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INTRODUCTION

ournal of Energy special issue: Papers from International CIGRE
Symposium “Transient Phenomena in Large Electric Power
Systems”

Welcome to this special issue, which is based on selected papers
presented at the International CIGRE Symposium “Transient Phenome-
na in Large Electric Power Systems”, held in Zagreb, Croatia, on April
18"-21st, 2007.

The International Symposium was organized by the Croatian CIGRE
National Committee and Study Committees C4 (System Technical
Performance), A1 (Rotating Electrical Machines), A2 (Transformers), A3
(High Voltage Equipment) and C1 (System Development and Econo-
mics). The goal of the Symposium was to examine the various aspects
of transient phenomena in large electric power systems.

Seven main topics were covered in the ten sessions. The Symposium
extended over three days, organised in half—-day sessions during which
authors presented their papers and then participated in a panel discu-
ssion. Participants from manufacturers and utilities, along with those
from universities and research centres, gave their presentations and
took part in discussions. Three invited lectures were held and 54 pa-
pers were accepted.

Electric power systems are subjected to a wide range of transient distur-
bances, which impact its overall performance. It is a challenge to build
and operate power systems so that the safety of individual equipment,
the security of the integrated power system and the quality of power
supply are not unduly compromised. The general purpose of the Sym-
posium was to provide a forum for discussing the nature of transient
phenomena in electric power systems and how these systems need to
be designed to ensure a secure and robust service.

The following topics were covered by Symposium:

e insulation coordination aspects, including temporary, resonance
and transient overvoltages in shunt/series compensated OH-li-
nes, shunt compensated cables, mixed OH-line—cable sections,
HVDC-converter-stations, interconnection lines and as anticipa-
ted for half--wave-length lines;

e transient current and TRV aspects due to long distance
transmission;

e EMC problems caused by power system transients and mitigation
techniques;

e power quality issues as impacted by power system transients;

e transient behaviour of power systems leading to blackouts: recent
experiences and mitigation techniques;

e system security management with regards to lightning;

e experience and management of transients during operation when
radio base stations are located on transmission line towers.

From the 54 papers presented at Symposium, 16 papers were accep-
ted for publication in Journal of Energy after having undergone the
peer—review process. We would like to thank the authors for their con-
tributions and the reviewers who dedicated their valuable time in se-
lecting and reviewing these papers. It was very challenging to collect
a balanced overview of the entire Symposium, but we believe that the
papers which were selected represent some of the best research about
transient phenomena in power systems. We hope this special issue will
provide a valuable insight into power system transients, as well as a
pleasant and inspiring reading.

Guest Editors
Tvica Pavi¢

Viktor Milardi¢
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An EMTP Extension for Computing Earthing System Transient Step and Touch
Voltages

S. VUJEVIC™, P. SARAJCEV
University of Split, Faculty of Electrical Engineering,
Mechanical Engineering and Naval Architecture, Split
Croatia

SUMMARY

This paper presents a novel technique for computing dangerous voltages due to lightning
transients imposed on earthing system, which is based on the use of the well-known
ATP-EMTP software package. Earth surface transient potential distributions, as well as step
and touch voltages computations, are performed through extending the widely used EMTP
software package with a new post-processor (computer program), developed especially for
that purpose. The earthing grid is approximated by the circular cross-section conductors. In
numerical model, conductors are subdivided into segments (1D finite elements) and Clark's
model with distributed constant parameters is then applied. Leakage conductance of
conductor segments is modeled in EMTP as an additional lumped parameter. Analytical
expressions for distributed and lumped segment parameters are derived using the average
potential method. Due to the limitations of the EMTP, EM coupling between segments is
neglected. The earth model is limited to the homogenous earth. Soil ionization effect is not
accounted for, but could be incorporated, through some modifications of algorithms.
Lightning surge model used is based on the Heidler's model of current source.

1. INTRODUCTION

Knowing the transient behavior of the substation's earthing grid is very important in the case of direct
lightning strikes. A direct lightning strike can cause dangerous overvoltages, which can result in
malfunction of the sensitive equipment, as well as dangerous step and touch voltages. Electromagnetic
compatibility issues as well as human safety ones could be investigated using hereafter proposed
methods. All parameters necessary for the ATP-EMTP simulations are computed by the separate
computer program (pre-processor), developed for that purpose. Earth surface transient potential
distribution, as well as touch and step voltages are computed from the simulation results obtained by
ATP-EMTP using another computer program (post-processor to the ATP-EMTP).

KEYWORDS

Average potential method, ATP-EMTP, Earthing grid, Lightning analysis, Step and touch voltages
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2. MODEL OF THE EARTHING GRID

Each conductor of the earthing grid, by applying the finite element technique, can be subdivided into
segments (1D finite elements). A Clark's model with distributed constant parameters is then applied on
each segment. Input data for Clark's model are, [1]: a) resistance per unit length, b) surge impedance,
¢) propagation velocity, d) segment length.

Additionally, due to the limitations of the ATP-EMTP software package, the leakage conductance
(resistance) of buried segments is modeled as an additional lumped parameter, [1].

Ad a) Per unit resistance of earthing grid segment can be computed as follows:

R = D5 (1)
I

where ps is the resistivity of the segment, [Qm], while r, represents the equivalent radius of the
segment, [m].

Ad b) Surge impedance of the earthing grid segment is defined by the following equation, [4]:

_ \/E _ \Eo "&r "Ho "My
C C

2)

where: L — per unit inductance of the segment, [H/m],
C — per unit capacitance of the segment, [F/m],
€, — permittivity of the vacuum,

U, — permeability of the vacuum,
€, — relative permittivity of the earth,
u, = 1 —relative permeability of the earth.

Hence, in order to compute the surge impedance, one only needs to obtain the value of per unit
capacitance of the earthing grid segment. This capacitance can be computed by the average potential
method.

Per unit capacitance of the buried conductor segment depends on the position of the segment
respective to the earth surface. It can be computed according to the following expression, [3, 4]:

4-Tt.80.

€
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[
r r
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Double integrals in the above expression are computed analytically, as will be explained later. Integral
Lseir stands for the self capacitance, while integral Iy, accounts for the mutual capacitance between
earthing grid's segment and its image.

Ad c¢) Propagation velocity of the lightning surge in the earth can be roughly estimated by the
following relation:
C

= — 4
vp Je (4)

where ¢=3-10° m/s represents the velocity of light, and &, relative permittivity of the earth.
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Ad d) Each of the earthing grid segments should satisfy the following relation for the maximum
length, in meters:

3160 [ p
0o = . |- 5
e 6 fmax ( )

where p is the resistivity of the earth, [(Qm], while fi,x equals the maximal frequency of interest found
in the lightning surge, [Hz].

Leakage conductance of the buried segment is represented in ATP-EMTP with the concentrated
resistance on each side of that segment. Double value of the resistance on each side of the segment is
chosen (2-Ry) in order to obtain value of Ry after the parallel connection. Value of the earthing grid
conductor's resistance is composed of two terms, as follows, [3, 4]:

de'-de dr.-d¢
Ry = II + II Sr = P. 2 '(Iself+1mut) = Rgeif ¥Ryt (6)
r.r

4n£2 or 4ot

S

where: Rgf - self resistance of the segment in homogeneous and unbounded medium (earth),

Rumut - mutual resistance between segment and its image in relation to the earth surface.
Double integrals (Igjr for the self resistance and Iy, for mutual resistance) are those already
introduced. They are analytically computed.

2.1 Analytical Solution of Double Integrals

Expressions for computing per unit capacitance of earthing grid segments, and resistance
(conductance) of earthing grid segments all involve double integrals. They can be analytically solved
which contributes to the numerical stability of the derived method.

Double integral Iir is given by the expression:

de-de

self (7

The integration in equation (7) is performed along the segment axis (curve I'') and along the curve on

segment surface, which is parallel to the segment axis (curve I'). Analytical solution of this integral is
given by the following expression, [3, 4]:

«/ + + 0
L = 2-/¢-In r \/ +r + 15 (8)

where ¢ represents segment's length, while r, represents equivalent radius of the segment's
cross-section.

Double integral Iy is given by the following expression:

Inut = H‘M o ©)

Analytical solution of integral (9) depends on the position of the segment relative to the earth surface.
Three different segment arrangements will be examined: a) segment is parallel to the earth surface, b)
segment is perpendicular to the earth surface, ¢) segment is in an aslope position to the earth surface.
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Ad a) If a horizontal segment is positioned at distance h [m] parallel to the earth surface, integral
solutionis (r,—>2-h = It = Inut ):

[ 92 2
_ o et +24hh 24 v 2 (10)

I

Ad b) If the segment is perpendicular to the earth surface, the first integration in (9) is carried out
along the axis of segment image (curve I's), while the second integration is carried out along the curve
on the segment surface (curve I'), which is parallel to the segment axis. Analytical solution to the
integral (9) in this case is given by [3, 4]:

u u [ u
Imut:ul-Arsh—l— u12+rg+u2-Arsh—2— u%+r02—2-u3-Arsh—3+\/u%+r§ (11)
I, I, I,

(0] (6] (0]
with:
u = hl + hz + / (12)
Uy = hl + h2 4 (13)
usz = hl + h2 (14)

where h; and h; represents distances of the starting and ending points of the segment from the earth
surface, respectively.

Ad c¢) If the segment is in an aslope position relative to the earth surface, analytical solution of the
double integral can be written as [3, 4]:

It = 2'|:B(Xp5 z,) + B(xy, zx) — B(xp, zx) — B(xg, Zp):| (15)

where xp, zp, Xk and zk represent x and z coordinates of the starting and ending points of the segment
and its image, respectively. Terms in (15) are computed using the following expression, [3, 4]:

B(x, z) = x-ln(z—x-cosa + X2+Z2+1‘3—2-X-Z-COSOL j (16)
with:

X, = Z.= Mg (17)

p p |h2—h1|
Xk = Zx = Mﬁ (18)

[hy —hy|

2
cosa = % -1 (19)
1

where d represents the length of the orthogonal projection of the segment onto the earth surface.
Length of the segment can be obtained using the following expression:

(= \/dz + (hy—hp)? (20)
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3. EARTH SURFACE POTENTIAL DISTRIBUTION

ATP-EMTP software package applied for the simulations can only give transient potential distribution
on the earthing grid itself (in the nodes between segments). More important is an earth surface
potential distribution from which step and touch voltages could be computed. In order to overcome
this disability of the ATP-EMTP, a separate post-processor (computer program) has been developed.
From inside the ATP-EMTP, user can request to publish (within results) a leakage currents which each
of the earthing grid conductors dissipate into the earth. This is a current flowing through the lumped
resistances, which represent the leakage resistance of the buried conductor segment. From this current,
an earth surface transient potential distribution can be computed. Knowing the earth surface potential
distribution, step and touch voltages could be easily obtained.

Figure 1 shows a single buried conductor segment in a local coordinate system, along with the point
T(u, v) for which the potential needs to be computed.

VoA
T(u, v)
[ J

P »
< >

A 4

dl
I‘

02 2

Figure 1. Earthing grid segment in local coordinate system (u, v).

Potential at the point T(u, v) at the time instant t as a consequence of the current I(t), which the
segment in the unbounded homogenous medium with resistivity p dissipates into the earth, can be
computed according to the following expression:

I[ ) rsj
p vp
. -G(u, v
4.1 1 ( )

¢.(1) = 1)
where u and v are local coordinates of the point T(u, v), 15 - distance in the local coordinate system
from the middle segment point to the observation point T(u, v). Length of the segment is given by £,
while vp stands for the velocity of the surge current in the earth, given by (4). Term expressing the
current in the above expression accounts for the potential retardation. Function G(u, v) in (21) depends
on the geometry of the segment and the position of the observation point. It is given by, [7]:

2
1 5 1
1/2 d , u+5 +Vv + u + 5
Gu,v) = | 4 - In 22)
172 ) 4 \/(u_lj2+v2 ru-L
2 2

Local coordinates of the point T(u, v) can be computed from the global coordinates of the segment
starting and ending points and global coordinates of the observation point. Let the starting point of the
segment be P(xXp, yp, zp), and ending point of the same segment K(xg, yk, zx), and let's designate
observation point as T(X, y, z) in the global coordinate system. Origin of the local coordinate system
is in the middle segment point with global coordinates S(xs, ys, Zs). Distance between the middle
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segment point and the observation point (expressed with global coordinates) is given by the following
expression, [7]:

2 2 2
L= (=02 4y, y) 4 (2 —2) 3)
Local coordinates u and v of the observation point can be computed as follows, [7]:
2
u = T'[(X_Xs)'(xk —Xg) + (Y=¥s) (Y —¥s) + (2—25)-(z¢ _Zs)] (24)
_ 2 2 2 2
v Jmxg? 4 vy + -zt —u 25)

where the length £ of the segment can be computed as follows:

= Joxp)? + (-yp) + (2 -2, 6)

Potential at the observation point T on the earth surface, which is a consequence of leakage currents of
N arbitrarily positioned (mutually connected) earthing grid conductors can be computed by the

following expression:
I,

P vp
t) = :
°p (1) = 5— k§:1

] -Gy (u, v) 27)
Iy

where: /1 — length of the k-th segment, computed according to (26), [m],

Gy(u, v) — function joined to the k-th segment, described by (22),

T,
I [ - S—k) — leakage current of the k-th segment with potential retardation, [A].

vp

Discret values of the leakage currents Iy as a function of time without potential retardation are obtained
from the ATP-EMTP output. For each time instant, satisfying the following inequality:

<t - sk <
vp

current I of the k-th segment as a function of time with potential retardation is given by the following
expression:

t tm+1 (28)

m

Ik[ - 3_11;] = (1-figm ) T (tm) + fiem T (tap) (29)
where:
t— kg
fly = vP (30)

tm+l - tm

Thus, according to (29), it can be seen that the current of the k-th segment is linearly approximated
between the two successive time-discret values obtained from ATP-EMTP output.

Function G(u, v) depends on the position of the k-th segment in the global coordinate system and can
be computed according to relation (22). Thus, a potential at the observation point on the earth surface
at the time instant t is computed by summing the contributions from all the conductors, and their
images, taking into account the potential retardation at the same time. In this way, transient temporal
and spatial potential distributions on the earth surface can be computed. From those values, step and
touch voltages could be easily obtained. In order to carry out these computations, separate computer
program (post-processor to the ATP-EMTP) has been developed.
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4. NUMERICAL EXAMPLE

Figure 2 illustrates the problem analysed in this paper. It consists of a 60 m x 60 m square grid with
10 m x 10 m meshes buried at depth of 0.5 m. The grid is made of copper conductors with 5 mm
radius. The soil is assumed to be homogenous with a 1000 Qm resistivity, relative permittivity of 9
and relative permeability of 1. Lightning surge current with following parameters: 1000 A amplitude
and 1/20 ps shape has been injected in the lower left corner of the earthing grid. Lightning surge
model used for the ATP-EMTP simulation is based on the Heidler's model of current source, [1].

X 4

60 m

=
=

i(t)

10
- 60 m ¥

Zim,
Im_[10m
Yl

Figure 2. A earthing grid subject to a lightning strike

Observation point for the computation of the transient touch voltage is also shown in the Figure 2
(point A). Touch voltage between this point, located 1 m from the metallic structure at global
coordinates (-1; 0; 0), which could be touched, is computed. Single profile on the earth surface has
also been selected in order to compute the transient step voltage distribution (profile B-B in the Figure
2). This profile starts at the following global coordinates: (25; -10; 0) and extends to the point with
global coordinates (25; 70; 0).

Complete model of the earthing grid presented in Figure 2 has been constructed in ATP-EMTP
software package. Parameters of earthing grid elements have been previously computed by means of a
separate computer program (pre-processor), according to the above presented model equations.
Transient earth surface potential distribution, transient touch and step voltages have been computed
from the leakage current distribution obtained from ATP-EMTP by means of specially developed
post-processor.

Figure 3 presents two "screen-captures" from the post-processor animation showing a 3D perspective
of the transient earth surface potential distribution over the earthing grid at two distinct time instants:
t= 0.5 ps at the left portion and t = 5 ps at the right. Computations were carried out at various
observation points located on the earth surface along several Y-directed profiles covering the earth
grid and its vicinity, i.e. 10 m outside the grid outer loop.

Potenclal (V)

Patencial (V)

Figure 3. 3D perspectives of transient earth surface potential distribution for two distinct time instants
(on the left: t=0.5 ps, and on the right: t =15 ps).
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Amplitude of the transient voltage (z axis) on the left portion of Figure 3 approximates to 23 kV, while
on the right portion of Figure 3 it is approximately 8.3 kV.

Figure 4 presents on the left portion a transient touch voltage at the observation point A defined in
Figure 2. At the right portion of the Figure 4, a transient step voltage along profile B-B for the time
instant t = 10 ps is presented. This profile has been defined in the Figure 2 as well.

30 350 ’
*1O3~ [Vl |
] 300 |
254 | | |
20l 250 /;’ | |
‘ | \ I |
‘\ 200 f J/‘ 7 T : - \
15 / B R E) s
150 4l 14l i Ji..| J
| . [ A
10 | 100 | | fdd | \\ ’! \\ ‘q‘
1 ‘ ‘l /’ ‘\ // AR
5 ; 50 " \\ / \\ “‘ : ) J/ \\ / "
1 B S = S R R ALY AV RVARVIEN
0L 0 ‘
0 5 10 15 [us] 20 -10 10 30 50 [m 70
(file Napon_dodira.adf; x-var t(i)) V(t) (file Napon_koraka.adf; x-var x(m)) Vk(x)

Figure 4. Transient touch voltage at the observation point A (on the left), and transient step voltage
along profile B-B at the time instant t = 10 ps (on the right).

5. CONCLUSION

Advantage of the presented TLM based approach for transient step and touch voltages computation is
its relative simplicity, and acknowledged good agreement [4] with results obtained from more
complex EM fields theory based models.

Earth surface transient potential distributions, as well as step and touch voltages computations, are
performed through extending the well-known ATP-EMTP software package with a new
post-processor (computer program), developed especially for that purpose.

Due to the limitations of the applied transmission line model approach and the application of the
ATP-EMTP software package, electromagnetic coupling between segments could not be taken into
account. The earth model is limited to the homogenous earth. Soil ionization effect is not accounted
for here.
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Power Quality Problems Due to Transformer Inrush Current
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SUMMARY

Transformer energization can produce a large nonsinuoidal inrush current which contains
both odd and higher order harmonic components that can put transformer winding under
mechanical stress. Additionally, they can cause irregular tripping of harmonic protection
relays. Furthermore, in relatively weak power systems, such as is the Bosnian system, the
superposition of harmonic components with system resonance frequencies may produce
temporary overvoltages (TOV). Transformer winding failures and metal oxide surge arrester
(MOA) energy stresses can occur due to TOV. The paper demonstrates a case study of an
energization of a 220/110 kV transformer and power quality problems that can appear due to
higher harmonics. Energy stresses of MOA provoked by transformer energization are
considered in the paper.

KEY WORDS
Power quality, transformer, inrush current, temporary overvoltage, surge arrester
1. INTRODUCTION

Transformer energization is a regular operation in an electric power system which can lead to
large transformer inrush current. The basic characteristic of inrush current is relatively slow
decay time to reach its steady state value, determined by transformer and power system
parameters. The magnitude and duration of inrush current have a strong dependence from
transformer saturation curve. Since the magnetizing inductance in unsaturated region of this
curve is high, the inrush current can take a long time to reach its steady state. On the other
way, the magnetizing inductance in saturated region is dominant parameter in determination
of inrush current magnitude. In addition, inrush current characteristics are depended on the
switching breaker time, magnitude and polarity of residual flux [1]. These currents can
provoke false operation of protective relays and fuses [2] and mechanical damage to the
transformer windings due to magnetic forces [3], cause voltage sags [4], establish temporary
harmonic overvoltages [5] and generally reduce power quality on the system. This paper is
focused on the analysis and consequences of temporary overvoltages that result from
transformer inrush current.

“e-mail: amir.tokic@untz.ba
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2. TEMPORARY OVERVOLTAGES DUE TO TRANSFORMER INRUSH
CURRENTS

During transformer energization, the inrush current is asymmetrical and contains DC and
fundamental components as well as all odd and even harmonics of the fundamental power
frequency. In weak systems, i.e. in systems with relatively low short circuit power,
transformer energization through an overhead line can produce resonance with a low
frequency. If this resonance occurs and coincides with one of the harmonics produced during
transformer energization, overvoltages can be provoked. The most important characteristics of
these overvoltages are their relatively long duration, usually 0.1 to 1 sec, extremely 10 sec [6].
Namely, during energization, transformer behaves like a harmonic current source and flows
through the lowest impedance point in the power system. Harmonic voltage at a certain point
of the system can be expressed as:

U(n)=1I(n)-Z(n) (1

where 7 is order of the harmonic component, Z(n)is the impedance seen from the given
system point at the harmonic frequency of order n, and /(n) is the injected harmonic current
to the system of order n. Based on the relation (1), during resonant conditions, when resonant
frequency of system impedance f. =n-f,, f, =50Hz, coincide with corresponding

harmonic current source, temporary overvoltages which contain high voltage harmonic will
be established. Magnitude of harmonic voltage has a strong dependence on the corresponding
magnitude of the harmonic current. If a magnitude of harmonic current at the resonant
frequency of impedance has a relatively low value, then temporary harmonic overvoltage will
no appear. Mentioned temporary harmonic overvoltages may considerably energy stress
metal-oxide arresters which are located close to the transformers [7]. Energy stresses
depended on the network configuration, transformer and arreseter parameters and initial
conditions (breaker switching time and residual transformer flux). Magnitude and duration of
these temporary overvoltages as well as energy stresses of surge arrester are sustained
significantly in weak power systems.

3. CASE STUDY

Temporary harmonic overvoltages generated during transformer energization via an overhead
line (Figure 1) will be analyzed in this paragraph.

Network Transformer
EN Str s Ui

>

Overhead line - legth d

MoA

Figure 1. Transformer energization via overhead line, with MOA
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In the first step the analyses will be conducted without connected surge arrester. The
simplified model, while the transformer energizes through the overhead line, is shown in
Figure 2. The network is represented by the ideal voltage source e(t)=EN cosw?, with

corresponding network impedance z, = R, + joL, . The equivalent network inductance L,

is evaluated from the 3-phase short circuit power Ssc¢ ®L, :(EN\/g / \/E)Z/ S¢c, while the
resistance R, is determined on the recommended short-circuit relationship X, /R, . The

overhead line is represented with distributed parameters R,,L,,C, and its length d. The
transformer model comprises the constant parameters: R,,L,,R, and magnetizing

inductance L, , defined by nonlinear saturation curve. The transformer energization starts at

the moment ¢ =T . Z.,

e I

|- @

0

Ne----

2
Figure 2. Transformer energization — simplified equivalent model, without MOA

Real data from the Power Utility of Bosnia and Herzegovina (220 kV voltage level) were
used in order to investigate the possibility of generation of temporary overvoltages:

Transformer parameters of the Gradacac substation are:
e nominal power S, =150 MVA4,

e short circuit voltage u,,, =11%,

e resistance per winding phase R, =0.292Q,

o leakage inductance L,0.113 H ,

e iron core losses R, =1.124 MQ).

Table I: Magnetization curve of 150 MVA transformer

im [p.u.] 0 0.00102 0.00187 0.0035 0.00683 1.0

D [p.u.] 0 0.95 1.0 1.05 1.1 1.3185

Network parameters (Tuzla):

E, =22082/\3 kV, X, /R, =15, So. =k-S, MVA, k is natural number

Parameters of the Tuzla - Gradacac overhead transmission line, per phase, per km are:

e resistance R, =0.022Q/km,
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e inductance L, =1.067 mH / km,
e capacitance C, =0.03032 uF / km,
e line length d =52 km .

3.1 SIMULATIONS OF TEMPORARY OVERVOLTAGES

All simulation results are obtained by the software MATLAB/SimPowerSystem. The
simulation tool has been developed using state-variable approach and the simulation runs in
the MATLAB/Simulink environment. The worst case of the switching condition is presumed
in all performed simulations and it implies that the breaker switching-in occurs at the same
moment as the source voltage crosses the zero.

In Figure 3 are shown system impedances as seen from magnetizing inductance terminals 1
and 2, for different values of the ratio between the transformer nominal power S, and the
short circuit power of the system Sgsc (i.e. rate S, /S ).

4

10x10 | | |
—— Str/Ssc=0.05
‘ | — - Str/Ssc=0.15
81 | 1 ---- Str/Ssc=0.40 ||
T o
ey |
O 61 | |
(0]
(&)
C
©
3 4
Q.
£
2 L
0
0

frequency [Hz]

Figure 3. Impedance at magnetizing inductance terminals Zeq. Resonant frequency are:
194 Hz for S,/Ss¢=0.40, 308 Hz for S,/Ssc=0.15, 485 Hz for S,,/Ssc=0.05

It is obvious that resonant frequency is lower for larger ratio S, /S,. 1.e. for lower short

circuit power of the system (weaker system). Figure 4 depicts the waveform of the typical
transformer inrush current obtained for the rate S, /Sg. =0.15. Furthermore, Figure 5 shows

corresponding harmonic content of this inrush current. Resonant frequency for this case is 308
Hz, i.e. close to 6th harmonic component. However, inrush current harmonic level of order
6th as well as near harmonics order 5th and 7th are very low and sustained temporary
harmonic overvoltages are not expected in this case of transformer energization. This is
clearly shown in Figure 6, where transformer overvoltage has relatively low magnitude and
relatively short duration.
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Figure 4. Transformer inrush current, case S,/Ssc=0.15
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Figure 5. Harmonic content of inrush current, case S,/Ssc=0.15
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Figure 6. Temporary transformer harmonic overvoltages, case S,/Ssc=0.15
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On the other hand, different simulation results are obtained for the rate case S, /Sy, =0.40.

Figure 7 shows harmonic content of transformer inrush current for this case. Now, resonant
frequency is 194 Hz, i.e. close to 4th harmonic component. It is interesting to note relatively
large level of corresponding 4th harmonic compared to others harmonics. This harmonic is
close to fundamental inrush current component. Sustained temporary harmonic overvoltages
are expected in this case of transformer energization. This is clearly shown in Figure 8, where
transformer overvoltage has relatively large magnitude and relatively long duration.

300
fundamental
< 250 -
[2]
Q
é 200+ :
E 2nd
+— 150+ |
c
o
>
S 100/ 3th ]
3 4th (resonant)
£ 50 /Sth T
0 s ; N
3 4 5 6 7
time [sec]
Figure 7. Harmonic content of inrush current, case S,/Ssc=0.40
4 X 10°
3
> 2
g |
|
z 0 ‘\ \’
[}
|
s |
ey
-2
-3
-4 ! L ! | | |
0 1 2 3 4 5 6 7
time [sec]

Figure 8. Temporary transformer harmonic overvoltage, case S,,/Ssc=0.40

In addition, temporary harmonic overvoltages would have larger values with enlarged length
of the line. For example, for the double line length ( d =104 km ), the impedance at terminals

1 and 2 has shape shown in Figure 9. In these cases, resonant frequencies are lower than
mentioned for the initial line length, and these conditions are critical for the generation of
transformer temporary overvoltages. In the other words, overvoltage values rapidly increase
with the rise of the line length due to approaching to the resonant state.
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Figure 9. Impedance at magnetizing inductance terminals Zeg, line length d=104 km
3.2 ENERGY STRESSES OF MOA

Temporary harmonic overvoltages may considerably stress metal-oxide arresters located close
to the transformers [7]. For the MOA the following residual current-voltage characteristic was
assumed:

i [kA] 0.1 1 10
u[kV] 356 392 476
Others MOA parameters:

e discharge energy capability £ =900 kJ
e rate voltage U, . =180kV

prot

Simulations results are illustrated in Figure 10 which depicts discharge energies of the MOA
obtained for different rate values 0.05<S§, /S, <1. Discharge energies of MOA increase
when the residual flux @, rises in “direction” to the instantaneous initial transformer current.

In addition, discharge energies that MOA has to absorb rapidly increase for the double line
length, Figure 11.

3,0

2,5

N
o
L

MOA energy [MJ]
o

-
o
L

o
2}

e
=}

1,00 0,95 0,90 0,85 0,80 0,75 0,70 0,65 0,60 055 0,50 0,45 0,40 0,35 0,30 0,25 0,20 0,15 0,10 0,05
ratio Str/Sks

Figure 10. MOA discharge energies for line length d=52 km, ®,=0
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Figure 11. MOA discharge energies for line length d=104 km, ©,=0.8D,,,,

4. CONCLUSIONS

The transformer energization may produce a large inrush current that contains high order
harmonic components. These currents generally reduce power quality in the system and may
have unfavourable effects, as is an irregular tripping of transformer differential protection
relays, a deterioration of the insulation and mechanical support structure of transformer
windings. Furthermore, in a relatively weak power systems, such as is the Bosnian system,
inrush current harmonic components may coincide with system resonance frequencies,
producing sustained temporary harmonic overvoltages, whose main characteristics are the
relatively long time duration and slowly decreasing magnitude.

The case study is demonstrated and the energization of the 220/110 kV transformer is
considered. Different influences on TOV are analyzed for the radial network of Bosnia and
Herzegovina, which is divided into three separate subsystems. It is shown that overvoltage
magnitudes rapidly grow when approaching to the resonant state. This happens with enlarged
length of the line and it increases discharge energies that MOA has to absorb.
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SUMMARY

A study of transients in a high voltage substation 400/110 kV is presented in the paper. An analysis
was carried out after a fault on the 110 kV busbar, which caused severe damage in the substation.
Investigation was focused on a time frame of several sequential circuit breaker trippings. A first step
of the study was collection of data from the primary and secondary system in the substation and the
control centre. After numerous analyses of data an attempt was made to construct a precision model,
which could be used in the computation. Appropriate models were developed for circuit breakers,
voltage (potential) and current metering transformers, power transformers, surge arresters, overhead
lines and an equivalent grid. The components of the power system can be modelled for the very
particular purpose, which means that a different frequency model should be used and each element in
this analysis has a specific frequency response. An attempt was made at very detailed modelling of a
power transformer, air blast and SFg¢ circuit breakers. Computed results of fault currents were
compared with measurements captured by the disturbance recorders in the field, mainly in differential
numerical relays. Different switching schemes and different tripping sequences of several 110 kV
circuit breakers were analysed with a constructed model in the millisecond range. Models of circuit
breaker with different types of media, air blast and SF¢ gas were used in the cases investigated.
Modelling of the circuit breakers’ electrical arc was an important item in all cases in order to take into
account the interaction between electrical arc and circuit current during the process of current
interruption. The Schwarz/Avdonin equation is applied to model the dynamic behaviour of an electric
arc. The fault studied was accompanied by a large short circuit current. For this particular case two
types of circuit breaker, air blast and SF 4 were modelled. An important conclusion from those
analyses was that sequential tripping of several circuit breakers does not cause superposition of
overvoltages, because interruption the current happens when it is passing through the zero. Even the
record from the substation and the disturbances recorder proves that each particular circuit breaker was
successfully opened. On that basis, focus was put only on the final opening of the breaker and its arc
extinction. The conclusion can be drawn that such a substation fault should have no influence on
excessive overvoltages that can threaten the insulation of components in the substation.

KEYWORDS

Switching - Overvoltage - Circuit Breaker Model - Disturbance Recorder - Arc - Extinction -
Computation
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1. INTRODUCTION

The detailed analysis was carried out after one fault that happened on the 110 kV busbar, which
caused tripping of several circuit breakers in a few tens of milliseconds. The consequence of the fault
was damage on the 110 kV circuit breaker and the power transformer 300 MVA. An effort was
undertaken to form a model, which can reconstruct the dynamic of the fault in order to get an insight
into transient currents and voltages provoked by the fault. Special attention was dedicated to select and
form suitable models for elements in the substation. Several models (Cassie, Mayres, Schwarz and
Schwarz/Avdonin) were implemented in the detailed study of the interaction between electrical arc
and circuit current during the process of current interruption. Current wave shapes during the
switching off operation were recorded by transformer differential protection devices and those data
were compared with results of short circuit currents that were computed with the help of the developed
model.

2. MODELS FOR TRANSIENTS CALCULATION

The models were developed in the calculation of switching overvoltages for circuit breakers, voltage
(potential) and current metering transformers, power transformers, surge arresters, overhead lines and
equivalent high voltage network. Each element in the analysis has a specific frequency response,
which means that a different frequency model should be used.

The model for overhead lines should take into account their frequency dependence.

Metering transformers in a transient state can be modelled in accordance with the standard IEC 60044
[1], [2] and [3].

A power transformer represents an important component in transient processes. A general model of
the power transformer, when calculating switching overvoltages in the frequency range of 50 Hz — 20
kHz comprises, besides linear R, L, C elements, the nonlinear inductance of the core, whose influence
should be taken into consideration when the eddy currents hinder the magnetic flux to pass through the
core. This effect can already appear with frequencies of 3-5 kHz. The nonlinear inductance of the core
is connected to the tertiary winding of the transformer model.

The fault studied was accompanied by a large short circuit current and modelling of the circuit
breakers’ electrical arc was an important item in all cases.

The current interruption requires that the interelectrode gap changes from conductive plasma into an
insulating gas, [4] and [5]. This transition occurs around the current’s passing through zero.

Black-box models give a mathematical description of the process and they are appropriate for digital
simulation of transients, although most of these models actually have no real physical justification [6].
They describe the interaction of the switching arc and the corresponding electrical circuit during the
interruption process. The models of Cassie, Mayer and Schwarz can be implemented in the detailed
study of the interaction between electrical arc and circuit current during the process of current
interruption.

The short circuit current flows through the hot arc until it crosses natural zero [7]. In this way current
chopping is not possible when interrupting the short circuit current. The speed of current falling to
zero depends on the type of circuit breaker and its corresponding heat and time constants. However the
interaction between the electrical networks on the arc can be significant and in most cases it finishes
with a relatively natural current drop to zero. A large heat constant influences the faster current drop to
zero. Eventually the small post-arc current flows when the arc resistance takes values of a few
thousand ohms.

The Schwarz/Avdonin equation is applied to model the dynamic behaviour of an electric arc:

1l dg dlng 1 | u-i

-1
g dt dt 1,2 | P,gf

Where:
g - arc conductance;
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u - arc voltage;

1 - arc current;

P - removed power (by conduction, convection, radiation)
To - time constant

Q, B - constants

Circuit breakers with different types of media, i.e. air blast and SF¢ gas, were investigated in order to
study their influence on the transient’s processes [8].
The model on an electric arc is validated with the experimental results obtained on the test circuit [9].
3.82mH
_IYYYL

I
57.7kV | o 45002 g —— 300pF arc
model

Fig. 1. Test circuit used for the validation of the applied model

The following constants were used for the SF gas circuit breaker model:
Py=4 MW, B=0.68; arc time constant: T = 1.5 ps; ¢=0.17.

Constants for the air blast circuit breaker according to the reference [5] are:
Py=16 MW, B=0.5;t=6us; a=0.2

The dynamic behaviour of the arc is studied on the simple test circuit in order to avoid undesirable
influences. The time dependence of the arc voltages are calculated and depicted in Fig. 2. and Fig. 3.
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Flg 2. Arcvoltage in the SFq circuit breaker Fig. 3. Arc voltage in the air-blast circuit breaker

The peak values of the arc voltage of the SF gas and air-blast circuit breaker were 3.4 kV and 9.3 kV
respectively. The post-arc current of the air-blast was approximately 5.4 greater than the post-arc
current of the SF¢ circuit breaker.

3. ANALISYS OF SWITCHING OPERATIONS

Transient’s processes were studied in a substation during the switching off operation of several circuit
breakers of different type in a time interval of some tens of milliseconds.

The fault which happened on the 110 kV busbar was initiated by a breaker fault in the zone of busbar
relay protection. An air-bushing exploded on a 110 kV breaker of line 7. Operating status in that time
was normal; two busbar systems were connected with the bay coupler breaker (Fig. 4.).

Busbar relay protection switched off the faulty busbar system. The transformer T3 was also switched
off. In such conditions, both transformer circuit breakers (on 110 kV and 400 kV voltage side) were
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switched off. Altogether, seven circuit breakers on 110 kV voltage level were switched off and one on
400 kV voltage level, red colour on Fig. 4.

400 kV LINE 1 400 kV LINE 2 400 kV LINE 3 400 kV LINE 4
A A A
(¢] —©O —(O —O
[e]
11 BB2
1 2 3 4 5 6 7 8 9 10 "
' BBI1
:[ 400 kV
(&) T2 - 13 _——n
&) )
== -
Q
I BB2
+ BB3
—>J 110 kV
v v
110 kV Line 1 110 kV Line 3 110 kV Line 4 110 kV Line 5 110 kV Line 6

110 kV Line 2 110 kV Line 7
Fig. 4. Operating status of the 400/110 kV substation before fault [8]
3.1. SHORT CIRCUIT IN THE SWITCHYARD

Transformer differential relay protection was activated by the fault that happened in the substation and
the currents captured by the disturbance recorder are shown in Fig. 5. The fault clearance times were
short; the duration of the fault was less than 100 ms in the 110 kV switchyard as can be seen in Fig. 5.,
and the fault lasted a little longer in the 400 kV switchyard.

This dynamic sequence of events was simulated on the computational model with the aim of
reconstructing the transients provoked by the fault. The main intention was an attempt to calculate
voltages and currents in the switchyard and in the power transformer during transient’s processes.

Fig. 5. presents currents captured by the disturbance recorder and Fig. 6. depicts currents resulting
from computation.

Transformer 110 kV circuit breaker was opened after 4.5 periods of 50 Hz (Fig. 5.), and the same time
was chosen in the computation (Fig. 6.). After 85 ms the current exceeded the zero value on the 110
kV side of the power transformer. The circuit breaker on the 400 kV side was slower and the tripping
took place at 102 ms. The current I ; does not fall to zero immediately as can be seen in Fig. 5., but in
reality the circuit breaker had successfully opened the contact and it was estimated that this part of the
current recording is false due to the saturations in the current transformer.

A big impact on the initial value of the short circuit current is caused by a DC component, which
strongly depends on the time instant of the fault’s initiation. The difference between the real and
computed currents at the end of the fault remains less than 10% (peak values of the field and computed
currents are 10500 A and 9500 A respectively).
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3.2. SEQUENTIAL TRIPPINGS OF CIRCUIT BREAKERS

The simulation is conducted for the real case of tripping five 110 kV line circuit breakers (linel ,line 2,
....line 5) and one bay coupler circuit breaker. The complete power transformer model (inrush
nonlinear branch, surge arresters on tertiary winding, windings capacitance, and leakage capacitance)
is used in computation for this purpose. In order to calculate the maximum overvoltages that can
appear on both sides of the power transformer many possible occurrences that could happen in the
switchyard were examined, simulated and analysed [8].

Focus was put on the sequential tripping of circuit breakers and in that circumstance the maximal
computed overvoltage at 110 kV side reached a very moderate value of 148 kV (Fig. 7.), which was
calculated in the simulation of opening the 110 kV circuit breaker. Fig. 8. depicts transient voltages
on the 400 kV side for the same case, and no overvoltages could be noticed (Fig. 8.). After the relay
had tripped on the 400 kV transformer side, all voltages were oscillatory falling to zero.
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Fig. 7. Voltages on 110 kV side of transformer ~ Fig. 8. Voltages on 400 kV side of transformer

Overvoltages were also observed on the tertiary transformer windings where the internal surge
arresters were connected and the analysis of computational results did not show any excessive
overvoltages caused by sequential trippings of circuit breakers.

The study [8] in which two types of the circuit breaker (air-blast and SF¢ gas) were compared has
shown that the type of breaker has not very strong influence on the overvoltages in the switchyard and
on the power transformer. Slightly higher overvoltages were noticed when the tripping was done with
the air-blast circuit breaker.
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4. CONCLUSION

The busbar fault in the switchyard was successfully captured by the differential relay disturbance
recorder and on this occasion the busbar protection tripped seven 110 kV circuit breakers.

An attempt to reconstruct the whole fault was undertaken and the fault in the switchyard is analysed
on the basis of the conducted computer simulations. For this purpose detailed models of all switchyard
components, power transformers and overhead lines were built and very special attention was devoted
to form the model of an air-blast and SFy circuit breaker.

The comparison between the recorded and computed fault currents showed relatively good
correspondence.

On the basis of the list of events and disturbance recorder in the switchyard it was concluded that
every breaker successfully opened its contacts. The analysis of the fault showed that sequential
breaker tripping had not generated excessive overvoltages because the current in each breaker was
interrupted when crossing zero. The opening stage of the final breaker is decisive for the transient
overvoltages in the substation and its arc extinguishing was analysed for two breaker types. The
current chopping and associated overvoltages are not possible when interrupting the short circuit
current, while the short circuit current flows through the hot arc until it reaches natural zero crossing.
Calculated overvoltages on the power transformer bushing during the dynamic phenomena do not
have values that can damage the transformer insulation.

The final conclusion is drawn that the circuit breakers of both types (air-blast and SF¢ gas) generate
moderate overvoltages, when breaking short circuit currents, which normally should not threaten the
insulation of the components in the switchyard.
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SUMMARY

The extended testing of hydro-generator with Pelton turbine (rated 35 MVA) was performed
on a generator whose lifespan expired and it was going to be replaced. This was the perfect
opportunity to do some specific and uncommon testing. The complex testing plan was
designed in order to enable recording of as much relevant data as possible (electrical,
electromechanical, mechanical). Therefore, in some phases of testing, 29 to 44 quantities were
measured simultaneously. Among the tests, there are short circuits with lowered voltage, bad
synchronization at approximate angle of 15 degrees, asynchronous operation, generator over-
speed and operation with short circuited field winding on one pole.

The most interesting and the most critical operation during this testing is asynchronous
operation of hydro-generator [1, 2, 3, 4, 5], which is also very dangerous for generator and
drive equipment. During such operation synchronous generator operates at a speed unequal to
rated speed. This slip causes increased damping winding currents, which increases the thermal
stress of this winding beyond the designed level. This makes these tests very infrequent.
Asynchronous operating was achieved by decreasing the excitation current.

Complex mathematical model for computer simulation of hydro-generator’s asynchronous
operation has been made, taking into consideration the magnetic saturation, damper winding

and generator transformer’s influence. Results obtained by simulations have been compared
to those obtained by measurements.
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1 INTRODUCTION

Asynchronous operation of synchronous machines connected to a power system can be
caused by loss of excitation, slow clearing of faults, sudden and large change in load or when
synchronization conditions are not fulfilled. The most frequent cause for asynchronous
operation is the loss of excitation. Conventional practice in such conditions is disconnection
of the machine from the power system. The downside of this is the period of generator’s
unavailability during the resynchronization process and possible significant disturbance in the
power system.

pr—

Figure I - Hydro-generators (35 MVA) with Pelton turbines

2 MEASUREMENTS AND SIMULATIONS

Asynchronous operation of hydro-generator is very dangerous for generator and drive
equipment. This makes these tests very infrequent. The extensive testing was performed on a
hydro-generator (Table I) whose lifespan expired and it was going to be replaced. This was
the perfect opportunity to do some specific and uncommon testing. Asynchronous operation
in this case was achieved by decreasing the excitation current.

Table I — The main generator parameters

Manufacturer SECHERON
S, [MVA] 35
U, [kV] 10.5
I, [A] 1925
COSQy 0.8
n, [rpm] 500
f. [Hz] 50
Ul V] 300
Im[A] 510
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Figure 2 - Measured and simulated field current
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Figure 2 shows the measured and simulated field currents. This is a case of the short term
asynchronous operation and return of the loaded generator to synchronism. The field current
barely exceeds half the rated field current value. It can be concluded that the field winding is
not overheated. In case of the higher excitation current value, its thermal capacity and
duration of asynchronous operation should be taken into consideration.
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Figure 3 - Measured and simulated active power
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Figure 3 shows the measured and simulated active power. Before the asynchronous operation
the active power was 0.3 p.u. During the asynchronous operation it reaches the rated value.
Such large active power changes cause dangerously high torsional strain of the shaft.
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Figure 4 - Measured and simulated armature current
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Figure 5 - Measured and simulated rotor speed

Figure 4 shows measured and simulated armature current (rms). During the asynchronous
operation the armature current increases above its rated value, even though the active power is
relatively small (0.3 p.u.). The underexcited generator draws current for magnetization from
the network. This leads to additional heating of armature winding and causes voltage drops
which can be harmful to the generator and also to power system stability.
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Figure 5 shows the measured and the simulated rotor speed. This relative small change of
rotor speed still causes a huge torsional stress on the shatft.
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Figure 8 - Simulated electromechanical torque

During asynchronous operation the damping winding of synchronous generator is additionally
heated (especially in case of hydro-generator). This winding is not designed for such
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additional heat strain. It is almost impossible to measure this current. Figures 6 and 7 show
damping winding currents in quadrature and direct axes acquired by simulation.
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Figure 9 - Simulated reactive power
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Figure 9 shows the reactive power which the generator draws from network. It can become a
serious problem for power system, if there is not enough backup of reactive power.
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Figure 10 - Simulated load angle
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Figure 10 shows a load angle determined by simulation. The same figure also shows one pole

skipping at fifth second and generator’s return to synchronism.

All simulations were carried out using a “MatLab” software package. Mathematical model for
computer simulation of hydro-generator’s asynchronous operation has been created, taking
into consideration the magnetic saturation, damper winding and generator transformer’s

influence [2, 3, 5].

Besides these “standard” measured quantities, the whole variety of the quantities was
measured. Among them are measurements of the vibrations and displacements during
asynchronous operation. Table II shows the comparison of the vibration accelerations during
asynchronous operation of the generator and during 3-phase short circuit. Vibration

accelerations are measured on one of the foot screws [7].
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Table Il — Vibration amplitudes (in frequency domain)

ACC.[mm/s’] | 50Hz 100Hz 200 Hz
3 phase short 2.7 0.5 0.7
circuit
Asynchronous 0.1 118 0.9
operation

Vibration accelerations at frequencies above the base frequency (50 Hz) are larger during the
asynchronous operation than in case of 3 phase short circuit.

3 CONCLUSION

This paper presents results of measurements during the asynchronous operation of the
35 MVA synchronous generator. Acquired results are compared to ones obtained by
numerical simulation. Special emphasis is put on case of loss of excitation, the most frequent
reason for asynchronous operation.

The generator that has lost its excitation is operating both asynchronously and underexcited.
The asynchronous operation has strong influence on the currents, electromagnetic torque and
heating. The underexcited operation can, by itself, cause additional temperature increase in
the end region stator segments.

The measurements and simulations indicate that the asynchronous operation is particularly
harmful to dampening winding, armature winding, shaft and subsequently to the power
system generator is connected to.

Therefore, the asynchronous operation is not desirable and in many countries not allowed.
The analyses of this operation and applied protection measures have a significant influence on
stability and normal operation of power system.
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SUMMARY

This paper compares and evaluates three different methods for voltage sag source detection.
First method (method I) is based on the assumption, that the energy flow at the monitoring
point increases during downstream events and decreases during upstream events. Second and
third method (methods II and III) are both based on the assumption that currents measured at
the monitoring point increase during downstream events and decrease during upstream events.
The slope of a current-voltage trajectory is investigated in method II, while a real current
component is observed within method III. Both current-based methods (II and III) require
fundamental harmonic components of sampled voltages and currents, which are extracted
using discrete orthogonal series expansion, such as Fourier or Walsh. Algorithms of this type
are especially appropriate for studying steady-state and periodically repeating conditions.
Voltage sags are, on the contrary, transient disturbance events. Thus, usage of the discussed
algorithms may not be appropriate. Furthermore, criteria within methods I and III are
checked for each phase individually. In the cases of asymmetrical voltage sags exact
interpretation of the obtained results, therefore, might not be possible. Method I is, on the
contrary, based on instantaneous values of line voltages and currents, while three-phase
criterion is used. An exact interpretation of the results obtained by this method is, therefore,
also possible in cases of asymmetrical voltage sags. All the discussed methods for voltage sag
source detection have been tested by applying extensive simulations and field tests. The
results for ground faults, asymmetrical voltage sags, upstream events and motor starting have
been analyzed in order to evaluate all the discussed methods. The obtained results show that
all discussed methods are very successful in cases of heavy motor starting and other
symmetrical voltage sags. In cases of asymmetrical voltage sags the methods II and III do not
work well, especially for those originating from the upstream side, while the method I is not
successful only in particular cases of voltage sags due to upstream ground faults. Based on the
performed evaluation it can be concluded, that further development is still needed to increase
the degree of confidence in the discussed methods.
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1. INTRODUCTION

Among the wide range of power quality disturbances voltage sags are the most frequent ones,
since they can be provoked by different events throughout the network, such as faults, motor
starting, transformer energizing and heavy load switching [1]. Despite their relatively short
duration — usually less than one second [2], voltage sags might be detrimental to several
industrial loads. The detection and measurement of voltage sags is, therefore, essential for
possible mitigation [3],[4], as well as for further analysis [5]. Reliable information about a
voltage sag source is indispensable in order to identify the responsible party for production
losses or interruptions in the power supply. It has already been reported that it is possible to
use sampled voltage and current waveforms to determine on which side of the recording
device voltage sag originates, i.e. from the upstream or downstream side [6]-[8]. However, a
methodology for pinpointing the exact locations of voltage sags does not yet as exist.

This paper compares and evaluates three different methods for voltage sag source detection.
The method proposed in [6] (method I) is based on the assumption, that the energy flow at the
monitoring point increases during downstream events and decreases during upstream events.
The methods proposed in [7] and in [8] (methods II and III) are both based on the assumption
that currents measured at the monitoring point increase during downstream events and
decrease during upstream events. The slope of a current-voltage trajectory is investigated in
method II, while a real current component is observed within method III. All the discussed
methods have been tested by applying extensive simulations. The results for ground faults,
asymmetrical voltage sags, upstream events and motor starting have been analyzed in order to
evaluate all the discussed methods for voltage sag source detection. Results obtained from the
field test are also included.

2. METHODS FOR VOLTAGE SAG SOURCE DETECTION

Let us consider the monitoring point shown in Fig. 1. Voltage sags might originate either
from point A or from point B. In regard to energy flow direction in the steady-state, upstream
and downstream events are defined in points A and B, respectively. A power-quality monitor
or another recording device is placed at the monitoring point. Based on the recorded line
voltages u(f) and currents ix(f), where ke {a,b,c} (a, b and ¢ denote individual phases), it is
possible to determine on which side of the recording device the voltage sag originated.

SOURCE ”® o) * SINK

A monitoring; point B

I
I
upstream | downstream
< | 0

.l

Fig. 1. Upstream event (A) and downstream event (B)

2.1 Energy-based method

The method which is based on the assumption, that the energy flow at the monitoring point
increases during downstream events and decreases during upstream events is proposed in [6]
(method I). The disturbance power Ap(?) := p(t) — pss(?) is calculated, defined as the difference
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between the total three-phase instantaneous power p(f) and the steady-state three-phase
instantaneous power py(f). The disturbance energy Aw(?) is used as the criterion (1).

<0 = upstream

Aw(t) = jAp(r)dr{ (1)

>0 = downstream

2.2 Current-based methods

Two methods, proposed in [7] and in [8] (methods II and III), are based on the assumption
that currents measured at the monitoring point increase during downstream events and
decrease during upstream events, as it is shown in Fig. 2.

U U
4 pre-sag 4 pre-sag
7 \
/// AN
N
7 N
e \
& ‘o
sag sag
a) > b) > ]

Fig. 2. U-I characteristics in case of upstream event (a) and downstream event (b)

Phasors for fundamental harmonic components of line voltages Uy = |Uy| ¢*“* and currents
I = |l &¥"* are calculated within both methods, where |Uy | and |Ix | are phasor lengths, while
¢y and @, are phasor angles, where ke {a,b,c}. A phase angle is defined as @i := @y — Qi
In method II [7] the points of (|1 |,|Ux cospy|) are approximated during the voltage sag using
the linear function. The slope of the obtained voltage-current characteristic is investigated for
each phase individually (2).

el

Within method III [8] waveform of a real current component is calculated for a few cycles
prior and during the voltage sag. The sign of its first peak at the beginning of the voltage sag
is used as the criterion for each phase individually (3).

>0 = upstream

slope (]L ‘ (2)

b

<0 = downstream

<0 = upstream

)

first peak ||/, |cos t
p Q—k| (p")( ){> 0 = downstream

3. NUMERICAL SIMULATIONS AND FIELD TESTING

A testing-network, shown in Fig. 3, was selected for numerical simulations of voltage sags.
MATLAB/Simulink-based calculations were performed using a sampling time of 0.1 ms. An
extensive number of tests were performed for different combinations of loads and for
different events. Different types of loads were used in the cases of voltage sags due to faults:
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RL-load, induction motor (IM), induction generator (IG), synchronous motor (SM) and
synchronous generator (SG). Four types of faults were applied in four different locations
(FL1-FL4): ground fault, phase-to-phase-to-ground fault, phase-to-phase fault and three-phase
fault. Voltage sags due to motor starting and loading were also calculated, where IM was
used. Line voltages and currents were captured at all four monitoring points (MP1-MP4). All
discussed methods for voltage sag source detection were, thus, tested for altogether 417
different examples of voltage sags.

Dyg5 FL4
transmission *
network Ij__l |£|
= Monitoring Point
(@) onitoring Poin L2 MP3  MP4
# = Fault Location FL3
D = Passive/Active Load

Fig. 3. Testing-network for simulations of voltage sags

Field tests of the discussed voltage sag source detection methods were also performed, as
shown in Fig. 4. Voltages and currents were captured in a 20 kV network and in the
neighbouring 100 kV and 0.4 kV networks (MP1-MP3). A sampling frequency of 5 kHz was
used. During the field test a ground fault was generated in the 20 kV network, provoking
extremely deep voltage sag at the 20 kV bus (MP2). This event lead to the protection-relay
trip and then to the successful auto-reclosure. Consequently, a power transformer 110/20 kV,
connected to the 20 kV bus, was energized. Another voltage sag was thus provoked through
the 20 kV bus and a 20/0.4 kV transformer in the neighbouring 0.4 kV network (MP3).

Yz5
20 kV bus 20/04kV \p3

YD5ygb
110/20 kV

transmission
network
MP1 MP2 | |
80 Q |J__|
O = Monitoring Point =
|:| = Passive/Active Load E j |£|
|:| = Protection Relay -
(TRIP and AUTO-RECLOSURE)

Fig. 4. Field testing
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4. RESULTS

A typical example of the simulation results is shown in Fig. 5a for the upstream phase-to-
phase-to-ground fault in location FL2 (Fig. 3). Voltages and currents were captured at MP3,
while SM, IM and IG were used as active loads. The results obtained using methods II and 11
can not be interpreted exactly, since they are different for individual phases. On the contrary,
method I gave us an exact and correct result for this case.

rms voltages method |

method Il
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o
w

k
o
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Fig. 5. Simulation results for the upstream phase-to-phase-to-ground fault (a), and filed testing results
for the downstream ground fault (b) and the upstream transformer energizing (c)

Field testing results are presented in Figs. 5b and 5c. Results for the downstream ground fault
(voltage sag at the 20 kV bus — MP2 in Fig. 4) are shown in Fig. 5b, where an extremely deep
voltage sag can be noticed in phase a. Method I gave us an exact and correct result for this
case, while the results obtained using methods II and III can not be interpreted exactly, since
they are different for individual phases. Results for the upstream transformer energizing
(voltage sag at the 0.4 kV level — MP3 in Fig. 4) are shown in Fig. 5c. Even though the
resulting voltage sag was quite shallow, the obtained results show typical waveforms for the
rms voltages during the transformer energizing, while all methods gave us correct results.

All the discussed methods for voltage sag source detection were tested by applying extensive
numerical simulations and measurements of voltage sags. Successfulness was determined for
all three methods, where all 417 different examples of simulation-based voltage sags were
considered. The obtained results are shown in Fig. 6, where the results for the total
successfulness are given for all types of faults (ground fault, phase-to-phase-to-ground fault,
phase-to-phase fault and three-phase fault) in all fault locations (FL1-FL4) and for all
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monitoring points (MP1-MP4 in Fig. 4). It can be concluded, that method I works fine in
almost all cases, except in particular cases of voltage sags due to upstream ground faults.
Methods II, and III, as already mentioned, do not work well in cases of asymmetrical voltage
sags, especially for those originating from the upstream side. However, let us emphasize that
all discussed methods are very successful in cases of heavy motor starting and other
symmetrical voltage sags.

1 [ ] Method T

_ 00 Bl Mecthod I
® 80F Bl Mecthod I
g 60
5 40r

20

0
total ground asymm. MP2 upstream
faults sags events
Fig. 6. Successfulness of the discussed methods for voltage sag source detection
5. CONCLUSION

Three different methods for voltage sag source detection are studied in this paper. For this
purpose, the discussed methods for voltage sag source detection are tested by applying
extensive simulations and field tests. The obtained results show that methods II and III do not
work well, particularly in cases of asymmetrical voltage sags due to upstream events.
Furthermore, methods II and IIl are both phasor-based and might, therefore, give us
questionable results. Method I works fine in almost all cases, except in particular cases of
voltage sags due to upstream ground faults. Based on the performed evaluation it can be
concluded, that further development is still needed to increase the degree of confidence in all
the discussed methods.
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SUMMARY

This paper presents a novel technique for numerical analysis of electromagnetic
transients and electromechanical oscillations in a power system. The proposed
method is based on the finite element method (FEM). The finite element technique so
far used for numerical analysis of continuum field problems here has been adopted to
analyse electromagnetic and electromechanical transients in a power system.
According to the finite element technique in the field problem, where the region of
interest is divided into finite elements, in the proposed method power system is also
divided into electric power system (finite) elements. Each finite element (generator,
transformer, transmission line, load etc.) is characterized by a system of governing
differential equations. Using generalized trapezoidal rule, also known as theta-
method for time integration, the system of differential equations of each electric
power system (finite) element can be transformed to the system of algebraic
equations for every time step. Once when a system of algebraic equations of each
electric power system element is obtained, assembly procedure has to be done. The
main contribution of the proposed approach is in an assembly procedure. With the
proposed approach, in case of any disturbances in power system or in a part of
power system, nodal voltage and branch currents will be obtained, as well as all
other interesting variables. The proposed method will be tested on the example of the
single-phase short circuit in the power system.
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1. INTRODUCTION

The finite element technique has been widely used in 2D and 3D field problems. To
the best of our knowledge, it is not known, that the finite element method is used for
electrical network analysis in electrical power system. For power system
electromechanical analysis, software package EMTP and Matlab-Simulink are
commonly used. On the other hand as the result of our research, the papers [1] and
[2] report successful use of the finite element technique for power system analysis.
The main contribution of the proposed method over the other known methods is
simplification of algorithm by using assembly procedure in a sense of the finite
element technique. Each finite element (generator, transformer, transmission line,
load etc.) is characterized by a system of governing differential equations. Using
generalized trapezoidal rule, also known as theta-method for time integration, the
system of differential equations of each electric power system (finite) element can be
transformed to the system of algebraic equations for every time step. The entire
power system is modeled by assembling the system of algebraic equations of all
finite elements. The finite element matrices of electric power system are obtained in
natural (a,b,c) coordinates. With such approach the solution of the multimachine
problem in a power system is natural and straightforward.

2. SYNCHRONUS GENERATOR AS FINITE ELEMENT

The three phase synchronous generator with field and damper windings is
represented as one finite element with three nodes namely 1,2,3.

ia Ua

R
I
G el Ub2
/ iC Uc
% 3

Fig. 1. Synchronous generator finite element

The starting point to obtain the local matrix and vector of synchronous generator
finite element is a system of the following equations :

4 d
wp=[R] i+ [¥] M
= % (2)
d—w:m -m 3)

where are:
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{i}T :[ia I 1, 1 1y iQ] {u}T :[ua u, u, u; 0 O]

[¥]- (6,6) magnetic flux matrix [R]- (6,6) resistance matrix

o - electrical angular frequency vy - electrical angle of rotor position
t—time i,- damper winding current in axes q
i, - field coil current 1,- damper winding current in axes d

u, - field coil voltage

Time integration of equations (1), (2) and (3) by 9- method, yields equations (4), (5)
and (6) :

(e} — () +[R] © Ac (i} +[R] (1-9) At (i} @)

-9 At {u} = (1-9) At {u} =0

'Y+=’Y+(1)At (5)

o At m L (1-9)At mm_SAt - A=9at m, +o (6)
T, T, T, T,

System of equations (4) need to be rearanged to the system of the algebraic
equations wich will be suitable for assembling procedure with the rest of the power
system :

{ir}=[E] {ui}+[E] {ui}+[D,] {u}+[D.] {u}+[C] {i}+[C.] {1} (7)
{is)=[Es] {u/}+[E] {ui}+[D] {u+[D,] {w+[C] {i}+[C,] {i.) (8)

The finite element local system of the generator is given by the system of algebraic
equations (5), (6), (7) and (8). The voltage regulator as an essential part of
synchronous generator is modeled by the system of appropriate equations and is
shown in [2]. The other power system elements used in this paper such as
transmission line, transformer, power system network equivalent and three-phase
load are also given in the papers [1] and [2].

3. NUMERICAL EXAMPLE

In order to verify the proposed method, electromagnetic transients and
electromechanical behavior of the electric power system, shown in Figure 2, have
been analyzed. In the considered power system at the certain moment of time the
single-phase short circuit occurs in the middle of double transmission line system.
This caused opening of the circuit breakers at the both ends of faulted system of
double transmission line system. As the result of mentioned switching operation
overvoltages and electromechanical oscillations due to sudden short circuit on the
transmission line have been occurred.
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Busbar A Busbar B

Step-up transformer
Generator

Double transmission line Power system

Fig.2. Single-phase scheme of the power system

The generator data are: S, =120 MVA ,P, =108 MW, O, =523 Mvar, U, =144 kV,
I, =4811A,1,,=690A1,=1192A.

Available parameters of generator are:
- reactance’s (pu) x, =1.01, x, =0.666,x; =0.287, x, =0.421 ,x) =0.268,

x, =0.198

- armature resistance (pu) r =0.00236
- time constants 7, =3.4s, T, =7.5s, T/=0.0554s, T"=0.0876 s

- mechanical time constant 7, . =8.63 s

Step-up transformer data are: S, =120 MVA, dY5, U,,/U,, =10.5/220 kV,
u, =12.06 %, B, =270 kW

On the basis of transmission line characteristics, calculated parameters are:

a b c a, b, ¢, | a b c a, b, ¢, |
a 0.18 0.09 0.09 0.09 0.09 0.09 22 0.796 0.796 0.796 0.796 0.796
b 0.09 0.18 0.09 0.09 0.09 0.09 0.796 22 0.796 0.796 0.796 0.796
[R]=] ¢ 0.09 0.09 0.18 0.09 0.09 0.09 | (€/km) [L]= 0796 0.796 22 0796 0.796 0.796 | (mH/km)
a, 0.09 0.09 0.09 0.18 0.09 0.09 0.796 0.796 0.796 2.2 0.796 0.796
b, 0.09 0.09 0.09 0.09 0.18 0.09 0.796 0.796 0.796 0.796 2.2  0.796
lc, 0.09 0.09 0.09 0.09 0.09 0.18] 0.796 0.796 0.796 0.796 0.796 2.2 |
[ a b c a, b, ¢ |
a 776 -0.76 -0.76 -0.76 -0.76 -0.76
b -0.76 7.76 -0.76 -0.76 -0.76 -0.76
[€]=] ¢ -0.76 076 7.76 -0.76 -0.76 -0.76 | (nF/km)
a, -0.76 -0.76 -0.76 7.76 -0.76 -0.76
b, -0.76 -0.76 -0.76 -0.76 7.76 -0.76
le, 076 -0.76 -0.76 0.76 -0.76 07.76 |

Transmission line length is 82 km.
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Parameters of power system network equivalent are obtained from single and three-
phase short circuit current data on the busbar “B”:
- rated voltage U, =220 kV

- subtransient three-phase short circuit current 7, =15.15 k4
- subtransient single-phase short circuit current /], =16.46 kA

In order to model considered power system by the finite element technique, the
power system has been divided into the 11 parts (finite elements), shown in the
Figure 3. This enables us to define a connection matrix of a power system in a sense
of the finite element method.

Busbar A Busbar B
@ [@ ® @ @ “® 7
0 @ ~_40 5
m 9 NE)

W] (N [=]

/A\b

()

Generator

—)

The power system
equivalent

NN
)

NN

Step-up transformer

Double transmission line

Fig.3. The power system divided to the finite elements

The double transmission line system has been split into two finite elements
numbered 3 and 4 with equal lengths of 41 km. The finite elements numbered from 6
to 11 represent single poles of the three phase breakers at the ends of the faulted
system of the double transmission line system.

In the beginning of simulation the generator is in nominal operating mode. At the
moment t=0.885 [s] the single-phase occurs in phase “a” of transmission line.
Approximately 100 ms after single-phase short circuit had occurred, the circuit
breakers opened at the both ends of the faulted line system.

Fig.4. Short circuit currents contributed from busbar “A”
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In Figure 4 single-phase short circuit currents of faulted phase “a” and the phases “b”
and “c” contributed from busbar “A” are shown. In the Figure 5 overvoltages at the
HV-side of the transformer at the busbar “A" after circuit breaker opening are shown.

o= ]

= R L N
A TR A AT R T T
\ //1 \\ /T | M&j \// \\J& \ L\Z V 3\”\/% f
R A R /Y R A
o oo At

Vo
VAN N
o A
) A R N

Fig.5. Overvoltages at the HV-side of the transformer
at the busbar “A" after circuit breaker opening

According to Figure 5, it can be clearly seen that switching operations at HV-side of
the step-up transformer causes approximately 50 % voltage increasing. Due to
switching operation, the faulted transmission line of the double transmission line
system has been switched off and new steady — state has to be reached. This
approach allows us to calculate every interesting variable in all finite elements. For
instance, in Figure 6, 7 and 8 electromagnetic moment, field coil current and angular
frequency of the generator are shown during entire transient operation.
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Fig.6. Electromagnetic moment of generator during transient operation
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Fig.8. Angular frequency of generator during transient operation

4. CONCLUSION

In this paper the novel method based on the finite element technique has been
presented. The proposed method has been successfully applied on short circuit
power system analysis. As it has been shown, this approach enables us to calculate
currents, voltages as well as other interesing variables in each part of a power
system such as generators, transmission lines, transformers etc. Attractive side of
this method is a possibility to make a simple algorithm for the multimachine system
analysis. The proposed method is competitive, even simpler, than other widely used
methods due to elegance of the FEM assembly procedure. As the power system has
been built assembling the three phase finite elements, the solution of the
multimachine system problem is natural and straightforward.
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SUMMARY

This work analyses the impact of different events in Slovene high-voltage network on power
quality in the 20 kV and 0.4 kV distribution networks. In order to perform the analysis a
simplified dynamic model of the Slovene power system was build in the program package
Matlab/Simulink, using toolbox PowerSys. The obtained model is appropriate for simulation
of electromagnetic transients in duration up to a few seconds. It contains simplified dynamic
models of all main generators and power transformers installed in the Slovene power system,
detailed models of 400 kV, 220 kV and 110 kV networks, simplified models of the
neighboring power systems and models of important consumers. The 20 kV and 0.4 kV
distribution networks are modeled in the details only in the area of interests. Everywhere else,
they are represented as constant loads connected to the 110 kV network.

The aforementioned dynamic model was applied to analyze the impact of different events in
the Slovene power system on power quality in the 0.4 kV distribution network during
transients and in steady states. The power quality in distribution network was analyzed on
0.4 kV busbars in five substations (Cerkno, ékofja Loka, Vevce, §entjur, Race) for the
following set of events: a switch-off of a 300 MVA (400 kV/110 kV) power transformer in
the substation Okroglo; a three-phase short circuit on 110 kV busbars in the substation Klece;
a three-phase short circuit on 20 kV busbars in the substation Rogaska Slatina and a switch-on
in a pumping regime of pump-turbine plants Av¢e and Kozjak which are currently at the
design stage. The results obtained show that aforementioned events in some points of Slovene
distribution network can cause power quality distortion over that allowed by the power
quality standards.
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1. INTRODUCTION

This work analyses the impact of different events in Slovene high-voltage network on power
quality in the 20 kV and 0.4 kV distribution networks. In order to perform the analysis an
appropriate dynamic model is needed. It must be appropriate to handle electromagnetic power
system transients that appear in the same frequency range as voltage sags treated in [1]-[3].
According to the time frame of various power system phenomena [4], this range must be
between 10 ps and a few seconds. An appropriate and simplified dynamic model of Slovene
power system is briefly presented in this work. It is applied to evaluate the impact of different
events in the power system on power quality in 0.4 kV distribution networks.

2. A SIMPLIFIED MODEL OF SLOVENE POWER SYSTEM

This section gives a short description of a simplified dynamic model of Slovene power system
build in the program package Matlab/Simulink using toolbox PowerSys. Initial conditions for
simulations are normally determined by calculating load flow.

2.1 Generator model

It is reasonable to use the complete Park’s two-axis generator model with considered
magnetic nonlinearities of the iron core only in the cases when turbine, excitation system and
control models too are included in the dynamic power system model. However, the simplified
model of Slovene power system is used for study of electromagnetic transients which appear
relatively far away from the generator’s terminals. In such cases generator model can be
represented with sufficient accuracy by a voltage source with generator internal impedance in
series. The generator output power can be adjusted by the amplitude and angle of the voltage
source. Of course, the complete Park’s generator dynamic model can be used together with
turbine, excitation system and control models if their structures and parameters are known.

2.2 Power tranformer model

A variety of three phase transformer models can be used. All of them are composed of
connected single phase transformers with two or three windings. Required transformer data
are nominal voltages and resistances of all windings and rated power. Iron core losses and
magnetically nonlinear iron core characteristic can be included in the model if they are
available. In the simplified power system model magnetically nonlinear transformer models
are used when magnetically nonlinear iron core characteristic is available. In all other cases
magnetically linear models are used. A substantial difference between results obtained by the
magnetically linear and nonlinear transformer dynamic models can be noticed only when a
switch-on of an unloaded transformer is studied.

2.3 Models of transmission and distribution lines
The transmission and distribution lines are accounted for by 7 models. They require

resistance, inductance and capacity for positive and zero symmetric components sequences
per kilometer and length of the entire line.
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2.4 Models of transmission and distribution networks and loads

The discussed simplified dynamic power system model contains models of all important
generators, transformers, power lines and loads. The 400 kV, 220 kV and 110 kV networks
are modeled in details. Lower voltage networks are modeled in details only in the area of
interest while everywhere else they are presented as constant loads. In order to achieve the
best possible agreement between the measured and calculated results, the exact loading
conditions for each individual point of the power system at given instant must be known
before simulation is started. Usage of average loading conditions measured for a given time
interval in simulations normally leads to disappointing results.

2.5 Considering neighboring power systems

Slovene power system is connected to the neighboring power systems in 13 high voltage
points. The short circuit impedance in these points is low due to high apparent power. In the
simplified model of Slovene power system the neighboring power systems are accounted for
passively by voltage sources connected in series with short circuit impedance in given point.
The correct power flow is achieved by appropriate amplitude and angle of the voltage source.

3. MODEL EVALUATION

The proposed simplified dynamic model of Slovene power system was confirmed in two
ways. The steady state accuracy of the dynamic model was confirmed through the comparison
of calculated results with those obtained by the professional program for steady state analysis
and network optimization NEPLAN. The agreement of steady state voltages during normal
operating conditions is very good, while the steady state voltages during the three-phase faults
can differ up to 4 % in 0.4 kV network. The dynamic response of the model was partially
confirmed by the comparison of calculated results with the results of field testing performed
on 20 kV in the substation RogaSka Slatina. The agreement between measured and calculated
results is very good for the three-phase faults as well as for the line to line and line to ground
faults. Thus, the dynamic responses of the model are confirmed for the tested substation and
its vicinity, while the entire model is confirmed only for the steady state operation by the
results calculated with NEPLAN.

Table 1 shows decrease of voltage RMS values on 110, 20 and 0.4 kV busbars in substation
Cerkno caused by a three-phase short circuit in the middle of 110 kV overhead line Divaca —
Ajdovscina. The results calculated by NEPLAN and by proposed simplified dynamic model
are given for the steady state during aforementioned short circuit.

Table 1: Comparison of voltage drops calculated by NEPLAN and by dynamic model on 110,
20 and 0.4 kV busbars in substation Cerkno caused by a three-phase short circuit in the
middle of 110 kV overhead line Divaca — Ajdovs¢ina.

Substation Cerkno | Dynamic model NEPLAN Differences[%]
110 kV 14,6 kV 14,54 kV 0,41
20 kV 2,27 kV 2,27 kV 0,00
0,4 kV 57V 55V 3,63
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4. RESULTS

The proposed simplified dynamic model of Slovene power system was applied to evaluate the
impact of different events on power quality in 0.4 kV distribution networks. Simulations were
performed for the following list of events:
a three-phase short circuit on a 110 kV busbars in the substation Klece,
a switch-off of a 300 MV A power transformer in the substation Okroglo,
a three-phase short circuit on a 20 kV busbar in the substation Rogaska Slatina,
switch-on in a pumping regime of pump-turbine plant Kozjak and
switch-on in a pumping regime of pump-turbine plant Avce.
The 1mpact of these events on the power quality in 0.4 kV distribution networks is in this
work analyzed in the following points:

1. 0.4 kV busbars in the substation Cerkno,

2. 0.4 kV busbars in the substation Skofja Loka,

4. 0.4 kV busbars in the substation Sentjur and

5. 0.4 kV busbars in the substation Race.

N

Figure 1 shows results calculated for the three-phase short circuit on 110 kV busbar in the
substation Klece. The three-phase short circuit appears in the time interval between 0.04 s and
0.12 s. The calculated line voltages on 0.4 kV busbar in substations Cerkno, Skofja Loka,
Sentjur and Celje are shown in Figure 1. The left hand side of the Figure 1 shows calculated
time dependent wave forms of all three voltages, while the right hand side of the same figure
shows the time dependent RMS values for voltages in line L1. Only the last type of
presentation is used for the presentation of results that follow.

u, V1

u, v
u, V1

t[s] o BT
Figure 1: Voltages on 0.4 kV busbar in substations a) Cerkno, b) Skofja Loka, ¢) Sentjur
and d) Race, during a three-phase short circuit on 110 kV busbar in substation Klece.

t[s]

The results presented in Figure 1 show that the three-phase short circuit on 110 kV busbar in
the substation Klece can substantially influence power quality in Slovene 0.4 kV distribution
networks. The depth of the voltage sag on 0.4 kV busbar in the substation Skofja Loka,
caused by this event, is much higher than it is allowed by the Slovene standard for power
quality SIST EN 50160.

The next example shows the impact of switch-off of a 300 MV A power transformer (400 kV /
110 kV) situated in the substation Okroglo. The switch-off appears in the time interval
between 0.04 s and 0.12 s. Figure 2 shows time dependent RMS values for line L1 voltage on
0.4 kV busbar in substations Cerkno, Skofja Loka, Sentjur and Celje.
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Figure 2: Voltages on 0.4 kV busbar in substations a) Cerkno, b) Skofja Loka, c¢) Sentjur
and d) Race, during switch-off of 300 MV A power transformer (400kV / 110 kV) in
substation Okroglo.

Figure 3 shows time dependent RMS values for line L1 voltages on 0.4 kV busbar in
substations Cerkno, Skofja Loka, Sentjur and Celje for the case of a three-phase short circuit
on 20 kV busbar in the substation Rogaska Slatina. Again, the short circuit appears in the time
interval between 0.04 s and 0.12 s.
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Figure 3: Voltages on 0.4 kV busbar in substations a) Cerkno, b) Skofja Loka, ¢) Sentjur

and d) Race, for the case of a three-phase short circuit on 20 kV busbar in the substation
Rogaska Slatina.

Results presented in Figures 4 and 5 show the impact of pump-turbine plants Kozjak and
Avce during their switch-on in the pumping regime. The pump-turbine plant Kozjak is at
present at the design stage. It will be build above the Drava valley. The pump-turbine plant
Avce is under construction close to the Soca valley. Both pump-turbine plants will use so
called var-speed technology to limit the pumping regime switch-on currents. In the
simulations, their switch-on is considered as a switch-on of a constant load 180+j30 MVA for
Avce and 400+j80 MVA for Kozjak. In both cases the switch-on appears in the time interval
between 0.04 s and 0.12 s. The time dependent RMS values for line L1 voltages on 0.4 kV
busbar in substations Cerkno, Skofja Loka, Sentjur and Celje are shown in Figure 4 for the
pump-turbine plant Kozjak and in Figure 5 for the pump-turbine plant Avce.
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Figure 4: Voltages on 0.4 kV busbar in substations a) Cerkno, b) Skofja Loka, ¢) Sentjur
and d) Race, calculated for pumping regime switch-on of pump-turbine plant Kozjak.
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Figure 5: Voltages on 0.4 kV busbar in substations a) Cerkno, b) Skofja Loka, c) Sentjur
and d) Race, calculated for pumping regime switch-on of pump-turbine plant Kozjak.

5. CONCLUSION

A simplified dynamic of Slovene power system is presented in this paper. The proposed
dynamic model is appropriate for study of electromagnetic transients in the power system. It
is applied to evaluate the impact of different events in the power system on power quality in
0.4 kV distribution networks. The results presented show that the impact of some events
presented in this paper on power quality in distribution networks is much higher than it is
allowed by the national power quality standard.
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Mitigation of common mode failures at multi-circuit line configurations by

application of line arresters against back-flashovers
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SUMMARY

Due to the limited number of corridors multi circuit line configurations are often applied. These
overhead lines frequently consist of high towers that are subject to lightning strokes. In case of higher
current amplitudes and higher footing resistances due to bad earthing conditions back-flashovers are
caused leading to common mode failures and to severe outages.

The paper describes investigations performed by means of computer simulations to identify the towers
of a multi-circuit line consisting of voltage levels 380 kV, 220 kV and 110 kV that are endangered by
back-flashovers of the 110-kV double-circuit lines. The footing resistance of towers of the targeted
line section has been measured by an instrument at high-frequency. Influence of various factors on the
back-flashover over 110 kV insulator strings has been studied by means of EMTP-ATP simulations.
Different current waveforms of the lightning stroke have been used to represent the first stroke and
subsequent strokes. The towers are represented by the models described in [3], [8]. Available
flashover analysis methods [7], [8], [12], [13] like leader development method by Pigini et al and by
Motoyama, and voltage-time integration method by Kind have been applied.

The towers at which back-flashover is more likely to occur than at other towers are identified by the
time integral of voltage according to Kind. Various factors like tower footing impedance, tower surge
impedance and tower height are considered. Application of line a surge arrester is shown to be a
successful mitigation technique to reduce the back-flashover rate of those 110 kV lines. The lightning
overvoltage performance of surge arresters has been analyzed by means of digital simulations. Based
on the results of investigations line arresters were installed on the towers in question. Since the
installation no further common mode failure has been observed.

KEYWORDS

Lightning — Overvoltage — Backflashover — Tower — Multi-circuit — Overhead line — Surge Arrester
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1. INTRODUCTION

Three-phase tripping of a 110 kV double-circuit overhead line has been increased in a certain region,
where relatively tall multi-circuit transmission towers were installed. The lightning strokes registered
in this region showed a maximum stroke current of 90 kA. The high-frequency measurement of the
tower footing resistance with a 26 kHz measuring current has revealed that the resistance value is
relatively high at the some towers.

A back-flashover analysis should indicate which towers of that 5.2 km line route are rather prone to
back-flashovers of the 110 kV insulator strings depending on different factors like tower footing
resistance, tower surge impedance, tower height, etc. There are various methods published before to
model lines, towers, lightning strokes and flashover mechanism over the insulators. Since
measurements on real towers [1] are costly, various simulation models should be compared with each
other to validate the simulation results.

The transients program EMTP-ATP [2] with the integrated simulation language MODELS is well
suited to analyze lightning surge phenomenon on overhead lines as reported in numerous publications
[3], [4]. Nearly all system components can be represented by built-in elements in EMTP-ATP like
overhead lines with phase and ground wires and towers [5]. The flashover criteria or sophisticated
representation of tower footing resistance and lightning stroke current can be modelled preferably
using MODELS or TACS.

A measure to prevent back-flashovers is to apply line surge arresters. The protective level of the surge
arrester for lightning strokes should be selected such that the limiting voltage of the surge arrester is
smaller than the flashover voltageof the insulator. Furthermore, it is important to equip a series of
towers with surge arresters without leaving out a tower in-between. Otherwise back-flashover at that
tower without surge arresters may be expected due to discharging of surge arresters at the adjacent
tower.

2. MODELING METHOD
GW
The modelling method for the back-flashover analysis

used in this paper is based upon various publications on
this field [3], [6 — 9].

10.50

1.1. Towers | 10.78 A 1075 -

The height of multi-circuit towers varies in the range of 55
... 88 m. The tower structure also varies from tower to : - .
tower along the 5.2 km route. The layout of a typical | . | .. B3 1 1
suspension tower is shown in Fig. 1. The distances are '

given in meters. The upper two cross-arms carry at left and

right side a 220kV and 380kV single-circuit line, — :
respectively. A 110-kV double-circuit line is suspended T oo La0o [ s00 L0
from the lowest cross-arm.

The tower is represented by loss-less Constant-Parameter
Distributed Line (CPDL) model [2]. The propagation
velocity of a travelling wave along a tower is taken to be
equal to the light velocity, ¢ =300 m/us[3], [8]. The tower

o h . .
travelling time is 7, =—. A is the tower height.
c

There are several formulas to calculate the surge impe- Fig. 1:
dance of the tower [3], [8]-[10]. As a basis, the formula

Layout of a typical multi-circuit
suspension tower
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given in [10] for “waisted tower shape” (Fig. 2) and recommended by IEEE and CIGRE [8] is used:

Z_ . =60-In|cot{0.5-tan™" R (1)
t—waist h

nhy, +nh+rh
h

where R = and h=h +h,

For a tower of 76.5-m height the equation (1) delivers following
value:

VA =2333Q.

t—waist

It is recommended in Japan [3] to consider frequency-dependent
effects for wave propagation along towers, when the tower
footing impedance is represented by a linear resistance, which is
the case in this study, because the influence of the surge
impedance and the frequency-dependent effect of a travelling !
wave along the tower becomes rather noticeable. As an
alternative, the tower model consisting of CPDL model sections
is added by RL parallel circuits at each section to represent
travelling wave attenuation and distortion as shown in Fig. 3.

The RL values are determined as functions of surge impedance
Z,, travelling time 1,, distances between cross-arms x;, X, X3, Xy,
and attenuation factor, & =0.89 as recommended in [3] by Fig. 2: Waisted tower shape as
following equations: approximation to calculate
tower surge impedance

A /

R = % 27, - 1n(lj )

(2

L =27, R, 3)

1.2.  Number of Modelled Towers

Total 19 towers of a part of a line route shown in Fig. 4 are
represented including all overhead line circuits. Direct lightning
strokes to towers between tower #1 and #12 are analyzed.

1.3. Transmission Lines

All overhead lines at the same tower are represented by the CPDL
model at f =400kHz. The ground wire is represented like a phase

wire, which is connected to the top of the towers (see Fig. 1). Data of
the conductors are:

— 380 kV: 4 conductors/phase, ACSR 265/35 Al/St Fig. 3: Tower model with
— 220 kV: 4 conductors/phase, ACSR 265/35 Al/St RL-circuits

— 110 kV: 1 conductor/phase, ACSR 265/35 Al/St

— ground wire: AY/AW 216/33 (aerial cable)
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In order to take into account the effect of
the AC steady-state voltage of the lines on
a lightning surge, the transmission lines
are connected to AC voltage sources via
multiphase matching impedance (surge
impedance matrix).

1.4. Lightning Currentand ||| |,—F+—FT—— """~ -
Impedance || FH—p ¢ - Z )

T

The lightning stroke is modeled by a
current source and a parallel resistance,
which represents the lightning-path
impedance (Fig. 5). Lightning-path
impedance is selected as 400 Q according

to [3]. Fig. 4. Modelled part of the transmission line route
Two different lightning current waveforms are used to ke
represent a) first stroke and b) the subsequent strokes: "*@*i@*@
4% lightning-path impedance

a) CIGRE waveform of concave shape with front ?

time, T, =3ps and time to half wvalue, I I I I I I

T, =77.5us. e
b) Linear ramp waveform with 7, =1pus and 5 5 S

T,=302ups

In fact, according to [8] the front time of the first
stroke depends on the peak value of the lightning
current. In this study 7y and 7) are assumed to be

constant. Fig. 6 shows both current waveforms with a  Fig, 5: Lightl_ling stroke modei consisting

magnitude of 50 kA. of current source and parallel

lightning-path resistance
1.5. Flashover Models

Flashover or back-flashover models estimate the breakdown of the air between the arcing horns of the
line insulators under non-standard wave forms. In the literature mainly two methods are known
besides the simple flashover estimation by means of a voltage-time curve of an insulator [7], [8].
There are integration methods and Leader development methods. In this study following three
flashover models are applied for comparison purposes.

a. Equal-area criterion by Kind

[61, [8], [14]; o
b. Leader development method by

40+

Motoyama [4], [12]; ]
c. Leader development method by Pigini ~ *7 [ @™P

etal. [8], [13].
5 CIGRE

10

The gap length of the 110 kV phase |
insulators is 0.965 m. Wave deformation o : - . - —
due to corona is not considered in the oo™ oo o

lightning surge simulations [3]. In this

paper it is assumed that the lightning Fig. 6: Lightning current waveforms; CIGRE concave

stroke terminates at the tower. The surge waveform, linear ramp function
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propagating on the ground wire can normally be deformed by corona. Simulation results neglecting
the corona are expected to be higher than considering corona. Consequently, the results will be on the
safe side from the insulation viewpoint.

2. BACK-FLASHOVER PERFORMANCE ESTIMATION

In order to estimate roughly which towers on the route from tower #1 to #12 (Fig. 4) are endangered
by back-flashovers across 110 kV insulators, the same lightning stroke is applied to each tower. Based
on the equal-area criterion by Kind the time integral of the voltage across the 110 kV insulator is
evaluated using the following integral on the left-side of equation (4)

j‘o[u(l‘)—UO]dtZF (4)

where U, =475.42kV and F =0.304 Vs. Following two lightning current waveforms are adopted:

— CIGRE waveform, I =50kA; 3us/77.5us
— Linear ramp function, / =50kA; 1us/30.2pus.

Two different tower models are taken into consideration. The simulation results are summarized in
Figures 7 and 8 for the different lightning current waveforms. The horizontal red line indicates the
limiting value F according to flashover criterion by Kind. Focusing on Fig. 7, it can be said that a
back-flashover can occur more likely at the towers #3, #5, #8, #9 and #10. Similar tendency is shown
with a steep ramp lightning current in Fig. 8.

There is a clear correlation between the flashover tendency — higher values of voltage-time integral —
and the tower footing resistance, and a rather weak correlation between the flashover tendency and
tower surge impedance can be observed as shown in Fig. 9.

0.6 1.4

0.5 +

0.4+

0.3 +

0.2 +

voltage-time integral (Vs)
voltage-time integral (Vs)

0.1+

04

™ T2 T3 T4 T5 T6 T7 T8 T T0O T T2
towers towers
‘ mmm waisted tower shape  m=m waisted tower with RL circuits ~ ——limiting value, F=0.304 Vs ‘ ‘ mmm waisted tower shape  mmmm waisted tower with RL circuits ~ —— limiting value, F=0.304 Vs

Fig. 7. Voltage-time integral values for the applied Fig. 8: Voltage-time integral values for the
CIGRE current waveform applied current as ramp function

As a simulation example, the computed waveforms of the voltage across the 110 kV insulator at tower
#8 with flashover are shown in Fig. 10 and 11 for the three flashover models. With CIGRE lightning
current waveform of magnitude 45 kA, a flashover is expected to occur according to Kind and Pigini
et al. as shown in Fig. 10. Motoyama’s model causes a flashover, when the magnitude of the lightning
current is 50 kA (Fig. 11). Note that the voltage waveform before flashover has been deformed in the
case of Motoyama, because a pre-discharge current already flows as shown in Fig. 11.

For the selected three towers #3, #7 and #8 the lightning current magnitude is varied in steps of 5 kA
and several simulations have been performed. Taking the probability distribution relation for lightning
crest current magnitudes according to IEEE [9]
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1 === tower surge impedance —e— tower footing resistance

pi>l)=————¢ (5) 240 i
1 I ’ L 18 ’E‘

+| 16
(31 kAJ [
L 12 é
into consideration, it can be said that at the T8
mostly endangered towers #3 and #8 with :2 £
an average magnitude of /=35kA, 42 % 14 “g',
of lightning strokes would cause a back- 2 s

flashover across 110 kV insulator. Tower M T ™ ™ s T8 T T8 To To TH TE
. . . towers
#7 has a relatively low footing resistance.
Hence at this tower higher current  Fig. 9: Tower surge impedances and measured
magnitudes are required for a back- footing resistances
flashover. In case of CIGRE current
waveform at least a 60 kA lightning stroke can cause a flashover. The corresponding probability of
lightning strokes with /> 60 kA is about 15 %.
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Fig. 10: Flashover across 110 kV insulator at tower #8 according to Kind’s and Pigini’s model
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Fig. 11: Flashover across 110 kV insulator at tower #8 according to Motoyama’s model
3. MITIGATION OF BACK-FLASHOVERS BY LINE SURGE ARRESTERS

Line surge arresters parallel to the phase insulators of 110 kV circuits can prevent back-flashovers at
those towers [16]. Towers #3, #5 and #8 are selected as mostly endangered towers by back-flashovers
of the 110-kV lines and are equipped with line surge arresters. The model referring to [15] of the
selected surge arrester with rated voltage of 156 kV and its nonlinear voltage-current characteristic are
shown in figures 12 and 13, respectively.

It can easily be checked by the Kind equal-area criterion that no flashover can occur across the
insulator string parallel to the surge arrester, because the voltage across the insulator will be limited by
surge arresters below U, in equation (4) as shown in Fig. 14 for a lightning stroke with
I1=100kA;3us/77.5us .
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Fig. 12: Surge arrester model Fig. 13: Voltage-current characteristic of the surge arrester

The simulations of lightning strokes with 7 =200kA;3us/77.5us at the towers #3 and #8 also

confirmed that no breakdown can occur across parallel insulators according to the other two flashover
models by Pigini et al and Motoyama.

400
300
200

voltage (kV)

5 10 15 20 25 time (us) 30
phase A-cct. 1 phaseB-cct.1 phaseC-cct. 1 phase A-cct.2 phaseB-cct.2 phase C -cct. 2 M

Fig. 14: Voltages across six 110 kV phase insulators at tower #3 which are limited by line surge
arresters (no flashover at adjacent towers is assumed)
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I
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. /78N s
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5 10 15
T1 - phase C T2 - phase C T4 — phase C T5 - phase C time (us)

Fig. 15: Voltages between phase ¢ and the tower at towers #1, #2, #4 and #5 of the 110 kV line due to
discharging of line surge arresters at tower #3. No flashover at adjacent towers is assumed.

Due to discharging of the surge arresters the voltage of the 110 kV phase conductors temporarily
increases significantly. Fig. 15 shows voltages between phase ¢ and tower at the towers #1, #2, #4 and
#5, when a lightning stroke with 7 =100 kA;3 ps/77.5us hits the top of the tower #3. The operating
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50-Hz voltage of phase ¢ is at moment of the lightning stroke equal to the negative peak value
(-90 kV). Depending on the amplitude of the discharge current of surge arresters, a flashover may take
place at other towers, which are not equipped with surge arresters. In this respect two cases have been
studied: lightning stroke to towers #3 and #8, which are equipped with line surge arresters for 110 kV.
Adjacent towers do not contain any line surge arresters.

0.4
0.2+
0.0
-0.2-

-0.4-
-0.6-

voltage (MV)

-0.81
-1.0-
-1.2

0

3 6 9 i 12 15
T2 — phase B o T4 — phase B o T4 — phase C A ime (“S)

Fig. 16: Waveforms of voltages across 110-kV phase insulators with flashovers at towers #2 and #4
(It is assumed that no line surge arresters are installed at those towers)

The CIGRE current waveform with 3/77.5 us as lightning stroke is used by increasing the amplitude in
5 kA steps. The flashover condition is checked by the Kind equal-area criterion. At tower #3, when
1> 95 kA and at tower #8, when 7 > 90 kA, a flashover is expected at the adjacent towers across the
110 kV phase insulators. Waveforms of the voltage across flashed-over insulators are shown in Fig. 16
for the case of lightning stroke to tower #3 with 110 kA. At tower #2 the phase b and at tower #4 the
phases b and c attain flashover. Therefore the installation of line surge arresters at the towers #1 - #5
and #8 - #10 is recommended to avoid flashovers when adjacent towers are hit by strokes in the range
of 90 kA.

An important question is, how well the surge arresters will perform in terms of energy absorption. A
lightning stroke with 7 =200 kA;3 us/77.5 us is applied as worst-case to the top of towers #3 and #8.

It is assumed that no line arresters are installed at adjacent towers. Consequently, flashover takes place
in all phases of the 110-kV double-circuit line at adjacent towers. Maximum energy absorption
computed is 34 kJ, which is uncritical.

4. CONCLUSION

A flashover analysis has been performed for a 110 kV double-circuit overhead line, which is a part of
a multi-circuit transmission route. The towers at which back-flashover is more likely than at others are
identified in order to take countermeasures like installation of line surge arresters at those towers.

Multi-circuit tower system is modeled with the graphical preprocessor ATPDraw and the simulations
are performed using EMTP-ATP. Three back-flashover models are used to test the performance of line
surge arresters, which can be successfully used to prevent back-flashovers at endangered towers. It is
shown that for lightning stroke current amplitude from 90 kA upwards flashover occurs at the adjacent
towers, when the phase conductors at those towers are not equipped with surge arresters due to
discharge current of stressed surge arresters. Energy absorption of the selected 110 kV line arresters
remains uncritical.
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SUMMARY

Faults on EHV lines are generally single-phase-to-ground ones and not permanent in the majority of
cases. Thus single phase auto reclosure (SPAR), at which the faulty phases are tripped for a short time,
eliminates the predominant part of the faults [1,2]. The secondary arc, which follows the high power
arc after tripping the faulty phases at both side of the line may endanger the successfulness of
reclosing if the duration of the switched off interval (dead time) is not long enough to ensure the
extinction of the arc. The secondary arcing times recorded on different EHV lines or measured in
laboratory tests show significant spread, consequently, to select a dead time according to the longest
experimental secondary arc extinction time is not feasible.

During commissioning of the double circuit 420 kV interconnection between Hungary and Croatia
several staged faults were initiated to analyze the arc extinction performance. Initially the line was in
operation by connecting the two circuits in parallel along the 1/3™ of the full length. In this
configuration the longest secondary arc extinction time was 4 seconds and the secondary arc has not
extinguished in 27s in one of the tests, so the line had to be tripped out to clear the staged fault. Later
on, the length of the Croatian section of the line has been significantly shortened after putting a new
substation into service. The increased performance of SPAR of the new arrangement has been proved
with field tests.

A realistic representation of the secondary arcs is essential in determining the auto-reclosure
performance of EHV transmission lines. As shown in the paper, the random variation of the arc
parameters influences significantly the arc extinction time. The results of the field tests confirmed the
importance of the distributed nature of the transmission line and the nonlinear characteristic of the arc
resistance in the intermittent region of arcing, where temporary extinctions and sudden re-ignitions in
the arc channel produce transient wave processes along the line.
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1 INTRODUCTION

To find a new right-of-way is rather difficult today. Using compact tower construction and upgrading
existing lines offer a possibility to overcome these constraints. However reducing the phase-to-phase
clearances has a strong impact on the lightning and switching performance of the line. The increasing
number of faults contradicts an other key expectation of the public today: the quality of supply. These
conditions emphasize the importance of reclosing efficiency, which may compensate the less
favourable lighting performance of compact line designs of reduced insulation clearances [3,4,5,6].

The successfulness of SPAR is endangered by long duration secondary arcs and reclosing
overvoltages that can re-ignite the arc at the place of the fault. Single or three-phase reclosure
produces high switching overvoltages and the heaviest stresses in line insulation. These overvoltages
may endanger in particular those lines running in polluted areas or operating in foggy zones.
Contamination usually extends to a large area, and it can be presumed that an intensive partial arc
activity is going along the surface of many line insulators. The fault occurs when one of them flashes
over by the normal operating voltage stress. As a rule, the heating effect of the primary arc dries out
the faulted insulator, but a high reclosing overvoltage is able to initiate partial arcs on some other
insulators. The temporary overvoltage and the normal operating voltage which follows the reclosing
transient may then sustain and elongate the partial arcs further till a full flashover occurs.

Increasing number of unsuccessful reclosing can be observed especially at winter period in operation
of the Hungarian HV and EHV lines. Table 1. shows aggregated data for a 4-year period. The ratio of
the unsuccessful reclosing to the total ones is 0.26 in summer and 0.53 in winter. Transmission line
faults originate mainly from lightning in summer and predominantly from foggy weather in winter.
Considering that the ratio of unsuccessful/total reclosing is twice as high in winter as in summer, a
significant limitation of the reclosing overvoltages is recommended for the lines containing polluted or
foggy sections to keep the line operating performance high.

Table 1: Number of reclosings on the Hungarian HV/EHV lines within a 4-years period.

Voltage level Summer Winter Line length
successful | unsuccessful | successful | unsuccessful (km)
750 kV 5 0 1 479
400 kV 48 20 28 1530
220 kV 83 28 23 47 1687
> 136 48 52 58 3696

2 SECONDARY ARC AND RECLOSING EFFECTIVENESS

The fault arc can be classified according to the fault state: primary arc is effective after fault inception
till single-phase tripping of the faulty phase. The secondary arc follows the primary arc in the ionized,
hot plasma channel after isolating the fault by single-phase tripping and is sustained by the capacitive
and inductive coupling to the sound phases. The secondary arc self-extinguishes usually, but its life-
time may have a strong influence to the reliability of the operation of the line. On the one hand a non
self-extinguishing secondary arc endangers the efficiency of the single-phase reclosing; on the other
hand prolonging the dead time (switched-off interval of the faulty phase) is limited by dynamic
stability constraints. This limit is usually less than 1.5 - 2 seconds for a long EHV/UHV
interconnection. Considering that line faults are mostly non-permanent ones, a significant percentage
of them can be cleared by single-phase auto-reclosure. In particular for compact lines with reduced
clearances the smaller phase-to-phase clearances make the capacitive coupling between conductors
more substantial, which may result in higher secondary arc currents and longer arcing times.
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3 EXPERIMENTAL DATA ABOUT SECONDARY ARC EXTINCTION TIMES

The secondary arcing times recorded on real lines and laboratory tests show a significant spread
[1,14]. This spread can be explained by the extremely random character of the arc formation and the
strong influence of many parameters (wind velocity, the movement of the hot plasma generated by the
primary arc, magnetic force due to the current, convection of the plasma cloud and surrounding air,
presence and degree of shunt compensation —if exists-, etc.) to the arcing time.

3.1 Staged fault tests on the 400 kV double-circuit interconnection between Croatia and Hungary

As part of commissioning of the new interconnection, the secondary arc extinction parameters have
been checked by initiating staged faults with and w/o primary arc in different meteorological
conditions at both end of the line. The one-line schema of the corresponding 400 kV network is given
in Fig. 1. Initially, the operating length of the line was 230 km without shunt compensation,
connecting Heviz 400/132 kV and Tumbri 400/110 kV substations in Hungary and Croatia,
respectively. Currently, the line connects Heviz and Zerjavinec 400/220/110 kV substations. At the
beginning of operation the interconnection has been operated by connecting the two circuits in parallel
along the 1/3™ of the full length to reduce transmission losses. The remaining sections of the second
circuit had been operated then at 220 kV or were grounded. Seven staged faults have been carried out,
aiming to predict the secondary arcing times. The measuring arrangement and the length of the faulty
phases are shown in Fig. 2. The location of the staged fault is indicated by a grounding symbol.
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In majority of tests the arc has been initiated by a thin wire connecting the phase conductor of an
already isolated phase to the substation ground or to metallic structure of transmission line tower, i,e,
the primary arc has been omitted in these tests. According to [14] such an arc ignition technique
provides comparable results to tests with primary arc if the expected secondary arcing time exceeds
700 ms because the plasma cloud of the primary arc certainly has strong influence to quickly
extinguishing secondary arc. However such a self-extinguishing short duration arc does not endanger
the SPAR successfulness.

3.2 Test results

The shortest arc extinction time was 0.05 s and the longest one was 4 s during the tests. The secondary
arc did not extinguish during 27 s at one of the tests. 4 s and 27 s extinction times have been measured
in arrangement “1” of Fig. 2 where the fault was created inside the substation at calmness. As Fig. 3
shows, at calmness no significant arc channel elongation is seen. lons generated during the intermittent
arc interval remain in the environment of the arc. These circumstances make the self-extinction time
very long. The secondary arcing times recorded at moderate (3 - 4 m/s) wind velocities were in the
range of 0.05s—0.69s. As Fig. 3/d shows the elongation of the arc is slow and many loops occur in
the arc channel due to the electromagnetic forces. The big spread of the extinction times and very long
arcing times experienced in two cases correspond to the data about extinction times published in
former papers containing generalized diagrams [1].

a)

formation of the secondary arc inside the plasma cloud

c) d)

rimary arc self extinguishing secondary arc
p y g g M

Fig. 3 - Pictures taken at the staged fault tests.
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3.3 Secondary arc extinction

The main condition of the spontaneous extinction of the secondary arc is a strong air movement,
which makes the arc to elongate quickly. The hot plasma generated by the primary arc moves upward
with a high velocity, resulting in an initial vertical component for the secondary arc elongation (Fig.
3/b/d). Wind has the same effect on the secondary arc.

The elongation of the secondary arc causes a linear increase of arc voltage. If the arc elongation is
rather smooth without steep rise then the secondary arc extinguishes as the arc voltage reaches the
magnitude of recovery voltage [7]. A steep rise of arc length can be caused by a gust of wind. In that
case the arc may extinguish sooner. Consequently, the arc duration may be estimated by the elongation
speed of the arc.

Besides the arc elongation, re-ignitions inside the arc channel may have a significant role in the
process. The speedy elongation of the arc separates the conducting plasma clouds by high resistance
channel zones. When number of high resistance zones increases, the amplitude of the operating
frequency component of the current decreases and high amplitude impulses occur as a consequence of
the growing re-ignition voltage. If the recovery voltage is sufficient to produce a breakdown bridging
these high resistance zones, the arcing process may return to the steady-state condition, remarkably
prolonging the self-extinction time as shown on Fig. 4. The final extinction of the secondary arc is
very often preceded by an intermittent interval, when high current impulses are superimposed on the
low amplitude operating frequency component of the current. As can be seen on Fig. 4 the amplitude
of these impulses is much higher than the peak value of the steady-state current.

The sudden re-ignitions in the arc channel initiate electromagnetic wave phenomena along the line.
The length of the current impulses depends on the place of the fault. For the predominant part of the
fault displacement, the duration of these impulses is twice of the line travel time. The superposition of
the reflected waves produces a current zero in the arc channel resulting in partial arc extinction. The
amplitude of these current impulses are sufficiently high to re-ionize a large amount of plasma,
resulting in a fallback into the quasi-sinusoidal phase of the arcing process which elongates the
secondary arc duration.
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Fig. 4 - Secondary arc current (measurement).

4 EMTP-ATP MODEL OF THE 400 KV INTERCONNECTION

The ATP-EMTP model of the interconnection has been assembled by using ATPDraw graphical
preprocessor [16]. The model has been elaborated to prove the main characteristics of the recorded
signals at the staged fault test. Initially the model corresponded to the measuring arrangement "case 5"
of Fig. 2. Later the model has been improved by completing it with an arc model based on
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identification of arc parameters [17, 18]. And finally, after commissioning Zerjavinec substation, the
model has been further improved to take into consideration the new arrangement of the line and to
represent the supply network configuration and influence of the magnetic voltage transformers at both
end of the line in more detail. The complete model is shown on Fig. 5.

L400

szekiy

@ k400 @ ha400

Fig.5 — EMTP simulation of the Heviz - Zerjavinec 400 kV interconnection.
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4.1 Fault arc modelling

Whereas the primary arc shows generally a deterministic behavior as observed at field and laboratory
tests [7, 8, 9, 10, 11], the secondary arc has extremely random characteristics effected by the external
conditions around the arc channel like ionized surrounding air, wind, thermal buoyancy and electro-
dynamic forces. A numerical arc model may be a useful tool to identify the main influencing factors
and the interaction of the arc with the electric circuit, and to estimate the worst-case arcing time.

The arc model used in this work is based on the energy balance of the arc column and describes an arc
in open air by a differential equation of the arc conductance g [7, 15, 17]:

dg 1

2 _2 (G- 1

el ) (1)
where 7. is the arc time constant,  g: instantaneous arc conductance,

G: stationary arc conductance.

The stationary arc conductance is defined as:

lm‘c
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where 1i,.: instantaneous arc current, u,: stationary arc voltage,
up: characteristic arc voltage, ry: characteristic arc resistance.

Arc parameters u, and r, are dependent on arc length /,,.., The dependence of the arc time constant 7 on
l.c(t) can be defined by the inverse relation
Z o
r=r1, [ﬂj (3)
ZO

where 7,: initial time constant, /: initial arc length, a: coefficient of negative value.

4.2 Arc representation in EMTP - ATP

The arc as a nonlinear dynamic element can be represented by the Thevenin type, Type-94 component
in the ElectroMagnetic Transients Program EMTP-ATP [12]. The arc is described in MODELS
language [13]. The interaction of the electric arc with the remaining circuit is shown in Fig. 6. The use
of Type-94 component in EMTP-ATP enables simultaneous solution of arc equations together with
the equivalent system of the electric network.

Since the arc parameters are expressed as functions of the instantaneous arc length, the random arc
behavior can be reproduced by varying the arc length in a random way. It is physically reasonable to
describe a global arc length increase — either piecewise-linear or any predefined function — superposed
by a local random length variations that should imitate the local breakdowns along the elongated
secondary arc.

| _______ 1 iarc i
r

| W Yo | MODELS

| Vi | g —

| | o arc description
1l

| I ’

_______ -

Electric circuit

Fig. 6 - Interaction between the electric circuit and the arc model.
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4.3 Simulation results

Measuring arrangement “5” of Fig. 2 has been selected to compare the simulation results with
measurements. In this test the phase-to-ground fault has been cleared by disconnecting phase a of
circuit breakers at the receiving end of the lines connected with the 400 kV busbar of Heviz substation.

Piece-wise linear arc length variation superimposed by a random signal has been used in the
simulation [18]. Fig. 7 and 8 show the measured and computed arc voltages and currents, respectively.
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Fig. 8 - Measured and computed arc currents.

5 CONCLUSIONS

Secondary arcing times recorded at field tests spread to a great extent due to the differences in the
wind velocities, arc initiation technique, line construction etc. Recording the wind velocity in the
environment of the secondary arc and a detailed description of the way of arc initiation would reduce
the spread of the experimental data.

The staged fault tests proved that the distributed nature of the transmission line plays an important role
during the intermittent stage of arcing and that the final extinction of the secondary arc is often
preceded by an intermittent interval, when high current impulses are superimposed on the power
frequency component of the secondary arc current. The extinction time of the secondary arc is affected
by the shape and amplitude of the recovery voltage arising in the transient current zeros at the place of
the fault.
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Due to highly random behavior of the secondary arc it is difficult to reproduce exact arc duration by
digital simulations. The speed of arc elongation plays a significant role regarding arc duration and
extinction. In addition the arc time constant depends inversely on arc length. The arc tends to
extinguish faster as the arc time constant becomes smaller. This behavior is based on the fact that the
arc is an energy storage element. In spite of these uncertainties in the modeling, the arc model can be
successfully utilized to find main factors influencing the secondary arcing process.
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SUMMARY

Doubly fed induction generator wind turbines are increasingly used in new wind turbine
installations all over the world. Growing concerns about the impact of a large number of these
generators on transient and voltage stability of power system networks has led engineers to
revisit modelling and simulation practices used for system stability analyses. In this paper, the
latest advancements in design of the general purpose power system simulator OVNI
developed at the University of British Columbia are presented, and its application to the
simulation of a doubly fed induction generator (DFIG) wind turbine system is shown.
Because OVNI is based on the EMTP methodology for accurate detailed modelling, and the
Multilevel MATE (Multi-Area Thévenin Equivalent) concept, which, combined with
hardware solutions, allows for fast simulation of large power system networks, it represents
an ideal tool for testing and developing benchmark models of different wind turbine
installations. Using the EMTP approach for modelling of a DFIG wind turbine system and its
feeding power network we were able to study the responses of the wind turbine generator to
different network events. The ultimate goal of our investigations is the development of a
benchmarking process for testing different models of wind turbine generators and determining
the range of validity of various degrees of approximations normally used for stability
simulation purposes. Due to the rapid development of wind generation technology, it is
essential to determine the minimum requirements for dynamic modeling of wind turbine
generators for assessing impacts of their installations on the dynamic security and stability of
power systems.
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1. INTRODUCTION

The Object Virtual Network Integrator (OVNI) is a simulation tool aimed at obtaining very fast, real-
time solutions of power system networks [1], [2], [3]. OVNI is based on the EMTP program
(Electromagnetic Transients Program) used to simulate electromagnetic transients [4]. OVNI is built
around the MATE (“Multi-Area Thévenin Equivalent”) network partitioning framework [1] that
extends the main ideas of Diakoptics [5] by recognizing that the subsystems split by the branch links
can be represented by Thévenin Equivalents. The multilevel MATE concept [6] further extends the
concept of MATE and provides a computationally efficient solution framework for the inclusion of
controllers and non-linear elements, as well as power system components such as phase-domain
synchronous and induction machines.

The advantages of the detailed modelling and simulation of DFIG wind turbine generators (WTG)
with OVNI include: (1) three-phase representation allowing for accurate simulation of balanced and
unbalanced network conditions; (2) phase-domain full-detail machine modelling, including the
modelling of torsional shaft oscillations; (3) simultaneous solution of the WTG control systems and
network equations; (4) and phase-domain modelling of power electronic voltage source inverters. This
paper will demonstrate how an experimental DFIG wind turbine system from [7] is modelled in OVNI
with the full time-domain (EMTP-type) solution.

2. DOUBLY FED INDUCTION GENERATOR WIND TURBINES

Variable-speed turbines with doubly fed induction generators have become a new standard for wind
turbines of installed capacity above 2 MW. As the ratings of such wind farms connected to the power
system grid become closer to the ratings of traditional generating units, and their share in the total
installed generating capacity of the power system becomes considerable, it becomes necessary to
perform studies of the impact of large wind farm connections to the power system network. The main
concern is to study the responses of wind farms to power system faults and their impact on overall
system stability.

Variable-speed operation of the turbines is achieved through the use of power electronic converters
that can also be used to improve the grid integration aspects. It is anticipated that in the future it may
be possible to require specific responses of wind farms to network disturbances from the
manufacturers to help in the system recovery. Detailed model parameters of converter-controlled wind
turbines can only be provided by manufacturers, and these control details are usually confidential and
not readily available. However, efforts are being made to create reasonably accurate general models of
doubly fed induction generators that can produce realistic results of wind farm responses to system
disturbances and the influence of the associated controls.

Physically, the machine of a doubly fed induction generator is a conventional wound rotor
induction machine. The key distinction is that this machine is equipped with a solid-state AC
excitation system. The AC excitation is supplied through an AC-DC-AC voltage converter. Doubly
fed induction machines have a significantly different dynamic behaviour than conventional
synchronous or induction machines. The fundamental frequency electrical dynamic performance of a
doubly fed induction generator is completely dominated by the field converter. Conventional aspects
of the generator's performance related to the rotor angle, excitation voltage and synchronism are
largely irrelevant. The electrical behaviour of the generator and converter is that of a current-regulated
voltage-source inverter. The converter makes the wind-turbine behave like a voltage behind a
reactance that produces the desired active and reactive current delivered to the device terminals. A
schematic of a doubly fed wind turbine system with two voltage-source inverters and accompanying
controls is depicted in Figure 1.
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Figure 1. Schematic of a doubly fed induction generator wind turbine system

3. DFIG MODEL STRUCTURE
To construct a DFIG wind turbine system model, the following structure is considered:
= A doubly fed induction generator model based on a phase-domain induction machine model

= A voltage converter model based on an average model of a back-to-back PWM voltage-source
inverter with stator and rotor-side converter control

= A wind model that maps the wind speed to the shaft mechanical power for the turbine
= A crowbar protection scheme
=  Mechanical controls, including blade-pitch control and over/under speed trips

A doubly fed induction generator can be modelled as an induction machine in phase coordinates
[8]. A phase-domain induction machine model is especially convenient for the implementation in the
EMTP-type of simulators such as OVNI because it can be naturally interfaced with a three-phase
network representation. The phase-domain model can be simulated more efficiently, with time steps in
the order of milliseconds, than the commonly used EMTP dq0 model. The difference between a
conventional induction machine and a doubly fed induction machine is that the rotor of a doubly fed
induction machine is connected to the grid via a voltage converter. The electrical equations of the two
machines are identical and in the general form, for discretization with the trapezoidal rule, are shown
in (1):

R, 0
0 R,

9 L L
TR 1L

€abe S ST Labe €habe

(D)

€4BC €hABC
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where e, and e,z represent vectors of stator and rotor voltages across the windings, R, and R, are
diagonal matrices of stator and rotor winding resistances, L, L, and L, are matrices of stator and rotor
windings self and mutual inductances, and ey, and enspc represent vectors of stator and rotor
windings history voltages. A discrete phase-domain induction machine electrical model is depicted in
Figure 2.

With respect to the mechanical equations, detailed modelling of DFIG wind turbines requires a
two-mass shaft representation. When analyzing the system response to heavy disturbances (such as

72 M. Luki¢ Armstrong, J. R. Marti, P. Kundur, Detailed transients simulation of a doubly fed induction generator wind turbine system with the EMTP-type
OVNI simulator, Journal of Energy, vol. 59 Number 1-4 (2010) Special Issue, p. 70-76



short circuits in the network), the generator and turbine acceleration can be simulated with sufficient
accuracy only if shaft oscillations are included in the model.
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Figure 2. Discrete phase-domain induction machine electrical model

The converter and its controls highly influence the dynamic response of a DFIG. The voltage
converter that supplies the rotor of a doubly fed induction generator consists of two voltage-source
inverters linked via a DC-link capacitor, as shown in Figure 1. The stator-side voltage-source inverter
is connected to the network and to the DFIG stator terminals. The rotor-side voltage-source inverter is
connected to the DFIG rotor circuit. The approximate fundamental frequency modelling approach of
PWM converters (average model) neglects all switching operations occurring within the voltage-
source inverters and represents the converter as an ideal, lossless DC-to-fundamental-frequency AC
converter. The high-frequency ripple due to switching harmonics caused by the PWM operation of the
voltage converter is of little significance for studying the performance of DFIG WTG in response to
network events [9], and in practice is small and further limited by the inclusion of supply-side
inductors [7]. In this study, the average model of a PWM converter is implemented in OVNI in phase
coordinates. A more complex and detailed model of a PWM converter could be used as well.
However, high frequency switching would require the model to be solved with smaller discretization
time steps than the one used in the test case described in this paper. The concept of Multilevel MATE
[6] allows a common simultaneous solution of power system networks and components modelled
individually with different size discretization time steps (latency exploitation) [10].

Rotor- and stator-side converters are vector controlled in the stator flux- and stator voltage-oriented
dq reference frame, respectively. Vector control of the stator-side converter enables decoupled active
and reactive power control at the machine’s terminals, maintaining the converter’s DC voltage at the
set value. Vector control of the rotor-side converter enables decoupled control of electrical torque, and
therefore rotor speed, used for extracting optimum power available from the wind (optimum power
tracking). Algorithms for the calculation of stator flux and stator voltage positions are based on the
instantaneous values of fundamental frequency stator flux linkages and phase voltages. For the stator-
side converter control the angular position of the stator voltage (6,) can be calculated from the
instantaneous values of stator voltages (v,, v, and v,) as:

\/gv \/g’l)

5 Y T 5 Y

6, = tan~! 2 T 21 (2)
’Ua—§7)b—§vc

The objective of the tracking control is to keep the turbine speed fixed to the optimum power curve
as the wind velocity varies. For wind velocity higher than the turbine's rating, the turbine energy
captured has to be limited by applying pitch control or driving the machine to the stall point. Optimum
power tracking can be realized by either speed-mode or current-mode control [7].

The implementation of DFIG control and non-linear functions with the Multilevel MATE concept
[6] enables an efficient, simultaneous solution of its equations with the system equations. With this

73 M. Luki¢ Armstrong, J. R. Marti, P. Kundur, Detailed transients simulation of a doubly fed induction generator wind turbine system with the EMTP-type
OVNI simulator, Journal of Energy, vol. 59 Number 1-4 (2010) Special Issue, p. 70-76



approach we avoid instabilities and inaccuracies in the computation reported when a time step delay in
the control system solution is introduced in, for example, EMTP TACS [11].

4. DFIG WIND TURBINE TEST SYSTEM

A doubly fed induction generator wind turbine system from an experimental setup in [7] was modelled
and implemented in OVNI. This reference provides the data necessary for modelling of the wind
turbine system in phase domain. The DFIG wind turbine system case was extended to include a step-
up transformer and a 10 kV double-circuit transmission line connecting the wind turbine to a strong
network modelled as an infinite bus. The single-line diagram of the test network is depicted in Figure
3. Inclusion of the connecting network allows us to study the response of the wind turbine to a three-
phase fault applied in the middle of Circuit 2 of the transmission line.

10 km line
0.25/10 kV CCT1

Infinite
CCT2 Bus

ex=1.6% é

Figure 3. DFIG wind turbine test case

A simulation is first performed for the response of the DFIG wind turbine system to a change in
wind velocity following an optimum power tracking system. Initially, the induction machine is
operating in steady state with a wind velocity of 9 m/s. The maximum power-tracking system works in
current-mode control. At t =2 s, the wind velocity decreases instantaneously to 5 m/s. Reduced wind
power, and therefore mechanical torque, cause the DFIG to decelerate, with the deceleration torque
being the difference between the turbine's mechanical torque and the torque given by the optimum
power curve. Simulation results for mechanical and electrical quantities for the decrease in wind
velocity are shown in Figures 4 and 5.
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Figure 4. Transient response of the DFIG wind turbine to a step decrease in wind velocity: (a) rotor
angular velocity, (b) electromagnetic torque, (c) rotor speed, (d) stator flux
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Figure 5. Transient response of the DFIG wind turbine to a step decrease in wind velocity: (a) stator
phase to neutral voltage, (b) stator phase current, (¢) rotor phase to neutral voltage, (d) rotor phase
current, (e) stator-side converter phase voltage, (f) stator-side converter phase current

The second test was done for a three-phase fault at the connecting network. The induction machine
operates in steady state with a wind velocity of 8 m/s generating 2700 W of active power that is
transmitted to a strong power system modelled as an infinite bus. The DFIG stator-side converter is
regulated to maintain its g-axis current at zero, meaning that the reactive power of the induction
generator is entirely supplied from the network. At t = 0.2 s, a three-phase fault is applied in the
middle of circuit CCT2, Figure 3. The fault is removed after 0.1 s without tripping the circuit. The
responses of electrical variables of rotor and stator circuits in corresponding dq reference frames are
depicted in Figure 6.
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Figure 6. Transient response of the DFIG wind turbine to a three-phase short circuit: (a) stator
voltages' dq components, (b) stator currents' dq components, (c) rotor voltages' dq components, (d)
rotor currents' dq components, (¢) stator-side converter voltages' dq components, (f) stator-side
converter currents' dq components
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5. CONCLUSION

In this paper we describe a detailed EMTP-type of modelling of a doubly fed induction generator wind
turbine system implemented in the OVNI simulator. The test system was taken from an experimental
setup described in the literature and replicated with our simulation tool. By using a phase-domain
induction machine model we were able to simulate the presented test system with a significantly larger
time steps (in the order of the milliseconds) than what is traditionally needed with the dq0 model in the
EMTP (in the order of microseconds). Also control and nonlinear equations associated with the test
system are solved simultaneously with the machine and network equations. This paper presents a new
generation of EMTP-type of tools that is not limited to the analysis of electromagnetic transients. The
new, more efficient EMTP models and solution methods are based on the principles of MATE and
provide unlimited capabilities for developers and users in implementing a wide range of models and
types of power system studies. One of the immediate uses of the new simulation tool can be in
developing and testing detailed and approximate models of the new types of alternative power
generation such as wind power, as described in this paper.
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SUMMARY

The paper deals with solving electromagnetic compatibility (EMC) problems in the design of a new,
case study, industrial high voltage test laboratory, intended to be used for testing of transformers and
other apparatus up to 550 kV rated voltage. Modern high voltage test facilities are equipped, apart
from primary test devices like AC, DC and impulse voltage generators etc., also with sophisticated
numerical measuring instruments and informatics technology. Since such devices are sensitive to
transient overvoltages, the highest degree of EMC is to be secured. This can be achieved by proper
earthing and screening of test laboratory, what shall be designed in a way to satisfy all requirements
conditioned by building lightning protection, personal protection and system earthing, avoiding
electromagnetic compatibility disturbances at the same time. One of the main tasks is solving
electromagnetic compatibility problems caused by outdoor electromagnetic disturbances originating
from various unknown sources. Those disturbances and interferences may seriously influence
measuring accuracy and readings of test devices, what consequently leads to false results. The stated is
especially relating to partial discharge measurements. As to avoid such disturbances, the laboratory
shall be completely screened with a net forming optimally designed Faraday cage. On the other hand,
at high voltage tests with impulse voltages, especially with chopped tail waves, steep transient
overvoltages may be generated. As a consequence, high transient potential differences between
particular points along the earth electrode may occur, what can even lead to flashovers between parts
of it. Therefore is of utmost importance to provide proper earthing and low inductance current return
path for impulse high voltage test equipment where high frequency transients are to be anticipated.
Improper earthing and bonding may result, apart from mentioned flashovers, in severe induced
voltages in secondary cables with consequential influence on test results, possible destruction of
measuring instruments and hazardous touch voltages for personnel. For analyzing transient potential
differences, it is important to model, with maximum accuracy, impulse test circuit (impulse generator,
chopping spark gap, voltage divider, Faraday cage, fundament earth electrode, earthing strips, earthing
rods etc.). Magnitude of transient potential difference between particular points is proportional to earth
electrode inductance, i.e. low inductance of earth electrode will result in decrease of transient potential
difference.
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1. INTRODUCTION

Problems of electromagnetic compatibility (EMC) can be very often met in operation of high voltage
open-air [1] and gas insulated substations [2]. Very similar problem of EMC exists in high voltage test
laboratory where primary system consists of test apparatus and circuits that generate electro-magnetic
interferences (EMI). The secondary systems consisting of all the apparatus and circuits for
measurement, control and protection should be designed to function satisfactory in EMI conditions.
The paper describes a new industrial HV laboratory and foreseen methods of earthing, bonding and
equipotential bonding, aiming to achieve security for personnel and suppression of EMC disturbances.
The analysis of possible EMC problems is performed by EMTP-ATP modeling of earth electrode and
impulse generator and simulating test with the lightning impulse chopped on the tail, the front time
duration T; = 1,2 ps £ 30% and time to chopping T, = 4 ps. Based on the obtained results, using
analytical method [3], the verification and analysis of induced voltages developed at the ends of metal
conduits for measuring cables, for the cases of conduit earthing at one end only and at both ends, had
been performed.

2. DESCRIPTION OF TEST LABORATORY

Internal dimensions of the laboratory are: 30x35%25 m (wx{£xh). In order to provide required level of
protection against external electromagnetic and noise interferences that might cause partial discharge
and noise measurement errors, the high — voltage laboratory is constructed with a double wall with
1400 mm wide air space. As to additionally block an electromagnetic component of external influence,
inner sheets of outside wall cladding are mutually galvanically joined.
The laboratory is equipped with one test input for voltage up to 110 kV, one test input for voltage up
to 36 kV, two test inputs 12 kV and two low voltage test inputs (0 ... 750 V). The power supply is
provided by three generators, one of which with 200 Hz output, and rotating transformer. Test inputs
110 kV and 36 kV are supplied through outdoor HV switchyard with three-coil test transformer
12/4/(40 ... 80) kV and capacitor bank 92 Mvar.
The laboratory will be used, beside for other standardized tests, also for dielectric tests with standard
lightning impulses and lightning impulses chopped on tail. Those tests are performed with negative
polarity voltages with a view to
FrEmmz=T ! avoid erratic flashovers in the

| Vot | | Chopping | . . . X
podiider L ew | Transtermerundertest— external insulation and test circuit,
I I ] I Terminals: 1U, 1V, 1W .
! J_ P (L Db — since they, under laboratory
I C2 ' ! | #—ow ..

. P o 5‘% conditions, present lower

ey insulation stress. Utmost potential

danger for insulation originates
from chopped on tail impulse wave
: with front time Ty = 1,2 pus £ 30%
S e and time to chopping Te =2 ... 6

us. Connection scheme of impulse

. , ) . voltage test circuit is presented in
Figure 1. Connection scheme of impulse voltage test circuit Fig. 1 [4]

3. EARTHING AND EQUIPOTENTIAL BONDING

Laboratory earthing system is executed in a way to protect life and property in case of supply power
system (50 Hz) faults (short circuits) and transient phenomena (lightning, transients resulting from
impulse tests). The stated is achieved by equipotential bonding and preventing the unallowed potential
rise of earthed metal parts, i.e. transient potential differences between different points of the laboratory
earthing system and transfer of earth potential rise to external installations. Analyzed transient
phenomena of the order of MHz are characterized with inductive earth electrode resistance, i.e.
impulse earth resistance.

The laboratory earthing system consists of grid made of Fe/Zn 404 mm strips laid in the building
foundations, concrete casted, and eight deep — driven copper earth rods, length 10 m each, equally
distributed over laboratory ground plan surface [5]. It is galvanic connected with the earthing system
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of outdoor HV switchgear dedicated for power supply of test inputs, as well as with the surrounding
industrial area earthing system.

Inside the laboratory floor a copper net, being part of its electromagnetic screen is laid. The net is
made of metal plate, cut with slots and expanded, with diamond pattern meshes 10 x 5 mm, approx. 2
mm thick. Together with the net inside the inner wall and under the ceiling, made of spot - welded
tinned steel wire & 1 mm, with square meshes 10 x 10 mm, and the net inside the glass of test
laboratory control room, it forms the Faraday cage (Fig. 2). The floor net is used as earth return for HF
transient currents at execution of lightning impulse tests. All segments of nets inside the floor and the
walls are mutually continuously soldered. The
Faraday cage net is fixed to a grid of wooden slats
mounted on a steel construction using screws made
of rigid insulation material. Such executed net,
galvanic connected to the laboratory earthing,
represents an electromagnetic screen which
effectively damps magnetic component of
disturbances.

All penetrations through the inner wall (e.g. door —
, posts, gate, bushing sealing flanges, -electric
.|.||||-'.||I|.;|'|'.'_'ﬂ'|'|\||I _ cabinets, MV switch panels etc.) are integrated in
;{-f",:,'nlll' i - the screening system by continuous galvanic
it ' connection with Faraday cage net along the entire
perimeter.

Above-ground connections to lightning protection
installation and metal construction connected
thereto are executed via insulated spark gaps. Galvanic connection of Faraday cage and lightning
protection installation and metal building construction is executed inside the ground, through
foundation earthing grid and earth rods.

Faraday cage net is connected to foundation earth electrode via eight deep — driven copper earth rods.
Galvanic connection of earth rods and copper floor net is executed through the copper plate welded to
the net with silver solder along the perimeter. At the top of each earth rod, an earth plate electrode is
welded, with connection points for earthing test objects and measuring equipment (Fig. 3.). Apart from
the described, another 19 auxiliary plate electrodes for the same purpose are foreseen within the
laboratory.

Test, measuring and power cables are run through steel conduits laid immediately below the earthed
copper net in the laboratory floor. Conduits end in cable connection boxes which are galvanically
connected to electromagnetic screen (Faraday cage) by continuous welding along the entire perimeter
(Fig. 4). Steel conduits are the same way galvanically connected to cable boxes at both ends.

The test laboratory will be protected against external electromagnetic disturbances, that might cause
errors at partial discharges measurements, by means of Faraday cage. Targeted damping [6] of the

e
|

Figure 2. Faraday cage

Figure 3. Earth plate electrode Figure 4. Cable connection box
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electric component of the order of 1 MHz should be 40 ... 60 dB. For magnetic component lower
values have to be accepted. Disturbance level inside the laboratory should be < 10 pC, i.e. <2,5 pV.

4. TRANSIENTS ORIGINATING FROM CHOPPED LIGHTNING IMPULSE TEST

In this section computation of transients resulting from testing with the chopped lightning impulse is
described. Such test can produce dangerous potential differences between different earth points, what
can also happen when a lightning stroke hits a laboratory building.

The model of the impulse generator V2800/210 is developed for the computer simulation with the
following data: C1 = 53.5 nF, R1 = 1560 Q, R2 = 198 Q). The inductance of the impulse generator is
49 uH (14 x 3.5 puH). The impulse wave with the voltage peak of 2.2 MV is simulated. The voltage
divider is modeled with capacitances C2 = 626.25 pF and C3 = 973.8 nF. The transformer under test is
modeled with inductance 100 mH and capacitance 5 nF in parallel. The connection line between the
impulse generator and the chopping gap is modeled with the inductance of 12 pH on the HV side. On
earth side, the chopping gap and the impulse generator are usually connected with a strip or braid of
low inductivity. Additionally, there is also current return path through the Faraday cage. All together,
current return path on the earth side is of low inductivity. The current return path conductors are
defined with the inductance of 0.36 uH and the resistance of 0.12 mQ.

The length of the connection line on the HV side, from the chopping gap to a transformer under test, is
10 m and it is modeled with the inductance of 10 pH. On the earth L R

side, the current path is modeled with the inductance of 0.3 pH and

the resistance of 0.1 mQ. Chopping of lightning impulse occurs at 4

ps and the chopping gap is modeled with the switch and the arc G G
resistance of 1 €. Parts of the fundamental earthing grid for the
EMTP-ATP [7] simulation are modeled with concentrated
parameters as depicted in Fig. 5. Each branch of earthing grid is
replaced with its corresponding n-circuit. Values for G, L and R are
dependant on a length of the branch. The ATP model of complete
grounding system of the test laboratory is shown in fig. 8.

A current which flows through the earth electrode from the transformer under the test to the impulse
generator is shown in Fig. 6. Its first peak is the result of the impulse front and second one of the
impulse chopping. This current produces transient potential differences between chopping gap and
impulse generator earth points, as shown in Fig. 7.

Let us examine theoretically the worst case, when a conduit for secondary test cables, bonded with
Faraday cage copper net at one end, is laid in parallel to the earth current path between impulse
generator and chopping gap. All calculated voltages and currents are peak magnitudes.

Fig. 5. Part of foundation
earth grid electrode
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Figure 6. Return current flowing to the impulse Figure 7. Transient potential difference between
generator through the floor copper grid earth points of the sphere chopping gap and the

generator, U, = 46,8 kV
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Figure 8. ATP model of impulse generator connected to foundation grid earth electrode

Induced voltage developed across such an open loop may be calculated, using the method described in
[3], using the formula:
Ug=(jo-L,+jo-M,)-l-1,=263MV (D

where are: Jo-Ly-t-1,~U, . =j46,8kV (Fig.8.)
w=2-7-1845=116MHz
¢ =12m - conduit length

L, ~17-107" H/m - external inductance of a conductor in the copper grid
M,~94-1 0”7 H / m— mutual inductance between the copper grid and the conduit

Mutual inductance between the copper net and the conduit depends, first of all, on geometric
dimensions of the expanded net and its meshes and vertical clearance between the net and the conduit.
When the conduit is earthed at both ends, current flowing through such a loop is defined by the
expression:

U,
I, = =76kA 2)
Th
where is: Zr, - Thevenin impedance of the circuit [3].
Voltage along a steel conduit at HF transient may be calculated by means of formula:

U,=1,-R, 3)
where are: I, =1, =76 kA — the current flowing through the conduit;
R, — transfer resistance of the conduit.

While for non-ferrous materials with high conductivity (Cu, Al) resistance R decisive for calculation
of induced voltage peak magnitudes caused by HF transient currents with steep slopes is practically
equal to ohm resistance, by ferrous materials this resistance has up to five times lower value (16% of
resistance against direct current for the example presented in [8]). With regard to the calculation
complexity and earth electrode configuration of test laboratory (copper net, foundation earthing grid,
concrete armouring), it is performed with DS resistance value, i.e.:
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R=—2Pl  _07mo “)
T-s-(s+2r)

where are: p =130x10°0Om specific steel resistance
s =45 mm conduit wall thickness
r=75mm internal conduit radius

Finally, inserting R; = R in (3), voltage level at the conduit in case it was made of non-ferrous
material is obtained:

U,=76-10°-071-107 =54V ®)
In accordance with stated, peak voltage magnitude expected to be induced in the steel conduit will be
up to five times less, i.e. of the order of 10 V. The resistance Ry of the armour material for transient
HF impulse currents is decreasing with lower resistance p and higher relative permeability p,. As for
ferromagnetic materials p, is significantly higher then 1 (for steel 200 ... 300), without considering
relatively high specific resistance p, steel conduits are very efficient armouring against magnetic field
penetration and present almost entire protection for signaling cables against electromagnetic
interference, i.e. transfer inductive resistance conduit - conductor Z; ~ 0 H/m.
The most effective armouring for the entire frequency range is achieved by double armouring — a
metallic conduit earthed at both ends and a cable screen earthed at one end, where signaling circuit is
earthed too, strictly considering user manuals for test and other equipment.

5. CONCLUSIONS

The design and construction of a new industrial high voltage test laboratory demanded solving of
EMC problems.

The double wall with an air space is designed in order to provide required level of protection against
external electromagnetic and noise interferences. Sheets of outside wall cladding are galvanically
joined. The inner Faraday cage of copper and metal net is designed as an additional electromagnetic
screen.

The analysis results of transient potential differences indicate that crucial role for their reduction has
the inductance of the return current path. Prevention of dangerous high induced voltages in measuring
circuits may be achieved by laying of cables through conduits made of ferrous materials bonded at
both ends, with minimal distance between the conduit and the floor net. Accordingly, for transient
potential differences reduction, mutual bonding of all metal parts using low inductance connections
(strips, braids) is of utmost importance.
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SUMMARY

In the last two decades have been studied the conditions of electromagnetic compatibility
(EMC) in different kind of substations in transmission networks of Croatia. Investigations have been
done by measuring method using special measuring technique and also by computing simulations. In
this paper will be shown conditions of EMC which have been studied by measuring method during
normal or fault switching operations of disconnectors and circuit breakers. Conditions of EMC with
particular stress on transient voltages in secondary circuits within various kind of transmission
network objects have been carefully studied (AIS, GIS, old and new substation design type, rated
voltages from 110 kV to 400 kV).

In the paper will be given the review of some main data from those investigations made in the
long period of time. Then main findings will be given and the differences in EMC conditions will be
shown taking into account various parameters such as: design details of substations (distances, cable
types, protective measures etc.). Also, it will be given a review of measuring methods and tools
(oscilloscopes with low and deep acquisition memory, statistical tools for data processing, etc.).
Generally, it was shown that overvoltatges in secondary equipment follows normal or Gaussian
statistical distribution from which some typical data have been taken, such as 98% - probability values
etc.

Consequently, different kind of the mitigation measures have been proposed in cases of high
overvoltages in secondary circuits. Typically, changes in earthing systems, in cable sheets connections
etc. have been proposed to utilities. All proposed measures have been tested by measuring methods
too and the effects have been very satisfactory in ensuring EMC conditions within substations. Some
most interesting ways in reducing high level of TEVR in GIS substations will be shown in pictures.

Given results and effects of mitigation measures in Croatian transmission network substations
clearly show that the best method is experimental investigation which usually was followed by some
necessary mitigation measures which ensure the conditions of EMC within substations according to
international standards and recommendations.

KEYWORDS

Electromagnetic compatibility, High voltage, Substation, Transmission network, Mitigation measure,
Disconnector, Switching operation, Measurements, Statistical analysis
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1. INTRODUCTION

In the last 25 years the discipline “Electromagnetic compatibility” (Abb.: EMC) become one
important part of design and testing within power substations and power plants [1]. In Croatian electric
power system the study of EMC questions passed the way from the first methodology studies [2] and
first measurements in high voltage (HV) substations [5, 6] to the mature discipline. The first serious
study started practically along with introducing 400 kV voltage in power transmission network.

As have been known, the main problem with EM incompatibility of some electrical equipment
in power substations are transient overvoltages in primary or secondary circuits due to lightning
strokes, switching operations and different kinds of faults. Overvoltages due to earth faults and
lightning strokes are relatively infrequent and in primary circuits they are in majority cases successful
suppressed by using of MO arresters and switching control measures.

The most important thing for the occurrence of transients, special in secondary circuits, is
automatic or intentional switching of HV disconnectors and circuits breakers, (Fig. 1).

Fig. 1  Arc between contacts of disconnector in AIS 400 kV substation Tumbri, near Zagreb

Travelling current and voltage waves due to disconnector switching influence on sensitive
measuring, protective and control circuits. The main part of influence is coming through the measuring
transformers because of specific kind of conjugation between primary and secondary circuits
(inductive and capacitive). In some cases conductive and radiated components are significant, too.

Fig.2  View on one of the GIS 110 kV substation Dobri in which EMC conditions have been investigated
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It is important to point out the great significance of transient overvoltages in GIS substations,
although all AIS substations are not immune on them. But in GIS and in apparatus with compressed
SF¢ enclosed by metal cylinders, very high frequency overvoltages are spread in the form of
complicated travelling waves, which after few reflections are transferring into very high frequency (up
to 50 MHz) and low damped oscillations. The main characteristics of those very fast transients
(VETO) are very steep wave fronts (typical rise time 3 to 5 ns). Such waves may cause significant
transient overvoltages in secondary circuits, very high transient voltage rise of metal enclosure
(TEVR) and significant transient ground potential rise (TGPR) on different parts of grounding system.

In the beginning of research the EMC problems in Croatian transmission networks it was
decided after introducing the first important theoretical studies [4] that the very useful method for
determining the level, wave shape, kind and main causes of transient overvoltages are direct
measurements within high voltage substations. One of those main reasons for this conclusion is
complex structure of substations usually inconvenient for computation, special in secondary circuits.

2. EXPERIMENTAL INVESTIGATIONS OF TRANSIENT OVERVOLTAGES
IN SECONDARY CIRCUITS OF “AIS & GIS” SUBSTATIONS IN CROATIA

2.1  Description of measurements

For experimental study of transient overvoltages it was chosen a typical test configurations of
substations which are showed on next two figures (one of 400 kV AIS substations on Fig. 3 and one of
110 kV GIS substations, Fig. 4). In each configuration measuring of transients have been done during
disconnectors switching “On” and “Off” on different parts of substations.

400 kV
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Fig. 3 400 kV AIS substation Zerjavinec with locations of disconnectors which have been switched on and off
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Fig. 4  GIS substation 110 kV Dobri with location of disconnectors during EMC investigation
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In AIS substation as a most dangerous was chosen switching of unloaded auxiliary bus-bars
(Fig. 3), but in GIS the section of enclosed busbars with sectional disconnector (Fig. 4).

For each type of measurement the choice of measuring-acquisition equipment was based of
expected amplitude and frequency spectrum of studied transients. Because of that are chosen modern
digital-storage oscilloscopes with frequency bandwidth of 500 MHz, sample rate from 0.5 to 1 Gs/sec.
Also it was necessary to take the instruments with very deep acquisition memory and high voltage
measuring probe with 250 MHz frequency bandwidth. Measurements have been done on measuring
points in secondary equipment cubicles (Fig. 5a and 5b), but in GIS substations on different points of
metal enclosure, additionally.

Fig. 5a Detail of measuring equipment Fig. 5Sb Measurements points in relay cubicle

Furthermore, because of stochastic nature of transients measurements have been repeated
several times in the same configuration due to statistical processing of collected samples. In intention
to find maximum values of transients in each switching cycles it was used sequential memory mode of
oscilloscope.

2.2 Review of results

The first results of measurements and studies conducted in AIS type of 400 kV substations
showed desirable level of overvoltages in secondary circuits in 400 kV substations which was less
than 2 kV . [5, 6]. In some specific cases the level of overvoltages exceeded 3 kV e and it was to
required to make additional EMC measurements [4, 5]. In majority of new 400 kV substations
because of application new EMC measures already through the building process it was found lower
level of overvoltages in secondary circuits [3, 10, 12]. On Fig. 6a is shown typical oscillogram of
overvoltages in secondary circuits in one of new 400 kV AIS substation. For comparison Fig. 6b
shows measured overvoltage in secondary circuits investigated within 110 kV GIS type of substation.
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Fig. 6a Transient in AIS 400 kV Zerjavinec Fig. 6b Overvoltage in 110 kV GIS Dobri
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In GIS substations besides of amplitude level more care have to be taken on frequency range
of transient overvoltages (usually 5-20 times higher than for AIS) due to some specific properties of
GIS (very steep overvoltages, small design distances, superposition of TEVR etc.) In that sense more
experimental studies have been performed in Croatian GIS substations in past several years with
statistical evaluation of measuring results special because of higher risk of undesirable disturbances in
secondary circuits.

In table 2.1 it is given the summary of results of the highest overvoltages recorded in different
points of one of representative 110 kV GIS substations during disconnector switching.

Table 2.1 Overview of the highest overvoltages values recorded in different points of GIS Substation
110 kV Dobri (in town Split), during disconnectors switching-,, Switching off”
(peak overvoltages values and number of measurements at each measuring point)
(red sheded. overvoltages measured in secondary circuits)

Measuring point Reference Upeak L QE) 5 é‘; A QE) 8 OA% g E% E é% 5 @’Lg g fé g

o Sii| 85 | 53F |87 | 355 |82 E ;| i

24| g3 z8% | g % | z8% |@d®| g 5| 8A°

Enclosure-T1 Ml 2438V (16) 1750V (11) 2438V (5)

Enclosure Tla | M1 8438V (@dl) | 2960V | 3125v(y | sasvio) | 3s13ve) | 3813v) 8438V (5) 3813V ()

Enclosure -T2 Ml 13.750 V (36) 4.063V (1) | 6.750 V (10) 1781V (12) 13750V (5) 5063V (8)

Enclosure -T3 M1 2250V (15) 1,563V (1) 2250(4)
Encloswe-T3a | M1 3500V () | 2.125v @) 2875V(9) | 3500V (9)

Enclosure -T4 Ml 6000V (15) 6000V (11) 4.019 (4)

Enclosure-Tda | M1 16456V (55) | 1425V ) | sa50v) | 3363ve) | 164s6v (o) | 34s0ves) | 3925vay | s700v () 4163V (3)

Encloswe Tdb | M1 9531v@l | Lissve) [4000vy | 4250v©) | 9s3tvao | 250vao [30esvay [ 2000ve) 4775V (3)
Enclosure -T4c Ml 2969V (15) 2969 V (15)
Enclosure -T5 Ml 7313V (14) 7313V (14)
Enclosure -T6 Ml 5438V (14) 5438V (14)

SK-Kastela M-E3 1.161 V(82) 651V (36) 1.161 V (40) 734V (6)
SK-Sucidar M-ES 1198V (56) | 693V (16) 1.198 V (40)

SK-T1 M-EL 938 V(53) 917V (44) 938 V (9)
SK-T2 M-E6 1.646 V (60) 1.646 V (60)

The highest peak overvoltages measured on different points of secondary circuits are not
exceeding value of 2 kV .., but the measured values of transient enclosure voltage rise (TEVR) are
significant on some points of enclosure. The last findings lead to introduction of various kinds of
mitigation measures.

3. MITIGATION MEASURES FOR EMC FULFILMENT IN SUBSTATIONS

In accordance with presented results and some other studies [7, 8] it was made in each tested
substation evaluation of fulfilment of EMC conditions. In old generation of AIS 400 kV substations it
was concluded that disconnector switching could lead to high transient overvoltages in secondary
circuits. In those cases it was necessary to reduce them to levels to assure safe and truly operation of
sensitive electronic devices. Desirable level of overvoltages was concluded to be less than 2 kV .

New generation of AIS and GIS type substation fulfil that and other EMC conditions
generally. But, all higher levels of transients cannot be completely eliminated. This is particularly
related to transient enclosure voltage rise (TEVR) in GIS type substations which is unique for GIS
and can be in some worst cases also significant for disturbances in secondary circuits and EMC
condition in related substation.

In that sense and as for example on Fig. 7 is done principal scheme three different kinds of
earthing both sides of enclosure-cable connection in tested GIS which have been experimental
investigated to quantify the differences and efficiency in decreasing level of TEVR during
disconnector switching, [7, §].
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Fig. 7. Test configurations to determine efficiency of different kinds of earthing interconnected GIS
enclosure and cable terminals on TEVR level

Measurements have been repeated several times in the same configurations to get
representative samples for farther statistical evaluation. Summary of statistical evaluated results is
described as bar diagrams Fig. 8 (left part of figure). From the diagrams is evident the influence of
low inductance earthing on both sides of enclosure-cable interconnection in significant mitigation
TEVR in tested GIS.

60 T T T T T T T T T T T T
| | | | | | | | | | | |
: | | T T R A 06
| | I M k98max
| | |
504+ - - —— - E ) . T
| | | Interval of maximum theoretical expected value (sampling method)
| | | L o5
| | | ’
— I I I Interval of maximum measured values (samples)
| | |
40 1 e T L]
| | | m Average value of samples
| | | L04
| | | —_—
= | | | Interval of other lower values measured during disconnector El
= | | | switching Z
Q30— T . _ _ | @
= | T i Values according to model >
s ) | | 03 &
o | | | =3
= ) | | . Lo >
| | | Values from individual measurements
| | | | | | | | | | | |
2004+ ---W------ e e e e e e B
l ’ ] S A Lo2
| | | | | | | | | | | |
| | | | | | | | | | | |
— | | | | | | | | | | | |
| b | = | | | | | | | | | |
10 4+ - L- - — — — - -k e e e - - ) R
0 B 0 | — | | | | | | | | | | [ OY1
| | | | | | | | | | | |
Bl | | | | | | | | | | |
| | = | | | | | | | | |
| | | | | | | | | | | |
0 | | | = = | | | | | | | | = O 0
38 & & 3 3 z 3 oo m S B
o o ® » o o o o Yy 4 4 3 8N O
3o Ea 3 S & = Y = EXe) o O e Sm Se 34
s & £ _3 s @ 32 @ RN 3N S 5T, 85 59
e? = 32 B% °e? = §¢ = 2o g0 em 23 3% 3o
— oz o= il g S 3 o o o
EFRE - =2 = =3 = 20 e 32 |3n %932
-y =2 - -y -y o @ * S = c s c
= s < = = > 3 © 7 &85 &
S o ) ) ) @ = * -
2 g ®
Configuration, Measuring point
Fig. 7. Summary of results of tested configurations to determine efficiency of different kinds of earthing
interconnected GIS enclosure and cable terminals on TEVR level;
Transient overvoltages in secondary circuits measured in three different GIS substations
(in red frame)
88 S. Boji¢, A. Sekso Telento, I. Doli¢, Electromagnetic compatibility in various kinds of substations in Croatian transmission networks and mitigation

measures, Journal of Energy, vol. 59 Number 1-4 (2010) Special Issue, p. 83-89



But sometimes it is difficult and expensive to carry out enough effective measures. Because

of that the most effective way is to predict ways for reducing of overvoltages already in the phase of
design of new substations. In that sense experiences with measurements in existing substations are
essential.

4.

MAIN CONCLUSIONS AND LESSONS LEARNED

Some main conclusions from measuring investigations of transient overvoltages in secondary

circuits in different kind of Croatian 110 kV and 400 kV substations may be briefly stated as follows.

1.

Overvoltages within old types of AIS substations are generally higher and often need reductions
GIS substations showed lower level of peak values of transient overvoltages in comparison to AIS
substations, but generally have higher frequency range and some specific problems (TEVR)

3. Various mitigation measures undertaken after first measurements showed good suppressive effects
4. It was decided to carry out measuring investigations in all type of substations periodically and
according to IEC and other regulations
5. Computing methods of investigations of EMC conditions is considered as useful in design phase
for new substations and may be validated only through measuring investigations with special and
sophisticated equipment.
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SUMMARY

Ferroresonance is a low frequency phenomenon that can occur when one side of a double circuit
transmission line connected to a transformer is switched out. This can result in the transfer of power
from the adjacent circuit through mutual coupling into the de-energised circuit. This can lead to
saturation of the transformer and stressing of the disconnector during opening. More typically,
ferroresonance will affect control and protection functions preventing circuit operations and possibly
requiring an unplanned double circuit outage to safely isolate the distressed transformer.

In the UK a number of power transformers are exposed to ferroresonance and remote switching where
they are connected to mesh corner and circuit tee configurations. Ferroresonance will continue for a
few minutes until it can be detected and quenched. In cases where it cannot be detected, this can be
much longer until the transformer is fully isolated. There are a number of ferroresonance modes,
which may affect the unit differently, little is known to what degree this is damaging the transformer.

This paper briefly discusses the results of system tests carried out to investigate the effect of
ferroresonance and subsequent modelling work. The validation of a detailed transient model has been
carried in an attempt to understand the effect of ferroresonance and quantify the energy injected into
the transformer core during various ferroresonance modes. The article concentrates on the early stages
of this work and the impact of ferroresonance on network infrastructure including transformers,
switchgear, protection and control.

KEYWORDS
Ferroresonance, switching, transformer modelling, saturation, power systems, system tests.
BACKGROUND

The UK transmission network is a highly integrated system, containing many double circuit lines,
terminating in some cases, with mesh design substations [1]. During the 1970’s, when the transmission
network was built, the prohibitively high cost of circuit breakers drove the development of the mesh
substation (Fig. 1). This design maximised the use of the circuit breaker, which was comparable in
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cost to the transformer. The air blast circuit breakers were very complex units requiring highly skilled
engineering and resource. This cost factor resulted in a design compromise and the mesh substation
was established. The banking of transformers with lines exposed transformers to more frequent and
higher stresses from remote end switching over-voltage effects, compared to that of transformers in a
double busbar substation.

Although technology has changed over the last few decades, substations with mesh corners or circuit
‘tees’ still exist and experience the problems of remote energisation overvoltages and ferroresonance.
Remote energisation is more likely to cause a failure mode, but can be managed to some degree by
surge arresters. Ferroresonance tends to cause switching complexity issues, albeit damage is possible.
As the issue of ferroresonance became more of a problem, intricate control schemes were developed,
based on automatic quenching schemes using disconnectors to isolate the transformer from the line to
remove the ferroresonance. While this was acceptable for the older and more robust committee design
disconnectors, present day equipment with tighter design margins proved less robust and effective as
quenching devices and as a result quenching performance has deteriorated.

D—/— /
—— /—D—/—F
T
Z Z
D—/— 7/

Figure 1. A typical mesh substation layout
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Ferroresonance is an electromagnetic phenomenon which occurs as a result of the interaction between
an iron core inductance and shunt capacitance. This non-linear condition can arise on the transmission
system under specific network configurations (Fig. 2). The effect can weaken the security of the
network and ultimately damage primary equipment, including power transformers, wound voltage
instrument transformers and switchgear exposed to the electro-mechanical stress during the

ferroresonance condition [2].

There are three categories of ferroresonance, and in each case mechanical duty will be imposed onto

the transformer winding and core, in addition to the consequential dielectric and thermal stress on the

insulation materials.

e Unstable Quasi-Periodic Oscillation (Chaotic) where a given excitation forces a move between
more than one stable equilibrium state. The effect is characterised by a sudden jump of voltage or
current from one stable state to another.

e Fundamental Mode Ferroresonance can only be sustained in the presence of fundamental
excitation (from an adjacent source). Both odd and even harmonic oscillations can occur
depending on the system parameters and initial conditions. However, the region of existence of
such oscillations is very sensitive to losses in the circuit.

e Sub-Harmonic Mode Ferroresonance can occur at an integral sub-multiple of the fundamental
frequency, but only in the presence of fundamental excitation. Both odd and even sub-harmonic
oscillations are possible. It is also very sensitive to losses in the circuit.

o1

M. Osborne, P. Jarman, C. Charalambous, Z. Wang, The impact of ferroresonance and low frequency phenomena on power transformers and
transmission systems, Journal of Energy, vol. 59 Number 1-4 (2010) Special Issue, p. 90-96



There are two typical scenarios where ferroresonance occurs within the UK Transmission network:
e Power transformer ferroresonance — where the unit is connected to a double circuit overhead
line (this can also affect quadrature boosters and shunt reactors),
e Wound electromagnetic voltage transformer (EMVT) ferroresonance — where the unit is
connected to an isolated section of busbar and circuit breakers fitted with grading capacitors.
This paper concentrates on the impact associated with power transformers, the issue of
electromagnetic voltage transformer ferroresonance is covered in greater detail by other references [3].

This paper examines where power transformer ferroresonance can arise as a result of the following
circumstances (Fig 2):
e De-energisation of one circuit of a double circuit over-headline with a transformer feeder
e A live adjacent overhead circuit on the same tower (i.e. part of a double circuit typically
longer than 10km)
e Transformer connected with a disconnector (no HV circuit breaker between the transformer
and line).

- ._ closed CB
circuit 1
C

series
_G circuit 2 | D_ open CB

c L
T b

Lshunt SGT

Figure 2. Typical circuit configuration which can exhibit ferroresonance.

The energised adjacent line (on a double circuit tower) is capable of indefinitely supporting an
established ferroresonance condition between the non-linear inductance of the transformer and the de-
energised line circuit capacitance to ground. This forcing function can cause the transformer magnetic
flux to saturate, failure of the core to contain magnetising current, results in stray current flowing into
metallic elements of the transformer other than the iron core (such as core bolts or the tank). These
components have a higher resistance and rapidly heat up due to the stray currents. This could
potentially cause internal thermal damage to insulation local to the parts, this will result in a
subsequent reduction in the dielectric strength.

SYSTEM TESTS

In 1998 a number of system tests were performed on a 400kV circuit which was known to
ferroresonate. The feeder circuit is composed of a 1000MVA 400/275kV interbus transformer
connected to a double circuit overhead line with only a disconnector. The purpose of these tests was to
establish the likelihood of ferroresonance and the quenching performance of the disconnector. The
tests successfully established different states of ferroresonance through control of the point on wave
switching of the circuit breaker which discharges the circuit containing the transformer.

The results indicated that quite onerous conditions could be generated on a relatively short circuit
(37km) if the ideal conditions for ferroresonance prevail. In the case of fundamental mode
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ferroresonance, voltages in excess of 1 per unit were established (Fig. 3) and associated non sinusoidal
currents with peak values over 200A (Fig. 4). Other tests produced sub-harmonic mode ferroresonance
where the voltages and currents were much lower, typically of the order 100kV and 50A.

The disconnectors opened successfully to quench and remove the ferroresonance condition and safely
isolated the transformer.
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Figure 3. Fundamental mode ferroresonance — voltage (measured)
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Figure 4. Fundamental mode ferroresonance — current (measured)

MODELLING FERRORESONANCE

The system tests were replicated in EMTP (ATP) to understand the impact that ferroresonance has on
both the switchgear and transformer. This will help to gain further insight into the conditions which
increase the likelihood of ferroresonance occurring and the amount of energy being transferred into the
transformer.

The overhead line circuit was modelled using the geometric transmission line characteristics. The
transformer model adopted the BCTRAN transformer matrix model using data from manufacturer test
results. Saturation effects were considered by attaching the non- linear characteristics externally in the
form of a non-linear inductive element branch [4]. The results replicated the measured voltage (Fig. 5)
and currents (Fig. 6) waveforms to a very good degree [5].
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Figure 5. Fundamental mode ferroresonance — voltage (simulated)
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Numerous studies were performed considering various sensitivities including the interaction between
point on wave switching, transformer core losses and line length. From this analysis a ferroresonance
map (Fig. 7) was developed, which identifies the likely type of ferroresoance to be experienced when a
feeder circuit with the relevant conditions is switched. The map suggests that point on wave switching
and transmission line length dominates the susceptibility of a transformer to sustain ferroresonance.
These results support the concept of energy transfer in the transformer being a likely cause of
insulation stressing and possible ageing. Switching studies suggest that, in addition to ferroresonance,
large magnitude overvoltages and inrush currents will worsen the condition of the transformer, by
further reducing the dielectric strength.
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The information gained from this work can be used in conjunction with fine element analysis to
develop a detailed transformer model to understand the magnetic field distribution within a
transformer under ferroresonance and any degrading mechanisms on the transformer. This model will
help to determine the likelihood of transformer ferroresonance and other low frequency effects
including geomagnetically induced currents (GIC) and switching surges.

IMPACT THE TRANSMISSION SYSTEM

Ferroresonance does not only affect transformers and the effect on the transmission systems is
widespread stressing switchgear and interfering with protection and control operation.

Transformers

The key concern for plant with magnetic iron cores such as transformers, reactors and quadboosters is
whether the energy transferred into the transformer body during core saturation by the non-sinusoidal
currents is damaging. Saturation and failure of the transformer core to contain the flux, manifests itself
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as current induced in parts of the transformer body not designed to conduct current. The
ferroresonance fundamental current pulses (up to 500A.x) can continue indefinitely causing heating in
the core bolts and tank. This can thermally damage insulation, creating weaknesses, which cannot be
spotted before a failure occurs.

A transformer experiencing ferroresonance generates an uncharacteristic audible grumbling, the
fundamental frequency mode is loud and can be heard up to 50m away. Evidence of ferroresonance
causing internal heating is indicated by gassing and tripping of the Bucholtz protection.

Switchgear

During the field tests the disconnectors experienced significant arcing during quenching of the
fundamental mode ferroresonance. This caused some erosion of the contacts, which suggests that
closer inspection and possible replacement is likely should they see frequent ferroresonance quenching
duty.

New disconnectors are not rated for ferroresonance quenching duty and are not ideal devices as they
draw the arc slowly and in an uncontrolled manner. A modified earth switch is used instead as it is the
only other mechanical switching device remaining (other than an expensive circuit breaker). The
method is a closing operation which will not draw an arc (although one will be created). Operationally,
a standard earth switch is not suitable for ferroresonance quenching, so an enhanced duty device is
necessary.

Surge arresters can also be affected if the voltages associated with ferroresonance exceed the rated
TOV and cause the arrester to operate and conduct current for long periods (in surge arrester terms).
This is a particular issue if an arrester is subject to heating and then exposed to a switching over-
voltage when the transformer is remotely energised. This can only be avoided through design by
ensuring the MCOV and TOV is greater than anticipated ferroresonance voltages.

Control & Protection

There are a number of problems caused by ferroresonance, firstly it is very difficult to reliably detect
and initiate automatic quenching, and secondly ferroresonance can interfere with circuit protection and
control operations.

Detection is difficult, especially sub-harmonic modes. The bulk of ferroresonance modes involve
current values typically of 100A and below. These are quite low values to detect in terms of protection
reliability and dependability and could lead to spurious tripping. Voltage detection is more suitable,
however three phase detection is necessary and the frequency response of the CVT can make sub-
harmonic ferroresonance detection uncertain. The relay looks for a three phase condition typical of
fundamental mode ferroresonance, sub-harmonic mode detection is more variable.

Interference with schemes is probably the main concern surrounding ferroresonance from the Control
room perspective. The main problem is lockout of autoreclose schemes following a transient fault. The
presence of a ferroresonance voltage inhibits the synchronisation relay, which detects a voltage on
what should be a dead circuit. Non routine switching is necessary to quench the ferroresonance before
the circuit can be re-energised. If operation of the disconnector is prevented then the adjacent circuit
will need to be switched out, creating a double circuit outage. This is quite a serious situation, since
what started out as a simple transient fault (e.g. lightning) can start to compromise system security by
creating an N-2 condition. Consequently, where ferroresonance can be identified in advance an
automated detection and quenching scheme is installed in an attempt to prevent the risk of a double
circuit outage.

Mesh corner and transformer tee control schemes require bespoke engineering solutions and are
resource intensive, involving significant site-specific functionality. The risks are difficult to quantify at
a design stage. Although switchgear costs are reduced, the engineering cost can be significant and
introduce problems at commissioning, where various circuit configurations must be tested. Mesh
corner protection is complex, adding ferroresonance to this introduces another unreliability factor.
The complexity associated with this type of connection should not be dismissed, since any circuit
changes throughout the connection lifetime will need to be carefully assessed to identify any
interactions or inter-tripping.
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CONCLUDING REMARKS

Ferroresonance is a complex electro-magnetic condition. Through system tests and analytical studies it
has been demonstrated that ferroresonance is a stochastic function, dependent upon the initial
conditions and circuit parameters. Simulations suggest that the transformer may be exposed to higher
energy transfers with long transmission lines or where the core losses are low. The impact of
ferroresonance on transmission assets has been discussed and although no transformers have failed
during ferroresonance activity, accelerated ageing is likely, but to what extent we do not know at this
time.

Ferroresonance has a complex and cumulative impact, since not only do you get the ageing of assets,
but there is the problem of reliably detecting the condition and then the interference from
ferroresonance on protection and control systems which make secure operation of the system
increasingly difficult. In summary utilities should avoid configurations which will create
ferroresonance and increase the risks to the system and assets.
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SUMMARY

A general increase in transformer dielectric failures in the Brazilian transmission system, some of
them with no specific causes, motivated the start up of a Cigré Joint Working Group JWG A2/C4-03
Electrical Transient Interaction between Transformers and the Power System. This group has been
gathered to assess and discuss the different types of electrical transient interaction between
transformers and other components of the T&D power system that could explain some of these
failures.

The main focus of the JWG is to pursue an improvement of the system reliability based on
recommendations regarding the electrical transient interaction between transformers and the power
system. This takes into account the necessity of detailed transient studies looking for an upgrade in
equipment specifications, system planning and operation criteria. The working group started its
activities in May 2005 and is composed of around 30 members, representing utilities, research center,
manufacturers, universities and the national grid system operator.

The objective of this paper is to present the work that has been carried out so far by the JWG including
the main discussions and the conclusions already reached.
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1. INTRODUCTION

In recent years some transformer failures due to system interaction have been reported from members
of the Brazilian Study Committees A2 and C4. These reports have motivated the engineering teams of
utilities, transformer manufacturers and independent research centers to start a Joint Working Group
to study this problem named JWG — A2/C4-03 - Electrical Transient Interaction between
Transformers and Power Systems.

The main focus of this JWG is to improve the system reliability by suggesting additional
recommendations after a better understanding of the oscillatory phenomena resulting from the
interaction between the transformer and its surrounding electrical environment after a transient event.

The objective of this paper is to present the work that has been carried out so far by the group,
including the main discussions and the conclusions already reached. The main topics are summarized
below:

e Brazilian utility experiences regarding transformer failures related to system transients;

e Transient system studies in order to evaluate a range of frequencies that appears during
switching in substations of different voltage level and arrangements;

s Presentation of the first results related to circuit breaker switching in substations of different
utilities up to 500 kV.

Programs for electromagnetic transient simulation in time-domain have been used for years to
calculate system overvoltages and to provide the necessary data for an optimized insulation
coordination based on the peak voltage. With the current experience, it is possible to conclude that,
peak values, although very important, are not the only risk factor for the transformer. Also the
oscillatory excitation involving the specific interaction of each piece of equipment with the system,
due to transient events, should be taken into account.

Some oscillatory excitation, even of low amplitude, may occur in frequencies that interact with a
transformer winding part resulting in a local amplification due to resonance. As the transformers are
constantly exposed to transient events such as lightning, switching operations, short-circuits, etc. the
resonances at singular points in the winding may continuously stress its insulation leading to a failure,
sometimes hours after the events.

The report of the members’ experiences and the simulation of several substation arrangements for
different voltage levels frequently used in Brazil provided the basis for the coming discussions.
Transformer standards and specifications are asked to be reconsidered in order to establish an adequate
compromise between the equipment operational reliability and the necessary clarity and impartiality to
evaluate designs of different manufacturers.

2. UTILITY EXPERIENCES: TRANSFORMERS AND POWER SYSTEM INTERACTION

Some important transformer failures have occurred in the Brazilian transmission system in the last ten
years. In some cases, a clear diagnosis could not be achieved but the evidences led to switching
operations as the most probable cause. The analysis of these occurrences motivated the development
of large scale electromagnetic transient simulations with the objective of quantifying not only the
magnitude but mainly typical frequency ranges of the high frequency transient voltages in the
transformer terminals. These voltages were generated by the switching-on operations, in substations of
different configurations and voltage levels. The results of these evaluations were a valuable
contribution to the CIGRE Brazilian JWG-A2/C4-03 and will be discussed in the next items.

The experience of some Brazilian utilities (CEMIG, CHESF, CTEEP, ELETRONORTE,
ELETROSUL and FURNAS) with occurrences involving interaction between transformers and power
system are described below:

Case 1: Unexplained dielectric failures of two 500/345/13.8 kV — 400 MVA autotransformers, a few
days from each other, in February 1995, led the utility to review its traditional approach regarding the
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transformer reliability. After exhaustive analyses, a common cause suggested for these failures,
although not proved, was the occurrence of internal overvoltage due to frequent switching in the
substation. This fact showed the necessity to improve discussions with the manufacturer about the
electrical system environment and design based on a better understanding of the interaction of the
power system and transformers. Some actions have been taken with this aim, including switching
transient simulations studies with more realistic transformer models and field measurements to
subsidise new transformer specifications and reproduce system disturbances [1].

Case 2: During a no-load 230/138/13.8 kV — 55 MVA transformer switching, through the 230 kV bus
tie breaker, a flashover occurred in the 13.8 kV bushings leading to a short circuit to earth. The
13.8 kV transformer terminals were operating in an open condition and were not protected by
lightning arresters. Failure analysis showed that the dominant frequency of the transient voltages
calculated in the 230kV terminals is very close to one of the winding resonant frequencies, which
corresponds to the highest amplification factor in the 13.8 kV terminals. The resonant frequencies
related to the 230/13.8 kV voltage ratio were determined by field measurements of the frequency
response.

Case 3: Dielectric failures have been registered in single phase units of different manufacturers, since
the 16/16/500 kV — 555 MVA step-up transformer banks started their operation in 1988. Short circuits
between turns in the HV winding, between HV and LV windings, and LV winding to ground were
observed. Digital simulations of no-load breakers and disconnectors switching in the 500 kV terminals
and frequency response measurements showed that the transient voltage dominant frequencies were
very close to the windings resonant frequencies for some units, leading to the highest amplification
factors in the 16 kV terminals. Simulations and field measurements of the transient voltages presented
very close frequency ranges.

Case 4: In a group of twelve 765/345/20 kV — 500 MVA single-phase autotransformers of different
ages and manufacturers, four units failed within six months in 2005, leading the utility to conduct a
detailed investigation to determine possible causes. During this investigation, a new failure occurred in
April, 2006. This substation has 9 shunt capacitor banks of 200 Mvar each that were gradually
included in the 345 kV sector due to the necessity of voltage control in this system area. The high
number of switching of these capacitive units was considered as a possible cause of such failures.
However, site measurements and digital analysis have not shown any relation between the failures and
these operations so far.

Case 5: In 1994 there was a failure in a 13.8/550 kV — 378 MVA step-up transformer due to very fast
transients associated with disconnecting switching operation in the 550 kV GIS. The analysis
performed by a team composed of utility, manufacturer and research center engineers, with the help of
digital simulation, field measurements and analysis of the transformer internal insulation withstanding,
confirmed that the very fast transients were the fundamental cause of the failure. The failure involved
mainly turn to turn, disk to disk close to the HV terminal and main duct insulation between HV and
LV windings.

Case 6: In 1988 some minutes after a phase to ground fault in a 460 kV transmission system followed
by automatic reclosure, there was a dielectric failure in one phase of a 550/460/13.8 kV — 300 MVA
transformer bank. The internal inspection concluded that there had been an electric discharge between
contacts of the tap changer. The frequency response measurement carried on the regulation winding
showed significant resonance in the range of 4 to 6 kHz which is typical of switching surges. So the
transformer failure was considered a direct consequence of the system disturbance mentioned above.

3. DIGITAL SIMULATIONS

In accordance with the scope of the Brazilian JWG-A2/C4-03, this item presents the investigations
carried out by the Brazilian utilities and research center members of the group, concerning
transformers energization at different voltage levels and substation arrangements. A brief description
of the modelling guidelines, the studies performed and the results achieved are presented below.
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3.1 Modeling guidelines

An accurate simulation requires a valid representation of network components for a specific frequency
range that usually corresponds to some particular transient phenomenon. An acceptable representation
of each component in a wide frequency range is very difficult, and even practically impossible for
some components [2]. In this work, the objective of electromagnetic transient studies is to quantify the
magnitude and typical frequencies range of the high frequency transient voltages in the transformer
terminals produced by the switching-on operations. According to reference [3], these studies can be
classified as fast transients and the associated frequencies can vary from 10.0 kHz up to 3.0 MHz. Due
to the involved frequency spectrum, the frequency dependence of the parameters should be taken into
account, when possible, in models for transmission lines, substation buses and power apparatus. To do
this, modeling guidelines based on reference [2] are applied. The present section describes the adopted
approach. In all transient studies, digital simulations were carried out using the Alternative Transients
Program (ATP) [4].

a) Power transformer modeling:
In this work three different power transformer models were considered:

I) Simple lumped capacitance to ground: This model is traditionally applied in insulation coordination
studies;

II) Network of lumped capacitances: A more accurate model supported by the manufacturer,
considering capacitances between windings, windings to core and windings to ground as well as
bushing capacitances;

IIT) Frequency-dependent equivalent model (black box): An equivalent RLC network obtained from
field measurements (admittance curve in the frequency-domain). This model is usefully when
frequency responses are available. The black box model was obtained using a recent
implementation of the Vector Fitting routine [5, 6], called Matrix Fitting [7] or with the software
Sintnet [8].

b) Substation and transmission lines modeling:

The substation apparatus, such as circuit breakers, disconnectors and instrument transformers were
represented by their stray capacitances to ground, as proposed in [2]. All the equipment locations were
derived from the substation layout drawings. Mostly, frequency-dependence of transmission lines
parameters were taken into account using ATP JMarti setup [4]. Substation buses and conductors
between discontinuity points inside the substation, and connections between substation apparatus were
represented by line sections, modeled as three-phase untransposed distributed parameter, taking
frequency-dependence into account, if they are long enough. Otherwise, a lumped impedance was
used.

3.2 Case studies — description and results

The purpose of these studies was to determinate the amplitudes of the high frequency voltages and
their frequency range that appear during transformer energization. A brief description of the substation
arrangement, the studies performed and the results achieved are presented below:

3.2.1 Description

Study 1 — CEMIG: Ouro Preto II substation has an arrangement of breaker-and-a-half with three
345kV line transmission bays. The 500/345/13.8 kV — 400 MVA autotransformers are connected
directly to the bus and are switched by either one of the transmission line circuit breakers. The
distance between the breakers and the autotransformers varies from 60 to 120 m. In this study, the
circuit breaker by which the transformers were energized was varied, considering or not the presence
of a 345 kV reactor bank installed at one of the transmission line bays for voltage control. This reactor
is around 200 m away from the closest transformer. Circuit beakers has no pre-insertion resistor.

Study 2 — CHESF: Campina Grande II 230 kV substation has a main and auxiliary bus arrangement,
with ten transmission lines and six transformers. Simulations were performed for the no-load
switching-on of a 230/138/13.8 kV — 55 MVA transformer, through the transformer breaker (20 m
away) and through the transfer breaker of the substation (128 m away).
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Study 3 — CHESF: Luiz Gonzaga 500 kV substation has a breaker-and-a-half bus arrangement, with
six transmission lines and three links of about 400 m for interconnection with the Luiz Gonzaga
hydroelectric power plant. In the power plant there are three step-up transformer banks of
16/16/500 kV — 555 MVA. Simulations were performed for the no-load switching-on of a transformer
bank with respective link (400 m away).

Study 4 — FURNAS: The 345 kV sector of Tijuco Preto substation has a breaker-and-a-half bus
arrangement of 700 m length, ten transmission line bays, four autotransformer banks and four islands
of capacitor shunt banks. Each 765/345/20 kV — 500 MVA autotransformer is around 190 m away
from two possible breakers for its switching. Simulations were performed for the no-load switching-on
of transformer banks of two different manufacturers with and without pre-insertion resistor (R)
represented. Autotransformer bank for each manufacturer were represented by two different models.

Study 5 — CEPEL: The 230 kV substation studied was a typical double bus, single breaker
arrangement, with six lines and one 345/230/13.8 kV — 225 MVA autotransformer bank. The
transformer was energized, from the 230 kV side, considering two basic substation configurations:
first, switching the breaker that connects the autotransformer directly to the two main buses (i.e., the
transformer circuit breaker); second, switching the bus tie breaker, which is located within a longer
distance from the switched transformer. Both circuit breakers were not provided with closing resistors.
Separating distances between switched breaker and the transformer being energized are,
approximately, 60 and 180 m, respectively.

Study 6 — ELETROSUL: Campos Novos 525 kV substation has a breaker-and-a-half arrangement
with six bays, four transmission lines and two 525/230/13.8 kV —672 MVA single-phase
autotransformer banks. The simulations took into account the autotransformer being switched by the
bus circuit breaker (BCB), and by the tie circuit breaker (CCB) with and without the 800 Q) pre-
insertion resistors (R). The autotransformer bank was modeled by a 3 nF capacitance which represents
its impedance for 150 kHz.

Study 7 — CTEEP: Aparecida 230 kV substation has a ring bus, two transmission bays and three
230/88 kV — 60 MVA transformer banks. An analysis of the energization of the third bank from the
230 kV side, 72 m away from the circuit breaker was made. Measurement during its energization and
simulation using the ATP program with the transformers modelled as concentrated 2 nF, 3 nF and
4 nF capacitances were performed.

Study 8 — ELETRONORTE: Tucurui I 500 kV substation has a breaker-and-a-half bus arrangement,
with three transmission lines and six links of about 1000 m for interconnection with twelve generators
of the hydroelectric power plant. Simulations were performed for the no-load switching-on of a
550/230/13.8 kV — 450 MVA transformer bank with respective link (170 m).

3.2.2 Results

Figures 1 to 10 typify the results (voltage in the terminal of the corresponding transformer) and Table I
sumarizes the main parameters and values obtained in the studies.
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Table I — Summary of simulations results

Voltage Station Switched Breaker | Maximum Dominant | Model
Study level lavout ecauipment distance | overvoltage | frequency (item
(kV) 4 qup (m) (pu) (kHz) 3.1a)
Breaker- Autotransformer 1.60 100 I
1 345 d-a-half 500/345/13.8 kV — 123 1.65 140 11
and-a-ha 400 MVA @
1.54 180 111
Main and Transformer 20 1.75 340 I
2 230 auxiliary 230/138/13.8 kV —
bus 55 MVA 128 1.95 210 I
Transformers
3 500 Breaker- 5501616 kv - 540 2.04 60-70 I
and-a-half 555 MVA 140 -170
s ot 190 1.98 117 G
500 MVA @
, s Breaker- | Manufacturer A 190 2.00 117 I
d-a-half
Gl Autotmanstorer 190 1.89 85 G
500 MVA
Manufacturer B 190 1.90 85 e
60 1.94 194 1®
60 1.93 194 11
Double Autotransformer @
5 230 bus, single [ 345/230/13.8 kV — 60 193 193 il
breaker 225 MVA 180 1.88 117 1@
180 1.88 117 I
180 1.87 118 1 @
_ Autotransformer 186 1.81 157 1
6 500 Bfieakgrl e | 525230138 KV -
and-a-ha 672 MVA 186 1.76 122 I
Transformer bank 180
7 230 Ring bus 230/88 kV — 72 1.24 330 |
60 MVA
Breaker- Transformer bank
8 500 d-a-half 525/230/13.8 kV — 170 1.84 100 1
and-a-ha 450 MVA

M Using Vector Fitting
@ Using SINTNET

® Equivalent capacitance obtained from the frequency response model for the dominant frequency
4. CONCLUSIONS

The paper presented the investigation carried out up to now by the Brazilian JWG-A2/C4-03 to study
the electrical transient interaction between transformers and the power system. ATP simulations of
transformer energization were performed, considering different voltage levels and substation
arrangements, and the results pointed out the importance of a better knowledge of transformer
behaviour in the range of 40 kHz to 200 kHz. Significant voltage stresses in these frequencies may not
be very well represented by the standard dielectric tests or taken into account during the project which
can contribute to equipment failures.

Cases where frequencies greater than 200 kHz were observed -were those corresponding to the ring
substation arrangement or with very small distance between the transformer and the circuit-breaker.
For larger distances between the transformer and the circuit-breaker, the oscillation frequencies
presented lower spectrum, considering the same transformer modeling.
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As far as the transformer modeling is concerned, application of Vector Fitting and SINTNET routines
seemed to give more accurate results with the voltage transients having relatively greater attenuation
and smaller amplitudes caused by the resistances of the equivalent RLC circuit provided.

It was also observed that the simple lumped capacitance model representation may lead to similar
results if the equivalent capacitance is obtained from the frequency response model for the dominant
frequency because, in this case, this dominant component will be well reproduced. The other
components, as a consequence of the model simplification, might not be well reproduced.

The application of pre-insertion resistors is one of the conventional solutions to reduce the overvoltage
magnitudes on the transformer terminals and to increase the voltage attenuation.

5. JWG-A2/C4-03 NEXT STEPS

The group next main task will be to find a reasonable way to use the transient study results to identify
risk factors that may increase the probability of transformer failures due to transients and help evaluate
the necessity of a case-by-case analysis and propose an upgrade of the transformer specifications
design review practices and an improvement of standard dielectric tests to make them more
representative.

It is relevant to point out the advantages of joint evaluations involving different experiences such as
utilities, research center, manufacturers, universities and the national grid system operator, as the work
being done by the JWG-A2/C4-03 of Cigré-Brazil, especially when the solution depends not only on
the power system but also on the characteristics of the equipment.

JWG-A2/C4 is composed by the following members:

Angélica da Costa O. Rocha (CEMIG) — Convener; Alecio Barreto Fernandes (ONS); Alvaro Portillo
(TRAFO-Consultant); Antonio Carlos S. de Lima (UFRJ); Antonio Roseval F. Freire (CHESF);
Camilo Machado Jr. (ELETRONORTE); Carlos Ossamu Kajikawa (ELETROPAULO); Davi Sixel
Arentz (FURNAS); Fernando Rodrigues Alves (CHESF); Francisco Salgado Carvalho (CEPEL);
Gilson Machado Bastos (FURNAS); Guilherme Sarcinelli Luz (FURNAS); Jodo Maria Fontoura
Janior (COPEL); José Carlos Mendes (ABB); José Francisco Lofrano de Oliveira (TRAFO); José
Renato Torrens (WEG); José Toshiyuki Honda (ELETRONORTE); Luiz Henrique S. Duarte
(CEMIG); Methodio Varejdo de Godoi (CHESF); Roberto Asano Junior (SIEMENS); Roberto
Vaisman (CEPEL); Rogério Lima Tompson (CTEEP); Rogério Magalhdes de Azevedo (CEPEL);
Sebastido Otavio Moreira (CEMIG); Ulisses R. R. Massaro (ELETROSUL); Walter Carvalho Pereira
(VONCKEL/DOBLE)
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At the Edge of Voltage Collapse in Slovenian Power System After Outage of
NPP Krsko and 400 kV Node Tumbri
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CROATIA
SUMMARY

A major disturbance that resulted in the tripping of the 400 kV line Tumbri (HR) — Héviz (H)
and the entire 400 kV node Tumbri in the Croatian system occurred on 27 August 2003 and almost led
to a voltage collapse in that area. The disturbance was initiated by an accidental outage of a generator
at NPP Krsko (SLO) due to a human error during regular maintenance work. Its further development
was the consequence of a hidden fault of the numeric protection at the 400 kV switchyard Tumbri. In
the specific system operating conditions (network configuration and generator scheduling) at that
moment, the systems of Slovenia and Austria in the central part of the UCTE system were brought
near voltage collapse. At the same time the operational security level of the power systems of Croatia
and BiH, then at the perimeter of the UCTE system, was also decreased.

The sequence of events is described and discussed in the paper. Recordings of frequency and
active power in representative transmission lines, taken at NDC Zagreb, are also given. A simulation
analysis was performed first for the real disturbance scenario and then for the hypothetical scenario in
which there was no failure of the protection at Tumbri substation and consequently the 400 kV node
Tumbri would have remained in operation. The simulations showed that the loss of a NPP Krsko
generator would have only a local impact and would be barely noticeable at the UCTE level had the
400 kV node Tumbri remained in operation. Simulation results are in accordance with information
obtained from the Slovenian power system where severely depressed voltages were recorded,
particularly in the area around NPP Krsko. It was also observed that the Slovenian system was acting
as a reactive power sink while active power was flowing in the opposite direction, i.e. towards Croatia.

Assessment of Croatian system security during the disturbance with respect to voltage
stability, frequency and angle stability and congestion criteria was done on the basis of measurements
and simulation results. The conclusion was that Croatian system security with respect to all the above
mentioned criteria was preserved but it must be stressed that the initial system operating conditions
were rather favorable from the stability point of view.
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Power system dynamics, power system security, outage, voltage and angle stability, relay protection
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1. INTRODUCTION

Major disturbances in power systems have serious technical and economic consequences. The
analysis of actual disturbances point to technical and/or organizational weaknesses in the system and
makes it possible to take measures to remove the observed deficiencies. At the same time, the analysis
of how the system behaves during the disturbance enhances the understanding of its characteristics.
This is important for predicting possible states and scenarios in which system security is jeopardized.

An especially tricky situation occurs when disturbances occur at such points or with such an
intensity that they significantly affect the operation of neighboring systems or even a broader area. The
analysis of such events requires close cooperation among operators, including exchange of available
information, records and measurements. Large-scale disturbances also mean real primary verification
of system protection actions, from local plant level to special protective schemes at system level.

The present paper describes an event which included the outage of a major power plant and
several interconnection lines, affecting a number of power systems (principally Slovenia (SLO),
Croatia (HR), Austria (A) and Hungary (H)).

2. POWER SYSTEM CONFIGURATION AND STEADY STATE

The configuration of Croatia’s 220 and 400 kV transmission network and its interconnections
with neighboring systems is shown in Figure 1. The nuclear power plant Krsko (NPP Krsko), a
generating facility located near the Croatian-Slovenian border, is used jointly by the Croatian and
Slovenian utilities in the ratio 50:50. The 400 kV node Tumbri and/or the 400/110 kV Tumbri
substation is a key point for the supply of the local power system of the city of Zagreb (HR) and its
surroundings. Incidentally, this fact was actually confirmed by an event that took place on January 22,
2003. On that day, a failure of one 110 kV circuit breaker in Tumbri substation and action of bus
protection led to the outage of the 110 kV node Tumbri and subsequent blackout in the city of Zagreb
and north-western Croatia.
The interconnections between the Hungarian and Croatian systems, a 400 kV double-circuit line
Tumbri (HR) — Héviz (H), built and operating at that time as a single circuit, is significant for the
security of the Croatian power system and it establishes an important electricity transit route, Héviz
(H) — Tumbri (HR) — Melina (HR) — Divaca (SLO) — Italy (I), from the northeast to the southwest of
the UCTE interconnected system. Consequently, the availability and any disturbance of this
interconnection is of special interest for the UCTE interconnected system and for the Croatian system
as its part.

HEVIZ HEVIZ
% HUNGARY CIRKOVCE \

SLOVENIA SLOVENIA HUNGARY
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Figure 1 Configuration and power flows in HR Figure 2 Configuration and power flows in HR
system before outage of NPP Krsko and 400 kV  system after outage of NPP Krsko and 400 kV
nodeTumbri node Tumbri
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The event considered occurred on August 27, 2003 at 9:15:10.008. The transmission networks
of Croatia and BiH and their mutual interconnections at that time (Figure 1) were not built at the today
level. In the Croatian system the 400 kV Zerjavinec and Ernestinovo substations did not exist then so
that the eastern part of Croatia was connected to the Zagreb area at the 220 kV level (Figure 1, the 220
kV line Mraclin — Pakovo). As mentioned above, in operation was only one circuit of the present-day
double circuit 400 kV interconnection TS Zerjavinec — TS Héviz, introduced into Tumbri substation.

Active power before the event was flowing from the north-eastern toward south-eastern part of
the UCTE system through Hungary, Austria, Croatia and Slovenia, with the concentration of demand
being in Slovenia, Italy, Croatia and BiH. Interestingly, due to relatively low voltages in Austria
(southern part) and Slovenia, reactive power flows had the opposite direction, i.e. from Italy and
Croatia through Slovenia to the southern part of Austria. It should be noted that active power flow
from Héviz to Tumbri (Figure 1) immediately before the event was 754 MW.

Following the outage of a NPP Krsko unit and subsequent tripping of the 400 kV node
Tumbri, active power began to flow through Austria, Germany and Italy toward Slovenia, Croatia and
BiH where power imbalance further increased due to the outage of the NPP Krsko unit. Voltage
conditions deteriorated in Austria and Slovenia especially after the connections between Austria and
the Czech Republic were switched off. These connections were in fact switched off by the first action
of the system protection (“Sollbruchstelle”) in the Austrian system. The area around the 400 kV node
Krsko was especially critical and on the brink of voltage collapse. The results of simulation of system
dynamics undoubtedly show and confirm that, as illustrated below. Reactive power continued to flow
from Italy and Croatia through Slovenia toward the southern part of Austria, now in greater amounts.

Active power flows on the lines before (09:15) and after (09:19) the outage of the Krsko NPP
unit and the 400 kV node Tumbri are also shown in Figures 1 and 2.

Demand in the Croatian power system immediately before the disturbance was 1860 MW and
was covered by production from domestic sources of 1478 MW and from import of 382 MW
(including 50% of power from Krsko NPP or 257 MW). Roughly two thirds of the import balanced the
southern part of HR system and one third was used to balance the wider Zagreb area. The notified
transit of active power through HR system for BiH system was 160 MW and the undeclared transit for
an unknown user was 280 MW. Due to an especially long dry period most of production within the
HR system originated from thermal power plants located in the wider Zagreb area (about 620 MW)
and from thermal power plants in the western part of HR system (TPP Rijeka and TPP Plomin 1 and 2
whose total dispatched power was about 600 MW). These sources were connected to the 110 kV and
220 kV levels of the transmission network not affected by the disturbance which proved to be of
decisive importance for maintaining the overall stability of the Croatian system in this particular case..

3. CHRONOLOGY OF EVENTS

The situation before the disturbance in all power systems considered was normal. The
disturbance began by the outage of the NPP Krsko unit (09:15:10.008) during a routine testing, whose
production at the time was 514 MW. Loss of this production caused power flow to increase on the 400
kV line Héviz — Tumbri after which circuit breaker failure protection (CBF protection) was quickly
activated in the 400 kV bay Héviz in Tumbri substation (at 09:15:10.374). This protection switched
off the circuit breaker in the 400 kV bay Tumbri in Héviz substation, all 400 kV lines connected to the
Tumbri node and all three 400/110 kV transformers through which the local power system of Zagreb
and its surroundings is supplied from the 400 kV network. Based on the checking done at operator
level, it was concluded that the circuit breaker in the bay Héviz in Tumbri substation was o.k. and at
09:30 a switching on was attempted of all 400 kV circuit breakers in Tumbri substation with the
circuit breaker in the 400 kV bay Héviz being the last to be switched on. However, when it was
switched on (09:35:12.613) CBF protection was activated again (09:35:36.679) and all elements
connected to the 400 kV node Tumbri were switched off. It was concluded that the circuit breaker in
the 400 kV bay Héviz needed detailed examination and that it should not be switched on until further
notice. In the next attempt, the 400 kV node Tumbri was successfully reconnected without the 400 kV
line Tumbri (HR) — Héviz (H). The system operator compensated for the loss of production (NPP
Krsko) in the Croatian power system by dispatching hydro generating units in the southern part of the
system (Senj, Orlovac and Zakucac hydro power plants).
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A specialist checking of the circuit breaker and relay protection (Figures 3 and 4) in the bay
Héviz of Tumbri substation (from 09:40 to 11:15) determined that the circuit breaker was in the proper
working order and that the cause of the fault was the welded contact of the auxiliary relay in the line
protection REL 531 which starts CBF protection (Figure 4). The contacts of that relay in the line
protection REL 531 are not overseen by the watchdog function. The technical defect was removed by
switching off in REL 531 the START-signal for CBF protection and at the same time the current
threshold in CBF protection (Figure 4) was retuned from 1300 A to 1800 A. After that, at 11:21 the
400 kV line Tumbri — Héviz was also switched on. It remained to be determined at a later point why
the “welding” had occurred of the auxiliary relay in REL 531.
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Figure 3 Binary output configuration of Figure 4 Block diagram of CBF protection

numeric line protection tripping circuits

The redistribution of power flows in the central part of the UCTE system (Hungary, Austria,
Czech Republic,...) caused by the outage of NPP Krsko and of the 400 kV node Tumbri especially in
Austria’s transmission network caused overloading of the 220 kV lines and consequent activation of
the system protection ( “Sollbruchstelle”) which at 09:19:14 switched off the 400 and 220 kV
connections toward the Czech Republic (Diirnrohr — Slavetice and Bisamberg — Sokolnice). There
ensued a dangerous loading of the lines between Austria and Hungary and dropping of voltage in the
Austrian system (e.g. to the level of 91% in the node Obersielach 380). At the same time voltage in the
Slovenian system fell considerably. For instance, in the 400 kV node Krsko, the voltage dropped
below 360 kV. The situation in the Slovenian and Austrian power systems was normalized by
dispatching reserves and increasing production of reactive power in generating units.

4. SYSTEM DYNAMICS RECORDING IN THE POWER SYSTEM OF CROATIA

During the disturbance described above, active power flows on the lines between Croatia and
Slovenia and Hungary (Figure 5) and system frequency (Figure 6) were recorded in the Croatian
power system. Figure 4 shows that the outage of a KrSko generating unit caused frequency to fall by
about 27 mHz. This frequency drop is relatively well correlated with the production loss of 514 MW
and the regulation constant of the UCTE system of about 20000 MW/Hz.
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5. SIMULATION ANALYSIS

A simulation analysis on the dynamic system model has been carried out for the case of the
actual sequence of events (outage of a Krsko unit and consequent outage of the 400 kV node Tumbri)
and for a hypothetical case consisting only of outage of the Krsko unit. The objective of the simulation
analysis was to preliminarily investigate:

e power flows dynamics on the characteristic lines in the Croatian power system for assessment
of congestion risk, and the current dynamics on the 400 kV line Tumbri — Héviz for analysis
of CBF protection action,

e dynamics of the Croatian power system and to assess the security of the Croatian system
primarily using the criterion of voltage stability and the criterion of angle stability because at
that time Croatian and BiH systems were on the perimeter of the UCTE system with a
characteristic mode of inter-area oscillations (with period 1.2 to 1.4 s) of a group of hydro
generating units in the southern parts of the Croatian and BiH systems,

e voltage dynamics in the Slovenian system and an assessment of the trend of voltage profiles in
the first 15 seconds because this system experienced a considerable loss of production in the
immediate proximity of the border with the Croatian system.

The investigations were carried out using an appropriate software package for the calculation
of stability on a multimachine dynamic model which comprises the power systems of Croatia and BiH
(detailed model at 400, 220 and 110 kV levels), Slovenia,, Austria, Hungary, northern Italy, Slovakia
and the Czech Republic (400 and 220 kV) and dynamic equivalents of the remaining part of the UCTE
system.

The configuration and steady state of the system were so set as to match as much as possible
the situation immediately before the event (27 August 2003 at 09:15). Power system dynamics during
first 15 seconds was simulated.

Considering dynamics of active power flow (Fig. 7) and current (Fig. 8) on the 400 kV line
Tumbri — Héviz, voltage dynamics of the 400 kV node Tumbri (Figure 11), time needed for current on
the line Tumbri — Héviz to reach the overcurrent threshold of CBF protection (1300 A) following the
outage of a NPP Krsko unit, and considering response time and delay of CBF protection operation and
circuit breaker closing time, it is estimated that active power on the 400 kV line Tumbri — Héviz at the
moment of its switching off was about 900 MW. This is almost 20% higher than the power flow read
from the recorded trend curve shown in Figure 5. The results of the simulation show us that the power
of the disturbance was considerably greater than the one that could be read from available records.
WAMS system would certainly allow a much better insight into the system in this particular and any
similar situation.
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The simulation analysis of power flow dynamics for both the actual event (outage of a NPP
Krsko unit and the 400 kV node Tumbri) as illustrated in Figure 9 and for a hypothetical event (outage
of a NPP Krsko unit only) as illustrated in Figure 10 shows that the security of the Croatian power
system was not jeopardized during the event, neither by congestion/overloading of system elements
nor by dangerous lowering of voltages. The results of the simulation analysis of voltage stability are
illustrated in Figure 11 for the actual event of outage of the NPP Krsko unit and the 400 kV node
Tumbri and in Figure 12 for the hypothetical event (outage of the NPP Krsko only).
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Regarding the security of the Slovenian system using the criterion of voltage stability, the
simulation analysis shows and confirms that for the case of the actual event (outage of a KrSko unit
and the 400 kV node Tumbri), the critical situation was in the vicinity of the Kr$ko substation. Voltage
conditions in the Slovenian system are illustrated by voltage dynamics at characteristic points of the
Slovenian system shown in Figure 13 for the case of the actual event and for the case of the
hypothetical event (outage of a Kr§ko unit only) in Figure 14. The results of the investigation show
that for the case of the actual event the Slovenian system in the vicinity of Krsko substation was on the
brink of voltage collapse. For example, the rate of voltage decrease in the 400 kV node Krsko (Fig.
13) at the end of the simulation period was 4.8 kV/s or 1.2%/s. In the case of outage of a Krsko unit
only, the simulation analysis shows (Fig. 14) that the voltage stability of the Slovenian system would
not be jeopardized. It would be interesting to carry out a simulation analysis aimed at assessing the
justifiability of activation of the system protection in the Austrian system in this particular case
(outage of a Kr§ko unit and the 400 kV node Tumbri).
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It is characteristic of the Croatian and BiH systems that their hydro units in the southern parts
of the system form a coherent group with the mode of inter-area electro-mechanical oscillations whose
period varies between 1.2 s and 1.4 s depending on dispatching of these units. This oscillation mode
and its characteristics were used to assess system security using the criteria of small signal angle
stability. For this purpose the dynamics of system frequency was analyzed at characteristic system
points as well as dynamics of power of generating units.

A generating unit of the Dubrovnik hydro power located at system perimeter has been chosen
for illustration (Figure 1). The dynamics of active and reactive power of this unit for the case of the
actual event (outage of NPP Krsko and the 400 kV node Tumbri) is given in Figure 15 and in Figure
16 for the hypothetical case (outage of NPP Krsko only). Roughly, based on the dynamics of active
power of the unit, for both cases the oscillation frequency of this inter-area mode was 0.89 Hz,
oscillations were well damped (£;=0.117 in the actual event, {,=0.095 in the hypothetical case) while
the maximum elongation of the generator active power was 38 MWpp for the actual event as opposed
to 16 MWpp in the hypothetical case.

In conclusion, the security of the Croatian system using the criterion of angle stability was not
jeopardized during the actual event.
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8. CONCLUSION

The outage of a generating unit of NPP Krsko (SLO) and outage of the 400 kV node Tumbri
(HR) was a major disturbance which jeopardized in particular the Austrian and Slovenian systems.
The outage of the 400 kV node Tumbri was due to the failure of an auxiliary relay in the line
protection of the 400 kV line Tumbri — Héviz which is not supervised by the watchdog function.

Overloads and consequent tripping of lines led to the weakening of connections within the
UCTE system and/or to diminished operational security of all the systems affected.

The security of the Austrian system was jeopardized judging by the line overloads and voltage
stability criterion.

The Slovenian system security was jeopardized judging by the voltage stability criterion. Area
in the vicinity of the Kr§ko nuclear power plant was on the brink of voltage collapse.

The security of the Croatian system was maintained across all the criteria considered: voltage
stability, angle stability and the line congestion / overloads. During the disturbance, the operational
security of the Croatian system was diminished due to unavailability in the transmission network.

The simulation analysis has provided a more precise insight into power system dynamics
during the first 15 seconds of the disturbance. The results of the simulation for the hypothetical case of
outage of NPP Krsko show that it would be a local disturbance for the UCTE system. Use of WAMS
would greatly enhance observability of power system dynamics.

It would be interesting to carry out a simulation to investigate the justifiability of activation of
system protection in the Austrian system in this particular event.

Also, based on the experiences with this event a question arises of how to make a timely
determination of hidden faults of relay protection and whether regular testing procedures should be
amended accordingly.
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SUMMARY

Recent developments in electrical networks can increase the probability of out-of-phase switching and
dielectric stresses being applied to open circuit-breakers, due to asynchronous systems at both sides.
This report presents a systematic study of TRV-stresses associated with generator separation and
system separation. TRV peak values are higher than required in the Standards, even for relatively
small out-of-phase angles (75° to 90°), and the dielectric stresses are high with respect to the short-
duration power frequency withstand voltages across a circuit-breaker open contacts, especially taking
into consideration the external insulation under pollution and ageing processes. To the opinion of the
authors, the Standards should be revised to give users clear and adequate guidance on the assessment
and specification of TRV-values and dielectric withstand requirements under out-of-phase conditions.

KEYWORDS
Out-of-phase, synchronisation, TRV, RRRYV, First-Pole-to-Clear Factor (fpcf), longitudinal dielectric
stress

1. INTRODUCTION
Within CIGRE SC A3 “High-voltage Equipment”, WG A3.13 “Changing Network Conditions and
System Requirements” has investigated the impact of developments in electrical networks upon
conventional high voltage apparatus. The major relevant trends identified are:

1) increasing implementation of distributed generation

2) increasing distances of bulk power transmission

3) increasing application of power electronics (generation, transmission, distribution and load).

One of the phenomena studied is the increased probability of out-of-phase conditions. Operating of
systems closer to their limits may lead to steady-state, transient and dynamic stability problems and
the problems are exacerbated by the increasing complexity of the power systems: large distances
between load and power generation centres, regional concentrations of wind farms and associated
power transmission and reserve problems, the changed nature of distribution grids and a trend to

consider island operation of parts of the (distribution) system.
¢ anton.janssen@continuon.nl
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to clear out-of-phase

The stresses on HV equipment, especially circuit-breakers (figure 1), under out-of-phase conditions
and during synchronisation of generators and networks have been investigated and are presented in the
following sections. Present Standards [1][2][3][4] define out-of-phase TRV (transient recovery
voltage) and RRRYV (rate of rise of recovery voltage) conditions on the basis of parameters including
out-of-phase angle (), out-of-phase current (o), recovery voltage (RV), natural frequency, damping
and amplitude factors (AF) and travelling wave behaviour. Figure 2 shows schematically the different
time domains which are relevant for the TRV-studies and reference [5] presents the relation between
the different parameters in 3-phase systems. The out-of-phase test duty leads to the highest TRV-peak
requirements for circuit-breakers.

WG A3.13 will publish more detailed information in two CIGRE Technical Brochures during 2007.

2. SYSTEM CONSIDERATIONS

The circumstances that may lead to system separation, either singly or in combination, include:

e transient instability (slow fault clearing, false synchronisation of large network elements or large
power plants)

e voltage instability (inadequate reactive power and/or voltage regulation, poor or adverse
tapchanger control)

e small signal instability (amplification of power swings due to negative damping)

e frequency instability (system inability to react to sudden load/generation unbalances)

e cascade trippings (multiple lightning, weather conditions, overloading, vegetation growth,
temporary overvoltages)

e protection mal-operation

e false synchronisation of a single generator.

Large increases in distributed generation, including many windmills and windmill parks, and multiple
power transfers across longer distances, increase the probability of occurrence of many of these events
as detailed in the following examples:
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medium voltage networks typically have fault clearing times which exceed the maximum clearing
time for continued stability of small generating plants equipped with synchronous generators

the optimal control of reactive power supply and voltage regulation by small generators has not
been established yet

windmills are very sensitive for wind variations, especially under high wind conditions, which
may result in co-incident tripping of many units

small cogeneration plants (e.g. for greenhouses) are operated in large groups without consideration
of wider network requirements

systems are more commonly operated up to, or even beyond, their loading capabilities

(small) generators are tripped and synchronised more regularly than ever before

certain distributed power generation technologies cannot provide inertial energy required for the
immediate dynamic response to sudden load/generation unbalances. This reduces the average
inertia constant of the whole system and hence reduces the margin to the dynamic stability

it is important that dispersed generators remain connected to the network during voltage and/or
frequency deviations caused by faults and other disturbances as specified for the large
conventional synchronous generators, thus contributing to ride through system disturbances with
their active and reactive outputs and their inertia

on the other hand, the growing use of dispersed generation increases the probability of out-of-
phase conditions.

All these trends lead to the conclusion that out-of-phase conditions have to be studied more carefully
than in the past. A better understanding of the effects and consequences of out-of-phase conditions and
of the present and future probabilities of occurrence is necessary.

3. OUT-OF-PHASE PHENOMENA

~Joop system 2 In common with the recently published Guide for
Application of IEC 62271-100 and IEC 62271-1
[15], two out-of-phase cases are considered here:
(7) generating units that separate from the network
(if) major systems that separate.
Whilst the focus of the above mentioned Guide is to

system 1

One line representation

N Y z explain the values given in the Standards, a more
@—:I*% {_} @ fundamental approach is taken here with emphasis
= = on the behaviour of system topologies not directly

z z considered in the Standard.

| — z 1 z
L 3.1 Case (i)

Three-phose representation with neutral Out—of—phase SWitChil’lg may be applicable to a
generator circuit-breaker at the MV-terminals of a

RV generator, as specified in IEEE Standard C37.013
(1997) [10], or to a generator circuit-breaker at the
HV side of the step-up transformer, normally
specified as a general purpose circuit-breaker to IEC

Current injection scheme to determine RV 62271-100 or ANSI/IEEE C37.04/06/09. In both
situations, as shown in figure 4, the total RV is
ez RV oz caused by the disappearance of the voltage drop

across the reactances of the generator, the step-up
— transformer and the system and the overall fpcf:

foop RV = Iy, * fpef * (Xd” + Xtr + Xs). The overall fpcf
is a combination of the fpcf (depending on the

neutral treatment Zn) of the systems at both sides of

Fig. 3 Out-of-phase RV with f = total fpcf the circuit- breaker and can be deduced from the

double Neptune-scheme as shown in figure 3.
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The largest voltage drop will generally be across the generator sub-transient reactance. The transformer
reactance is in the range from 0.1 to 0.15 pu whilst many modern generators have a sub-transient
reactance in the range 0.18 — 0.27 pu; lower values (0.12 — 0.15 pu) were typical in old 2-pole turbine
generators. The system reactance is typically five (or more) times smaller than sub-transient generator
plus transformer reactance. Further, the natural frequency of the generator windings is 2 to 3 times lower
than the natural frequency of the transformer windings. System frequencies usually have the lowest values
defined primarily by the travelling waves of the shortest OH-lines. In terms of surge impedances and local
capacitances, the generator will offer the lowest surge impedance (in the range of several tens to less than
100 Ohms) with the highest capacitance (typically 0.1 pF) and the transformer the highest surge
impedance (thousands of Ohm) with the smaller local capacitances. The system’s surge impedance does
not exceed 300 - 400 Ohm with local capacitances comparable with the capacitance of a transformer
(thousands of pF).

Voltage Drop
Toop*Xd” Toop*Xtr Iloop*Xs
> > >
MV HV
[
Xl Xtr Xs
—>
Ioop

Fig. 4 Generator circuit- breaker RV

Seen from the HV-side of a step-up transformer (winding configuration: YN-D), it is assumed that the
earth fault factor and therefore the first-pole-to clear factor (fpcf) are very low: k=20/Z1 is 0.7 to 0.9.
With k being about 0.8 the fpct becomes 0.92, and the second and last pole clearing factors are larger
than the fpcf [5]. On the other hand, as shown in figure 3, the total fpcf is to be considered and not the
individual fpcf at each side of the circuit-breaker. For k=0.8 at the generator-transformer side and a
fpct of 1.1 at the net-side, the total fpcf is 0.94 to 0.96, depending on the ratio of normal sequence
reactance at the generator/transformer side versus the normal sequence reactance at the network side.

With a fpef of 1.3 at the net-side, the total fpcf becomes 1.06 for a sub-transient generator/transformer
reactance which is five times the reactance at the net side. To derive the total RV, this total fpcf has to
be multiplied with the out-of-phase voltage which depends on the out-of-phase angle. In this example,
the total RV for full phase opposition will reach a value of 2.12 pu, with 5/6 of the voltage appearing
at the step-up transformer side of the circuit-breaker and the remaining 1/6 appearing at the network
side, in addition to the pre-clearing voltage of 4/6 pu. So, at the step-up transformer side the terminal
voltage of the first clearing pole jumps from 0.67 pu to — 1.10 pu (A = 1.77 pu) and at the other
terminal from 0.67 pu to 1.02 pu (A = 0.35 pu). For smaller out-of-phase angles y, the total RV, the
two parts of the RV and the voltage jumps are smaller in proportion to sin(’ay).

At the generator-transformer side the amplitude factor (over-swing) will be quite large (for instance
80%: amplitude factor 1.8), as the losses will be relatively low (X/R ratio of 50 or more) and the
generator side capacitance large. A significant depression of the voltage at the generator terminals and
therefore of the recovery voltage at the HV-side of the transformer can be expected [16], figure F.1 of
[1]. This phenomenon leads to a considerable reduction of the voltage at the HV circuit-breaker,
typically resulting in a residual voltage of 80% to 90%; i.e. a sub-subtransient source voltage of 0.8 to
0.9 pu, in the first few hundred ps after clearing the out-of-phase current. The effect is larger at larger
currents but is not observed for generators with fully laminated poles and a damper winding [16].

The amplitude factor of the RV is determined by the natural frequencies of each side of the circuit-
breaker and normally the natural frequencies differ substantially such that the components of the
transient recovery voltage at both sides of the circuit-breaker swing independently and their crests do
not coincide.
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Shortly before clearing the voltage at both terminals of the circuit-breaker pole is defined by:

Vcb = Es + (Eg-Es) * Xs/(Xd”+Xt+Xs), where Vcb is the circuit-breaker terminal voltage, Eg is the
source voltage at the generator side and, Es is the source voltage at the net side. If Eg = -1.0 pu, Es =
+1.0 pu (full phase opposition) and Xd”+Xt = 5*Xs then Vcb = 0.67 pu. The net side RV will swing
from 0.67 pu to about 1.0 pu (see former page and figure 5). With an over-swing of the voltage jump
corresponding to an amplitude factor of 1.5, a peak value of 1.17 pu is reached.

The transformer side will swing from 0.67 pu to -0.92 pu (assuming net side fpcf of 1.3 and 10%
depression) with an amplitude factor of 1.8, thus giving a peak value of — 2.19 pu. For a net-side fpcf
of 1.1 (and 10% depression), the voltage will jump at the transformer side from 0.67 pu to - 0.77 pu;
with an amplitude factor of 1.8, a peak value of -1.92 pu is reached.

In order to estimate the crest value of the total TRV, the assumption is made that the peak at one side
coincides with the power frequency recovery voltage at the other side. In this case,
1. the peak at the net side 1.17 pu coincides with —0.92 pu (resp. —0.77 pu) at the step-up
transformer side, summing up to a TRV peak value of 2.1 (resp. 1.9 pu)
2. the peak at the step-up transformer’s side -2.19 pu (resp. -1.92 pu) coincides with 1.0 pu at the
net side, summing up to 3.2 pu (resp. 2.9 pu).

These peak values are higher than 2.5 pu, as specified in IEC 62271-100 for systems with fpcf = 1.3.

In figure 5, the wave-shapes on both sides of the first clearing pole are schematically given assuming
full phase opposition. Reducing the out-of-phase angle will shift Veb from 0.67 pu towards 1.0 pu,
thus decreasing the over-swing at the net side but increasing the over-swing at the step-up transformer
side. Moreover, due to the lower out-of-phase current the generator will show less depression and this
leads to a higher residual voltage.
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At an out-of-phase angle of 90° the out-of-phase voltage is 1.41 pu. Assuming no depression, a
reactance ratio of 5, k = 0.80 at the step-up transformer-side and fpcf = 1.3 at the net side, it can be
calculated that the peak-value of the TRV is 2.5 pu: a value which is recognised in the Standards. In
other words, for these specific assumptions, the Standards do not address out-of-phase angles in excess
of 90°.

In a system with a floating neutral, or equipped with Peterson coils, the fpcf = 1.5 and the maximum
RV will be 3.0 pu. The total TRV for the same example case can reach 4.55 pu at full phase
opposition. Without depression, an out-of-phase angle of 75° gives a RV of 1.83 pu and a peak value
of the TRV of 3.1 pu which is close to 3.13 pu as given in the Standards (for systems with fpcf of 1.5).

For a circuit-breaker at the MV-side of the step-up transformer, the IEEE/ANSI Standard C37.013
[10] is applicable. In this Standard an out-of-phase angle of 90° has been taken as the basic assumption
to specify the TRV requirements. It has to be mentioned however that many utilities specify an angle
of 180°; see for instance [8].

3.2 Case (ii)

When, during out-of-phase conditions, the equilibrium point (virtual short-circuit point) is somewhere
on the OH-line that connects the two systems going out of synchronism, protection systems will trip
the circuit-breaker. Whilst it is possible to install advanced and complicated out-of-phase blocking
systems to delay the tripping command until the beating out-of-phase angle is small, this is uncommon
and switching can normally occur over a wide range of out-of-phase angles. The TRV across the first
clearing pole is determined by the system parameters on the busbar side of the circuit-breaker and by
the line parameters at the line side. As the largest impedance will be on the line side, the largest
voltage excursion will also appear at the line side.

The out-of-phase current is, to a large extent, dependent on the out-of-phase angle and the length of
the OH-line. Due to the traveling wave effects, the TRV at the line side will exhibit a triangular shape
and its peak value can be calculated as twice the wave traveling time along the OH-line multiplied by
the RRRV (rate of rise of the recovery voltage). The traveling time is proportional to the line length,
but the RRRYV shows a decreasing trend with increasing line length due to the decrease in out-of-phase
current (L,,p). Specifically RRRV = fpcf * Zeq * dl,,/dt  where Zeq is the equivalent surge
impedance. Due to the influence of the source impedances of both systems, the amplitude of I, is not
inversely proportional to the line length. Therefore, the peak value of the line side TRV will still
increase with an increasing line length. This effect, however, becomes smaller for OH-lines with
longer lengths.

1/(Xs1+XL+Xs2)
0,06

22451 —— 40 kA
0'03 ——31.5kA
0'02 \ 20 kA
0.01 \\ - infinite

0 ; ; = —_—
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Fig. 6 Total admittance as function of line length

Figure 6 shows the total admittance of both systems and the interconnecting line as a function of the
line length, for different (but arbitrarily chosen to be equal at both sides) source impedances of the
systems; i.e. for 420 kV systems with a short-circuit power equivalent to short-circuit currents of 40
kA, 31.5 kA and 20 kA in comparison to infinite short-circuit powers.
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In addition to the line side TRV, the busbar side TRV should be added. As I, is defined to be 25% of
rating in the Standards and is often less than this in reality (15%), the system side TRV can be
estimated to be 25% (15%) of the TRV associated with, for instance, T100. The peak value is then less
than 0.37 pu (0.22 pu). For an OH-line with a length of 100 km, the return traveling time will be
roughly 650 s, close to T2, as defined for T100. For a 420 kV/40 kA circuit-breaker, the peak value
of the total TRV will be close to 4.1 pu for I,,, = 25% and 2.5 pu for I,,, = 15% of the rated short-
circuit current.

In figure 7, the TRV peak values (line side) as a function of line length are shown for the example
above (figure 6). The out-of-phase currents are based on full phase opposition. As the TRV peak value
at the line side is proportional to oy, it is also proportional to sin (}2y).

Line side TRV peak
2000
1500 -
K — 40 kA
= 1000 +4 — 315kA
20 kA
500
O T T
0 500 1000 1500
line length (km)

Fig. 7 Line side TRV peak value as function of length in a 420 kV-network

It can be concluded that the TRV peak values can be considerably higher than specified in the
Standards (857 kV @ 1335 pus for a rated voltage of 420 kV), even when taking into account smaller
out-of-phase angles. For instance with a line length of 200 km and source impedances corresponding
to a short-circuit current of 20 kA, an out-of-phase angle of 120° will still give a line side peak value
of 1075 kV. Combined with a system side RV of roughly 100 kV this results in a total TRV peak of
1175 kV. A line length of 100 km under the same conditions will give 875 kV at the line side and 975
kV in total. The IEC peak value of 857 kV is reached at out-of-phase angles as small as 75° and 90° for
200 km and 100 km lines respectively.

Calculations and simulations for real networks show out-of-phase TRV peak values as high as 3.3 to
3.5 pu [9] or even 3.9 pu [19] for very extended networks (hundreds of km, low currents) and 3.0 to
3.5 pu for meshed networks (hundred or less km, relatively high currents).

4. DIELECTRIC STRESSES ACROSS OPEN CONTACTS

During synchronization the longitudinal voltages applied to open contacts vary from zero to 2 pu in a
periodic, beating pattern for periods of seconds or minutes. In case of frequent synchronisation, clause
2.3.2.4 of IEC 60071, part2 [13] recommends consideration of the occurrence of an earth fault during
synchronisation (at one side!), thus leading to higher longitudinal voltages: up to 2.5 pu for a short
time.

Clause 2.3.2.5 of [13] recommends careful examination of the probability of simultaneous occurrence
of circumstances that lead to temporary overvoltages. Examples include an earth fault with
consequential line tripping firstly at load side, load rejection with high overvoltage causing an earth
fault, load disconnection under heavy pollution conditions, or a failure of a circuit-breaker to trip a line
fault with a generator still feeding the earth fault. In such cases a careful system study is required.
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Clause 2.3.2.2 of [13] indicates that full load rejection will lead to temporary overvoltages, which are
normally less than 1.2 pu for moderately extended systems but which could reach values up to 1.5 pu
for large extended networks and even more in case of (ferro)resonance. (Ferro)resonance, however,
should be avoided and mitigation measures are suggested (cl. 2.3.2.3 and 2.3.2.6). The longitudinal
overvoltages across the circuit-breaker open terminals are equal to the temporary overvoltages when
the rejected load was of a static nature. But, in case of generators the longitudinal overvoltage can
reach values up to 2.5 pu and in very extended systems even more. A power frequency longitudinal
overvoltage as high as 2.5 pu is also given in clause D.1.3.2. of IEC 60694 [11].

With regard to the dielectric requirements under synchronising operations simultaneously with a
substantial transient or temporary overvoltage, clause 4.2 of IEC 62271-100 [1] indicates that the
standard requirements may be insufficient and the application of the requirements as specified for
disconnectors across open contacts is recommended. In clause 4.2 of IEC 60694 [11] different
requirements for the longitudinal withstand voltage across open contacts for the safety function (eg.
disconnectors) and for the working function (eg. circuit-breakers) are specified for rated voltages <
245 kV. The values given in column (2) of the tables 1a and 1b [11], applicable for rated voltages <
245 kV, are used for the specification of the longitudinal requirements of circuit-breakers, while the
values given in column (3) are used for the longitudinal requirements for disconnectors. For rated
voltages > 300 kV, the values of column (3) of the tables 2a and 2b are specified for the 1min power
frequency type test across open contacts of both circuit-breakers and disconnectors, however the
values of column (2) are accepted for routine tests. In the following table the power frequency short-
duration withstand voltages are reported for some rated voltages for comparison, including the
withstand voltages in pu. For rated voltages < 245 kV, the highest class of insulation has been taken
from table 1a, and for > 300 kV the values given in table 2a:

Rated voltage (kV) | (2) Imin withstand | (2) 1min withstand | (3) 1min withstand | (3) 1min withstand
(kv) (pu) " (kv) (pu)
24 50 3.61 60 4.33
72,5 140 3.34 160 3.82
145 275 3.28 315 3.76
245 460 3.25 530 3.75
420 520 2.14 610 2.52
550 620 1.95 800 2.52
550 ° 710 2.24 890 2.80
800 830 1.80 1150 2.49

° from table 2b: additional rated insulation levels in North America.
“ Specified for longitudinal insulation of circuit breakers with rated voltage < 245kV
) Specified for longitudinal insulation of disconnectors (all rated voltages) and of circuit breakers with rated voltage > 300kV

IEC-Standard 62271-203 “Gas-insulated metal-enclosed switchgear for rated voltages above 52 kV”
[17] (the previous Standard 60517), makes reference to these tables in IEC 60694 but for the highest
rated voltages different short-duration power frequency withstand voltages are specified:

Rated voltage (kV) | (2) Imin withstand | (2) 1min withstand | (3) 1min withstand | (3) 1min withstand
&V) (pw) kV) (pw)
420 650 2.68 815 3.36
550 710 2.24 925 2.91
800 960 2.08 1270 2.75

External and internal flashovers across the open contacts of EHV circuit-breakers have occurred in
operation during synchronizing of generating units (due to contamined wet insulators in live tank
circuit-breakers, due to failure of grading capacitor in dead tank breakers, etc.) or during the dead time
before line automatic re-closure. These events generally cause a busbar fault, and also explosions of
circuit-breaker poles. It is therefore necessary to specify the circuit-breakers to withstand with a
reasonable margin the over-voltages liable to occur during these manoeuvres and to preserve this
capacity in operation.
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Some reported cases of circuit-breaker failures during synchronizing of generating units have been
caused by flashovers on contaminated and wet external insulation of the interrupting chambers of live
tank circuit-breakers, by failure of the grading capacitor in parallel with one of the contacts, or by
inadequately specified power-frequency withstand voltage of circuit-breakers across open contacts
eroded by aging or by other reasons. Rare flashovers across the open contacts of line circuit-breakers
during the dead time before the automatic re-closure have been reported to be caused by multiple
lightning strokes in absence of surge arresters or of special protective air gaps at the open line terminal
[18]. Figure 8 shows a special protective gap shaped such as to minimize the influence of polarity and
wave shape of LIs and SIs on flashover voltage and to provide a time to flashover shorter in the gap
than in the protected open circuit-breaker. For decades, in Italy, there is very good service experience
with the application of these special protective gaps.

D ’. “.F) Fig.8 Special protective spark gap fitted in
N i the line anchor insulator strings to
// j,' substation gantry;, D = 1700 mm? for 380
/,-:5/ ‘\\ kV lines; D = 800 mm for 150 kV lines.
/. .
P e ﬂﬁ*}‘—h- °SI 50% flashover voltage=1040 kV(3 pu)
v

In live tank circuit-breakers the external insulation between terminals is not energized when the
circuit-breaker is closed. It is recommended that for the external insulation across open contacts of live
tank circuit-breakers used for synchronizing, the withstand voltages as specified to column (3) of the
tables la, 1b, 2a and 2b of IEC 60694 [11], should be withstood in a type test under wet test conditions
and also under representative artificial pollution conditions.

All the dispersed statements in the Standards support the view point that with respect to out-of-phase
conditions and synchronisation, circuit-breakers longitudinal dielectric withstand should be specified
to column (3) rather than column (2) for all rated voltages.

5. OTHER CONDITIONS LEADING TO HIGH TRV PEAK VALUES

When clearing single or multi-phase faults distant from the substation on an OH-line (instead of at a
short distance, as with short-line faults), the well-known triangular wave-shape of the TRV at the line
side will rise to high values, depending on the wave travelling time from the circuit-breaker terminal
up to the location of the fault and back. This phenomenon is known as long line fault (LLF) and has
been discussed in [14]. As the time to the peak value of the TRV is rather long, it is comparable with
the TRV for out-of-phase switching. Peak values of 2.4 pu have been reported [14] and LLF is a
subject of study for CIGRE WG A3.19.

Clearing faults in series compensated OH-lines leads to TRV values in excess of the values specified
in the Standards, due to the charging voltage on the series capacitor banks. Peak values of the TRV as
high as 4.6 pu (420 kV-system in Turkey) and 4.8 pu (800 kV system in Canada) could be expected
without certain countermeasures. By means of special MOSA with a low SSPL (switching surge
protective level) of 1.57 pu, Hydro Québec manages to reduce the TRV peak value to 3.2 pu. In
Turkey, MOV nparallel to the arcing chambers of circuit-breakers have been applied successfully.
Depending on the requirement of re-synchronisation by the circuit-breaker, the TRV peak can be
reduced to 2.5 pu or 3.0 pu. These solutions lead nevertheless to TRV peak values comparable with or
beyond those given before for out-of-phase conditions.

Although there is no real application of half-wave length lines (HWLL, 3000 km at 50 Hz; 2500 km at
60 Hz), a number of studies on over-voltages and TRVs have been performed for this interesting
technology for long distance bulk power transmission. Simulations show that clearing faults in HWLL
will lead to TRV peak values as high as 3.2 pu, again comparable with the TRV peak values
mentioned before for out-of-phase clearing [9].
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Another switching phenomenon giving high TRV values is the de-energization of unloaded OH-lines
under high TOV (temporary overvoltages) conditions [15]. For the 800 kV system of Hydro Québec
TRV peak values of 3.3 pu to 3.5 pu have been reported under such conditions; see figure 9b. [9]

Out-of-phase switching on series compensated OH-lines has not been addressed yet, but it is evident
that the electrical charge on the series capacitors will add to the peak value of the TRV.
Unfortunately, right at the moment of current clearing the voltage across the series capacitors is at
maximum value, unless the capacitors have been by-passed by the self-triggered or forced triggered
spark gaps. The situation is similar to clearing short-circuit currents. In modern series capacitors
metal-oxide varistors are installed in parallel to the capacitor bank. Such varistors limit the voltage
across the capacitor banks. Moreover special surge arresters connected phase-to-ground or varistors
across the arcing chambers of the circuit-breakers are applied, thus limiting the total TRV peak value
at clearing short-circuit currents and out-of-phase currents as well. The countermeasures for limiting
the peak value of the TRV at clearing short-circuit currents are also effective at clearing out-of-phase
currents; see figure 9a. [9]

a) Max. TRV stress due to out-of-phase clearing b) Max. TRV stress due to de-energization of unloaded line
under high TOV (p.u./600 kV)
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Fig. 9: Maximum TRV stresses due to out-of-phase clearing and de-energization of unloaded line under high TOV

6. CONCLUSIONS

e The Standards showed to be based on an out-of-phase angle substantially less than 180°, despite the
fact that in many cases the angle will be random, ranging up to 180°. For generator circuit-breakers
and special applications users already ask for out-of-phase angles of 180°.

e The RV in the Standards [1][4] is 2.0 or 2.5 pu respectively for systems with an effectively earthed
neutral or a non-effectively earthed neutral with a TRV of 2.5 and 3.13 pu respectively.

e Both IEEE and IEC specify the RRRV of the TRV for out-of-phase switching to be lower than the
RRRYV specified for T100, whereas higher values occur in the systems. The RRRV for out-of-phase
switching is considered to be covered by T30 (multi-part testing).

e Standardised TRV is based on system conditions in the absence of an earth fault. For situations with
frequent out-of-phase switching and synchronisation, the Standards recommend to specify actual
TRVs in the system (taking into account tripping and blocking relays for out-of-phase conditions
when applied) and to adapt the requirements for the longitudinal dielectric strength accordingly.

e Under rather normal system conditions (no earth fault, no temporary overvoltages), full phase-
opposition switching of a generating plant at the HV-side leads to TRV peak values in the range of
2.9 to 3.2 pu in systems with effectively earthed neutral and higher values for systems with un-
earthed neutral. The peak values of the TRV as specified in the Standards, cover out-of-phase angles
up to 90° or, in case of systems with unearthed neutral, even less (75°).

e For out-of-phase switching of OH-lines, calculations show peak values of the TRV from 2.5 pu (100
km length, Io,, = 15%) to 4.1 pu (100 km length, I, = 25%) and even beyond for longer line
lengths, under full phase opposition. The Standards cover out-of-phase angles up to 90° (line length
<100 km) or up to 75° (line length < 200 km).

e During synchronisation, a longitudinal power frequency withstand test voltage larger than 2.0 pu,
preferably 2.5 pu or even 3.0 pu, is a reasonable requirement for circuit-breakers used for that
purpose. The related auxiliary components, such as grading capacitors, MOVs, insulating materials,
external insulation, should be equally specified and tested.
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e Under out-of-phase switching conditions the first-pole-to-clear factor is determined by the neutral
status of the systems at both sides of the circuit-breaker, as shown by the double Neptune-scheme.
Depression of the generator source voltage has to be taken into account, unless the rotor is equipped

with fully laminated poles and a damper winding.

e False synchronisation, mal-operation of protection equipment and erroneous switching operations by
operators [7], may lead to considerable damage. Re-strikes at clearing out-of-phase currents with
large out-of-phase angles will also lead to comparable consequences. Developments in modern
networks lead to a higher probability of the phenomena described: distributed generation leading to
large power transfers, systems separation on overloaded OH-lines, large power swings due to tripped

generation, etc.

7. RECOMMENDATIONS

e Utilities have to look carefully for such situations and, when applicable, put forward the appropriate
requirements to the protection of involved equipment and switchgear.

e The present Standards do not give users clear and adequate support in specifying TRV-values for
out-of-phase conditions, for clearing of fault currents flowing through series capacitors and for
dielectric withstand requirements under synchronisation conditions. The requirements should be
revised or more guidance should be incorporated to improve understanding.

e Since increased TRV requirements may lead to increased costs of circuit-breakers, enhanced out-of-
phase requirements should be limited in their application or countermeasures to limit TRV should be

used [9].
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