (same as in previous studies, i.e., tipleses were simultaneously energised
at the positive-going zero crossing of phase C-tiaground voltage; residual flux of

phase A, B and C was of -0.8 pu, 0 and +0.8 pteakmominal flux, respectively).

The simulation results given by assessing sequetes$2, S3 and S4 are shown in
Figure 6-30, Figure 6-31, Figure 6-32 and Figur&36+espectively. In all the figures,

the wind turbine transformer is indicated by theniver shown on the horizontal axis;
each column group represents the sympathetic inevsh of three phases accumulated

on each wind turbine transformer under a particeit@rgisation sequence.

As can be seen, for any column group, the sympath@tush level accumulated on
phase C is the highest among the three phasesiqttige to the specific energisation
condition). The following analysis focuses on tlyenpathetic inrush level of phase C
only. Regarding the maximum accumulated sympatheticsh level, the one in S1 is
about 130 A's; in S2, the maximum level is abo &%, which is almost identical to
that appear in S3 and is more than twice in SB4nthe maximum level is about 205
A-s. Comparing the severity of sympathetic inruskoaiated with each wind turbine
transformer, A8 and A9 would experience the motnsive sympathetic inrush if S2
or S3 is followed, whilst A5 and A6 would be mon@lnerable if S1 or S4 is applied. It
can also be seen that the wind turbine transforrmrated close to the platform,
including A1, A2 and A3, experience rather smalkeleof sympathetic inrush under all
the energisation sequences. In addition, aggreyafiall the accumulated sympathetic
inrush levels under each energisation sequencemaae (in total, four aggregations)
and they are compared in Table 6-10. It can be ¢$kanhthe aggregation of the
accumulated sympathetic inrush levels resulted f&ims the lowest, followed by S3,
S4 and S2.

The above results indicate that, when a feederiondl viurbine transformers are to be
sequentially energised, to result in less sympgthietush, wind turbine transformers
should be energised from the one closest to thehoffé platform towards the one
farthest from the offshore platform, because itegithe smallest level of sympathetic
inrush on a stand-alone wind turbine transformed amso the least aggregated

sympathetic inrush effects compared to other esatigih sequences.
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Table 6-10 Aggregation of sympathetic inrush levefilted from each energisation sequence

(N

Energisation sequence S1 S2 53 S4
Aggregation of sympathetic inrush level (Ajs) 14341796 | 1581 1590

Sequence S1 |EEEPh. A @PhB[_IPh.C|
300 T T T T T T T T
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Al A2 A3 A4 A5 A6 A7 A8 A9
Wind turbine transformer

Figure 6-30 Accumulated sympathetic inrush leveeanh wind turbine transformer resulted
from deterministic testing of S1
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Figure 6-31 Accumulated sympathetic inrush leveeanh wind turbine transformer resulted
from deterministic testing of S2
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Sequence S3
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Figure 6-32 Accumulated sympathetic inrush leveeaoh wind turbine transformer resulted
from deterministic testing of S3
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Figure 6-33 Accumulated sympathetic inrush levekanh wind turbine transformer resulted
from deterministic testing of S4

6.7.5 Assessment of sympathetic inrush level under different
ener gisation sequences using stochastic approach

In the previous section, the energisation sequesgdting in less sympathetic inrush is
deterministically identified based on the worstecasergisation condition. However, in
reality, the initial condition for each energisatiis stochastic, due to the uncertainty of
circuit breaker closing time and transformer ca@dual flux. It is suspected that, when
these stochastic parameters are considered, tdendgs given by the deterministic
assessment may become less significant or everdidnveherefore, following the
procedure shown in Figure 6-29, stochastic simutatvere performed to study the

sympathetic inrush level under the above-mentidioed energisation sequences with
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energisation condition stochastically initializadming to confirm the findings obtained

from the deterministic assessment.

The energisation condition was stochastically atided as follows: the closing time of
each circuit breaker pole was defined by a commderetime (same for three poles,
uniformly distributed over one power frequency eycplus a Gaussian distributed
closing offset time (with the mean value equalgzdm and standard deviation equals to
0.833 ms) [43]; the range of the residual flux wlafined as between -0.8 pu and +0.8
pu of the peak nominal flux and it was charactetizg Uniform distribution (note that
the residual flux in each wind turbine transformeas independently assigned). For

each energisation sequence, 1000 stochastic sionutasts were carried out.

By using box plot, results obtained from stochat&sting energisation sequence S1, S2,
S3 and S4 are presented in Figure 6-34, Figure, ~Rfure 6-36 and Figure 6-37,
respectively. In these figures, each column remtss2000 sympathetic inrush levels
accumulated on phase C of a specific wind turbiaesformer (the results of other two
phases are similar to that of phase C); the centeak on each box is the median; the
lower and upper edges of the box are th8 &8d 7%' of the percentiles; the length of
the whisker is defined by whose value is 1.5 (this value corresponds to %9.3
coverage if the data are normally distributed)npoare displayed using + as outliers if
they are larger than @&w<(Q;s—Qs), where Qs and Qs are the 25th and 75th
percentiles, respectively.
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As can be seen from Figure 6-34 to Figure 6-37,atmumulated sympathetic inrush
level for each wind turbine transformer is scatler@due to the presence of stochastic
energisation conditions. The scatter ranges aatively small for transformers Al, A2,
A3 and A4 and are relatively large for A6, A7, A&hich are evidenced in all
energisation sequences. The scatter range for Aé&lasively large in S1, S2 and S4,
while the scatter range for A9 is relatively laigeghe case of S2 and S4. The relatively
large scatter ranges for A5, A6, A7, A8 and A9 aadie that wind turbine transformers
located at these positions are likely to be affédig sympathetic inrush, which is also

evidenced by the findings obtained in previous mhetgstic studies.

As far as the median of each column is concerredlawest one is still found to be in
S1 and the profile of accumulated sympathetic imiegel formed by nine wind turbine
transformers is similar to that showed in Figur806-which suggests that S1 is the
energisation sequence which would induce minimumpathetic inrush between wind
turbine transformers. Therefore, the findings gdifrem the deterministic assessment

are further validated by the stochastic studies.

6.8 Summary

In this chapter, a network model of a wind farmlection grid was developed and
validated against field measurement results obdiainditerature, which was then used
to study voltage dips and sympathetic inrush causgdenergising wind turbine

transformers.

Regarding voltage dips, the above case studies ghaty in the studied system,
energising one wind turbine transformer against weak source strength can only
result in dip magnitude of no more than 1%, theeeftauses no concern on breaching
grid code requirements. Concerns may be raisedhén dases of simultaneously
energising multiple wind turbine transformers, hemathe resulted voltage dips may
reach 6.6%, even though stochastic estimation shbatsthe probability of reaching
such a dip magnitude is very low. The winding cartiom of 132/33 kV transformers
should be carefully considered, as it may changeptiase with the biggest voltage dip
magnitude and result in larger dip magnitude seethb end users. In addition, care

should be taken if consecutive energisation of wtmdbine transformers (with time
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interval shorter than 750 seconds) is carried leetause the voltage dip limit is further

tightened.

Regarding the sympathetic inrush caused by eneggisind turbine transformers, the
performed studies consist of two parts: one is moeaergisation of multiple wind
turbine transformers and the other is on energisatif a stand-alone wind turbine

transformer.

In the case of energisation of multiple transforsnér was found that: the degree of
sympathetic interaction between two adjacent feeerather minor, because the cable
connection between the feeders can contributefgignt resistive losses; one should be
cautious that sympathetic inrush may occur betwbentransformers being energised

together, if they have a different residual flux.

In the case of energisation of a stand-alone toansdr, it was found that the degree of
sympathetic inrush is largely related to the lawatof the wind turbine transformer
being energised and the relative location of theeoalready connected transformers.
Furthermore, the potential relationships betweenrgsation sequence and sympathetic
inrush level were deterministically and stochadlijcavaluated, suggesting that the
energisation sequence that would result in lesspayinetic inrush level between wind
turbine transformers is to energise wind turbir@sformers from the one closest to the

offshore platform to the one farthest from the lofiee platform.
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Chapter 7  Conclusion and Future Work

7.1

Concluding remarks

This thesis investigates voltage dips and sympathetush caused by energising

generator step-up transformers in two types of ggio& connection: one is a CCGT

plant connected to a 400 kV transmission grid dmdther is a large offshore wind

farm connected to a 132 kV distribution grid. Thedses mainly consist of four parts:

1)

2)

3)

Network model development and validation. Two netwoodels, one for a 400
kV grid, and the other for an offshore wind farmlection grid, were developed
in ATP/EMTP and validated against multiple setéi@fi measurement results.
Deterministic studies of voltage dips in the trarssion grid. This includes:
comparative assessment of voltage dips under \argmergisation conditions
and the network-wide voltage dips under non-outagé outage conditions;
identifying the influence of sympathetic inrush waltage dips; carrying out
sensitivity studies to identify the key influentigparameters; exploring
operational approaches to reduce voltage dips yangathetic inrush.

Stochastic estimation of voltages in the transmrssgrid. First, an ATP-
MATLAB interfacing simulation platform was estaliied to enable stochastic
assessment using Monte Carlo method. Second, tlesibb® stochastic
parameters were determined and the procedures@vaje stochastic values for
the parameters were developed. Then a prelimirtaghastic simulation based
on a single phase circuit was conducted, formimghifisis for stochastic studies
of three-phase transformer energisation transiefisally, the stochastic
simulation investigation was performed on the 400 grid, including:
calculating the probability distribution of voltagiégp magnitudes and durations;
identifying the probability of reaching the worsise voltage dips; testing the
sensitivity of the results to various closing offsgame and residual flux

distributions.
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4) Assessment of transformer inrush transients dueoftshore wind farm
connections: voltage dips caused by energising wirlsine transformers under
different scenarios were assessed; in particulanpathetic inrush between
wind turbine transformers were studied, which helmentify the energisation

sequence resulting in less sympathetic inrush twend turbine transformers.

Main contributions of this thesis work are liketylie the following:

1) Developing network models suitable for simulatirggwork-wide voltage dips
and sympathetic inrush between transformers;

2) Quantifying the influence of sympathetic inrush woltage dips caused by
transformer energisation;

3) Assessing the probability of encountering the waase voltage dips during
energisation;

4) Identifying the optimum energisation sequence &atucing sympathetic inrush

between wind turbine transformers.
The summary of simulation results and key findiigggiven as follows.

Field measurement, network model development ahdatimn

Through analysing the field measurements which weeied out in the 400 kV
transmission grid, it was shown that the energisatif GSU transformers can trigger a
network-wide voltage dips (i.e., voltage dips nolycappear at the substation connected
by the transformer being energised but also atrathbstations in the network); the
recorded maximum RMS voltage dip was about 7.8396; measured sympathetic
inrush currents showed that the duration of symgiathnrush lasted for more than 20

seconds and so did the full recovery of the reduttdtage dips.

Based on the system parameters provided by theorletaperator, a 400 kV grid
network model was developed in ATP/EMTP by follogiithe modelling guidelines
summarized through the literature review. The ssgfteé validation of the network
model confirms that: the source network can be ithedidy an ideal sine-wave source
and a Thevenin equivalent impedance of the path@fnetwork not under study; the
transmission network between the supply sourcetlamcnergised transformer should
be represented in detail, taking into account thesimission lines, system loading and

reactive power compensation devices; the constaqtuiéncy line model can be used to
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represent transmission lines, with line dimensiod &ansposing scheme considered,;
system loading can be represented by lumped cdnstgistance and inductance
connected in parallel; transformers can be moddigdhe BCTRAN routine with

transformer core externally represented by thrdea-@ennected type-96 non-linear

inductors.

Deterministic studies of voltage dips caused by@nmq large GSU transformers

The validated network model was utilized to carmyt @ comprehensive study on
voltage dips using deterministic approach. Throagkessing the degrees of voltage
dips under different energisation conditions, itswaund that: in the present system
with two GSU transformers simultaneously energisedier the worst energisation
condition, the maximum voltage dip, observed at #wbstation closest to the
transformers being energised, would be of magnialmteit 18% and duration about 3.5
seconds; with the presence of sympathetic intenacthe dip duration can prolonged by
125% (increased from 3.5 seconds to 7.9 seconrus)dltage dips propagating to 132
kV side can be of longer dip duration due to thenggthetic inrush of substation

transformers.

Furthermore, assessing the network-wide voltage ftip the complete network under
non-outage condition suggests that: the dip madegwbserved at each substation are
related to the distance between the substationth@dsupply source and also the
distance between the substation and the energrsedfdarmers; those substations
located in the proximity of the energised transfernand relatively far away from

supply source are subjected to larger dip magnigude

With line outage taken into account, it was fouhdtt the network-wide voltage dip
outcome under single-circuit outage situation milsir to that observed under non-
outage condition; however, if there is double-diraautage resulting in significant
network topology change, both dip magnitude andatitum can be significantly
exacerbated; in the system under study, the mdatorable double-circuit outage can
increase the dip magnitude from 18% to about 30%.

The sensitivity assessment shows that: transfoopoer saturation inductance has the
most profound impact on the voltage dip magnitutle;amount of transformer copper

losses is the most influential parameter on det@nyithe voltage dip duration.
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Possible operational measures to control the weltdigs were found to be adjusting
GSU tap changer to maximum tap, opening the coupteuit breaker and applying

SVC. It was found that, if these operational meesiware applied simultaneously, the
dip magnitude and duration resulted from worst casergisation can be reduced by

37% and 85%, respectively.

Stochastic assessment of voltage dips caused isfdraner energisation

Monte Carlo simulation was conducted to extendféfmedeterministically-defined case
studies to many stochastically-defined case studteddip frequency pattern was
identified based on over 1000 stochastic runs ameas found to be sensitive to the
distribution of residual flux but insensitive toetldlistribution of closing offset time. In
addition, it was shown that the dip frequency pattes insensitive to the system
condition variation in a range of +25%. Furthermatevas found that the probability of
reaching the worst case dip magnitude (estimateth&yommonly agreed worst case
energisation condition) is lower than 0.5%, indiogtthat the worst case scenario is
unlikely to occur; in fact, about 80% of the dip® avith magnitudes lower than 0.6 pu
of the worst case dip magnitude. Neverthelessag shown that there exist dips with
magnitudes exceeding the worst case dip magnitukcating the inadequacy of
deterministic assessment approach by using the omiymagreed worst case

energisation condition.

Assessing transformer energisation transients @offthore wind farm connection

Voltage dips caused by energising wind turbine si@amers were studied and
compared with those caused by energising large &Bidformers. It was found that, in
the present system under study, energising a stimm@é wind turbine transformer
against the weak source strength can only resuliprmagnitude of no more than 1 %
(as the fault level of the source network is mbantthree hundred times larger than the
rating of the wind turbine transformer), therefoeises no concern on complying grid
code requirements. Concerns may be raised in e @asimultaneously energising a
feeder of wind turbine transformers or consecugwergisation of transformers with

short time interval.

Regarding the sympathetic inrush caused by eneggisind turbine transformers, it
was found that although the degree of sympathatieraction between two adjacent

feeders is rather mild (as the cable connectionvden the feeders can contribute
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significant resistive losses), one should be castithat sympathetic inrush may occur
between the transformers being energised togeftlirey are of different residual flux.

The potential relationships between sympathetigsinrand energisation sequence were
both deterministically and stochastically evaluadé@d the main conclusion reached is
that the optimum energisation sequence to achiesge $ympathetic inrush between
wind turbine transformers is to energise wind tnebiransformers from the one closest

to the offshore platform to the one farthest awayfthe offshore platform.

7.2 Futurework

Although the work carried out in this thesis hapid fulfill all the initially defined
goals and generate a number of useful conclusibaéso raises new questions to be

investigated in the future work.

For network model development and validation:

1) For modelling GSU transformers, the transformercane inductance was
assumed to be twice the transformer short-circadtuctance. It would be
interesting to check the accuracy of this assumptiy comparing with

analytical estimation using transformer winding @ode design data.

2) The use of BCTRAN+ model in this thesis does ndéetanto account the
influence of transformer core topology. The effefctore topology may be taken
into account by using Hybrid Transformer modelapresent GSU transformers,
if more transformer design information is availaflaéen it would be interesting
to see if Hybrid Model can more accurately simulatgmpathetic inrush

between GSU transformers.

For assessment of energising GSU transformer iatsiission network:

1) In the deterministic case studies, it was assurhetl the generators on the
secondary side of the GSU transformers were nohexied yet. It is possible
that one of the generators is already connectedewbarrying out the
energisation of a GSU transformer. In this casewould be interesting to
evaluate the influence of the generator's AVR resgs on the outcome of

sympathetic inrush.

2) In the stochastic case studies, residual flux igialized by pre-defined
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distributions. In reality, the residual flux in thansformer core is formed by a
ring down process. If there is detailed knowledpeut disconnection time,
circuit breaker chopping characteristic, circuipaeitance and transformer core
hysteresis behavior, the ring down process can dre @ccurately simulated so
as to initialize the core residual flux with morealistic distribution and
magnitudes. In future work, more efforts can beedird to evaluating the

transformer residual flux formation so as to refihe residual flux distribution.

For assessment of energising wind turbine transfointo offshore wind farm qrid:

1)

2)

3)

Field measurement of sympathetic inrush betweerd vimbine transformers
would help further validation of the collection @grmodel and reinforcing the
identified energisation sequence. Hence, it is g to carry out field
measurement of sympathetic inrush between windrerbransformers in the

future.

wind farm collection grid normally consists of doseof wind turbines. To

represent all the wind turbine generators and toamers is a challenge to the
simulation stability and simulation time. An altative approach might be to
represent some of the feeders using aggregatesfdrarer and cable model so

that the network model can be simplified for redgocomputation effort.

The degree of sympathetic inrush between wind merlbiansformers might vary
with the layout of the wind farm collection gridh@ studies carried out in this
thesis are focusing on radial layout only. Furtskerdies can be carried out for

guiding the energisation of offshore wind farmshaather layouts.
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