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Abstract-- The half-wavelength transmission lines are
recognized as an alternative to bulk power transmission over
very long distance for its good steady state properties. However,
the critical faults that can produce severe overvoltage profile on
this line are an issue that must be studied. This paper presents a
methodology to mitigate the severe overvoltage during critical
three-phase faults using spark gaps. First, a detailed theoretical
explanation of this critical overvoltage phenomenon is introduced
and then an overvoltage mitigation method based on three spark
gaps adequately located and coordinated is presented and tested
with PSCAD/EMTDC simulations. The results are promising,
showing a considerable reduction in magnitude of maximum
overvoltages.
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1. INTRODUCTION

HE transmission line with half-wavelength (HWL)
properties is an AC non-conventional alternative to bulk
power transmission over very long distances. HWL
transmission line has naturally 2500 km for 60 Hz systems and
3000 km for 50 Hz systems and it can get flexible distance
using tuning procedure [1]. For this reason, it has been the
focus of recent researches in continental countries like Brazil,
China and Russia. These countries need strong links of
2000 km to 3000 km to deliver power from new energy
sources to main load centers [2], [3]. HWL lines have
excellent steady state transmission properties like a good
voltage regulation with a natural reactive power balance [4],
[5]. When designed with an optimized tower geometry, HWL
line becomes cheaper than an equivalent HVDC line due to
non-use of power electronic converters [6], [3].

However, some operative issues of HWL lines need further
studies. Tradition protection elements and its algorithms do
not work straightforward on HWL lines due to different
behavior of voltage and currents during faults applied along
the line. In this field, some alternatives for fault location using
an adapted impedance algorithm [7] and traveling wave theory
[8], and a new faulty phase selector has been studied with
good results. In addition, non-conventional single-phase
reclosing schemes have been proposed with promising results
[9]. Tt is also known that faults at some locations produce
severe overvoltage profiles that are not found on AC lines
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with conventional distances [10]. It is also reported that these
critical faults without any mitigation method can produce
instability conditions for power systems [11].

Therefore, a fundamental operational issue of HWL lines
that must be studied is the phenomenon related to different
behavior of voltage and current during the critical faults
occurrence. This phenomenon is associated to a positive
sequence resonant condition. Although three-phase fault rarely
occurs in extra- and ultra-high voltage transmission lines,
being the line-to-ground (LG) the most frequent one [9], the
resonance condition will also occur for line-to-line faults with
similar severity level, and in a smaller degree for line-to-line
to ground faults, as the last one involves zero sequence circuit.

For this reason, this paper focuses on the study of critical
three-phase faults and presents an improved study of
overvoltage mitigation method based on spark gaps. Spark gap
(SG) installed conveniently can diminish critical overvoltage
[12]. To analyze it, first a theoretical analysis of HWL line
under fault condition presents more insight about the series
resonance phenomena and the different overvoltage profiles.
Critical point of faults, maximum overvoltage levels and
typical voltages profiles are clearly identified. Then, a more
detailed fault study is performed and maximum transient
voltage values are obtained with PSCAD/EMTDC software.
The overvoltage level due to critical faults is high enough to
jeopardize the insulation levels along the line and on
substation terminals. Finally, an improved method to mitigate
very high overvoltage using three spark gaps is proposed and
tested. An explanation for the criteria to locate and specify the
SGs is introduced. The obtained results are promising as
overvoltage levels are reduced significantly.

II. TEST SYSTEM

This paper presents a study system based on a source to
grid system composed a 800 kV 2600-km line (a little longer
than an exact half-wavelength line - HWL+) with high surge
impedance loading (SIL), which improves the transmission
capacity with competitive right of way. The tower design is
optimized to achieve a high SIL by modifying the bundle
geometry compared with traditional lines [13]. This non-
conventional line has 8 conductors per phase and the bundle
geometry is shown in Fig. 1. The SIL is 4745 MW. Table 1
shows the positive/negative and zero sequence parameters for
60 Hz.

A theoretical analysis for network frequency resonance is
performed in section 3 by using electrical circuit analysis and
the well-known two-port network approach. Further transient
analysis is performed in section 4 with PSCAD/EMTDC
software using the phase-domain frequency-dependent line
model. During the entire analysis, the line is adequately split



into sub-sections of shorter length for following purposes: to
obtain the voltage profile along the line and to apply sliding
faults at different locations. Because those cases need short
line length representation (between 50 km and 100 km), no
problem associated to modelling a line with such a long length
was observed.
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Fig.1. Tower geometry. Conductors with average height.
TABLEI
TRANSMISSION LINE PARAMETERS - CALCULATED FOR 60 HZ
Electrical parameters
Zero sequence

RO (Q /km) X0 (€/km) BO (uS/km)
0.3871 1.3502 4.066
Positive/negative sequence
R1 (Q /km) X1 (Q /km) B1 (uS/km)
0.0068 0.1737 9.5367
TABLEII
POWER SYSTEM PARAMETERS
Source equivalent impedances
Source Zero Sequence (£2)

Generation — 15 kV
Strong System — 500 kV

0.000754 +] 0.025904
72169 +j 36.084

Source Positive/Neg. Sequence (£2)

Generation — 15 kV 0.000754 +j 0.025904
Strong System — 500 kV 1.1864 +j7.1187

Equivalent transformer

Transformer Xr (%) kv MVA Connection

T1 11.84 800/15 5197.5 Y-D

T2 10.00 800/500  4500.0 Y-Y
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Generation station HWL+ Line Equivalent
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Fig.2. Power system under study.

The analyzed transmission system connects a generation
station to grid (strong power system). The generation station
has 11 synchronous machines with step-up transformers that
produced a three-phase short circuit-current (Scc) of 9.6 kA.
The individual machine parameters are based on a real
generation station (Serra da Mesa, Brazil). The strong
equivalent system at grid side is based on a typical 500 kV
three-phase Scc of the Brazilian power system: 40 kA. Table 2
shows the network parameters. Fig. 2 shows the single-line
test system diagram.

III. FAULT ANALYSIS OF HALF-WAVELENGTH POWER
TRANSMISSION LINES

In this section, a theoretical analysis is introduced to learn

why faults applied at some regions of HWL+ transmission line
provoke resonance condition. Critical points of faults are
identified and maximum voltage levels and profiles are shown.
In the sequence, an overvoltage mitigation methodology is
proposed.

A. Half~wavelength transmission line properties

The wavelength A of a transmission line is calculated by
(1), where B is the imaginary part of propagation constant v,
shown in (2). Z and Y are the series impedance and the shunt
admittance per unit length, respectively, and ® is the angular
power frequency. For a balanced three-phase transmission
line, using two-port network theory with ABCD parameters,
the positive sequence voltage and current along the line are
described by (3), where Zc is the positive sequence
characteristic impedance and x is the distance from sending
end.
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Equation 3 is used to calculate the voltage and current
profile along the HWL+ line for different loading levels, as
shown in Fig. 3. The voltage at both line ends is
approximately 1.0 pu, and the voltage is proportional to
loading level in the middle of the line. In the case of current, it
is proportional to loading in both line terminals and it is near
to 1.0 pu in the center of line, whichever the loading level.
This result is already presented in existing literature.
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Fig. 3. Main steady-state characteristics of HWL+ transmission line
for different loading levels.

(a) Voltage profile of HWL+ transmission line.

(b) Current profile of HWL+ transmission line.
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B. Faults and resonance conditions on HWL+ line
Considering the wave propagation theory, the transmission
line is modeled as a PI circuit with a series impedance and two
shunt admittances at both ends defined by (4) and (5). This
model is valid for short and long lines.

Zserie = Zc.sinh(y. L) (C]
Yonune — tanh(y'L/Z) )
2 Zc

First, we analyze the system under no-loading condition in
order to observe more clearly the resonance under fault. Fig.



4.a shows a no-load HWL+ line with only one source
connected (power plant) at the sending end under fault
conditions. The sliding fault is modeled as a 10-Q resistance.
The three-phase fault is analyzed with the positive sequence
equivalent circuit.

Fig. 4.b shows the positive sequence impedance seen by
source for different fault locations. The total reactance has two
zero crossings due to series resonance conditions: the first is at
1200 km, and the second is at 2166 km. The first resonance
has a high resistance and there is no overcurrent. The second
series resonance has almost zero resistance and thus produces
higher current on the source. That is a critical resonance
condition. Similar result is produced for the source at
receiving terminal (considering superposition theory).
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Fig.4 HWL+ transmission line under fault conditions.
(a) Equivalent circuit of the HWL line under fault conditions
(b) Equivalent positive sequence Z1, X1 and R1 seen by the source.
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C. Maximum voltage values and voltage profile

Fig. 5.a shows system equivalent circuit for no-load
condition after fault occurrence at ‘X km and voltage
measurement at ‘y’ km, both from sending end. All system
parameters (line and equivalent source) shown are referred to
line voltage. We simplify the circuit to Fig. 5.b. In Fig 4.b the
critical point of fault (x¢pr) that produces series resonance and
the highest overcurrent is 2160 km. The location of maximum
overvoltage is marked as ycr. Fig. 5.b shows the Thevenin
equivalent seen by point yr. Therefore, maximum voltage
along the line for critical fault is Vegmax=V's.Zp/(Za+Z5)
where V’s is the Thevenin equivalent voltage.

For xpr=2160km the maximum voltage is at
Vepr= 1000 km. For the tested system the equivalent circuit
parameters are: V’s=10.42-159.2° Vs; Zx=519.9+j 1367.5
Q;Z5=976.5+] 5343 Q.

Therefore, for sending voltage Vs= 13.8%(800/15)
=736 kV, the maximum voltage expected for a critical three-
phase fault is Vcemax= 6.41 pu. Here it is very important to
analyze the result. This extremely high value should not be
expected to occur in real life. Corona effect would appear

when overvoltage starts to increase, reducing this value.
Besides, TL insulation distances are not designed for such
voltages higher than 3.0 pu along the TL. This maximum
overvoltage value is a theoretical one and indicates a severe
resonance condition.
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Fig. 5. Equivalent system circuit for fe(iu)lt condition analysis.
(a) Reduction of positive sequence circuit.
(b) Thevenin equivalent circuit
The transient circuit response shown in Fig. 6. is calculated
using Simulink tool to obtain the voltage at the point with
maximum overvoltage and the above voltage at sending end.
Fig. 6 shows the voltage waveforms. Sustained maximum
voltage is 6.35 pu at y= 1000 km and 2.1 pu at sending end.
These voltage waveforms have a high rising rate. The time
constant is T = 0.042s. Therefore, sustained response is
reached in 5t~ 0.210 s.
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Fig. 6. Voltage waveform at maximum voltage location and sending end for
most critical three-phase fault (x¢pr= 2160 km).

In order to calculate the voltage profile for critical fault,
two-port network elements were used, as in Fig. 7. Sliding
fault is applied along HWL at ‘x’ km from sending end. Eq.
(6) shows the equivalent ABCD system matrices.

Equations (6), (7) and (8) with all system data were
implemented in MATLAB to calculate HWL voltage profile
under three-phase fault for a no-load condition. The voltage
varies drastically with fault location.

[Qeq) = [Qzeqs | [Qrrs][Quio | [Qraue] [QL@,X)] [Qrr][Qzeqr]  (6)
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V;
[ = lessli@salloue] [ N

where
Qzeqs: two-port network of generators.
Qmrs: two-port network of transformer at sending end.



Qrx): two-port network of the line with ‘x” km.

Q~raule: two-port network of the fault.

Qro2-: two-port network of the line with ‘A/2-x” km.

Qmwr: two-port network of transformer at receiving end.

Qzeqr: two-port network of the equivalent at receiving end.

Vs, Is: internal voltage and current of the sending generator.
Vr, Ir: internal voltage and current of the receiving equivalent
source.

Vi), Iuyy: V and 1 at the point of measurement located at
‘y’ km from sending end.

Y

Fig. 7. Power system representation.
(a)  Testsystem.
(b)  Two-port network equivalent system.

Fig. 8.a shows the maximum voltage over the entire line for
faults applied at different locations. Faults applied at 2160 km
(83% of the length from source) cause the highest overvoltage.
Fig. 8.b shows voltage profile for faults at 2160 km, 1800 km
and 1300 km. The overvoltage level decreases as the point of
fault moves away from the critical point. For worst fault, the
maximum theoretical value is 6.41 pu measured at 1000 km.
Fault at 1800 km presents a maximum voltage of 1.95 pu.
Fault in the middle of line does not provoke overvoltage.
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Fig. 8. Three-phase fault at HWL line in no-load condition.

(a) Maximum voltage along line for different fault locations.

(b) Voltage profile for faults at: 2160 km, 1900 km and 1300 km.

For actual operation, superposition analysis is applied
summing up contribution of both terminals' sources. It is
observed that faults around 83% from sending terminal
promotes a resonance condition excited by source at sending
end. Symmetrically, a fault around 83% from receiving end
(the exact location will depend on remote end strength)
provokes a resonance condition excited by remote end
equivalent system. In that case the maximum overvoltage
value will be observed around 1000 km from receiving end.

The fault resistance (Rf) has impact on critical faults,

decreasing overvoltage value as Rf increases. For faults out of
critical region Rf will have less impact because the system
reactance is more relevant.

D. Detuning resonance to mitigate overvoltages

As we have seen in Fig. 5, three-phase fault on critical
locations produces resonance condition resulting in severe
overvoltage profile along the line.

At the beginning of the fault the voltage rate of rise is
approximately 2.0 pu/cycle, as shown in Fig. 6. It means that
in the second cycle after the fault, the voltage at critical point
could reach values higher than typical basic switching impulse
insulation levels (BSL), especially in the middle of line. A
regular protection system (including the circuit-breaker
opening time) takes at least 4 cycles to open the circuit.
Therefore, critical three-phase fault requires a mitigation
method to control the voltage until protection system trips the
line.

A quick review of factors that affect resonance condition
indicates that main influencing parameters are fault point, line
impedance, and terminal equivalent impedance. As there is no
control for the point of fault and impedances, the more
appropriate action is detuning the resonance by changing the
system configuration, as indicated in Std. IEEE 1313.2. For
this, a fast action is needed. Elements with time response
lower than one cycle are the spark gaps (SG) and impedances
controlled by thyristors. Because critical faults involve
sustained overvoltage with high-energy content, the use of
surge arresters is disregarded [10]. It is important to observe
that SG is installed at tower structure, one for each phase.

The present document introduces a mitigation method
based on SG that acts as a voltage controlled grounding switch
at an adequate line position, detuning the system resonance.
The criteria to locate and set the sparks gaps are the following:
= The SGs must act only for critical faults. Voltage from

events like energization and load rejection must not excite

SG and should be coordinated with SG voltage breakdown.
= Line-to-ground (LG) fault is the most frequent one and in

most cases is non-permanent. SG should not operate for

this fault.
= A natural location for the spark gaps is the center of line

(1300 km) because if line is grounded at this point there is

no series resonance excited by neither sending nor

receiving equivalent systems. No overvoltage is observed,

as shown in Fig. 8.
= However, more SGs can be used to reduce conveniently

the overvoltage profile. These elements can be located at

points with higher voltage level, considering that the first

SG to operate is the one located at the center of the line.

IV. PERFORMANCE OF THE MITIGATION METHOD

A. Model and simulation of system on PSCAD

This part of the study was performed with a more detailed
model using PSCAD/EMTDC software. The system
characteristics are:

a. Phase-domain model was used to properly represent
transmission line series parameter frequency dependence.



b. Real transposition was implemented with 9 transposition
cycles of 290 km each one (48-96-96-48 km).

Time step of 10 ps.

Generators at sending end with 1.0 SIL loading condition.
Grid side with a strong power system.

Transformers modeled at both substations, with saturation
data: knee voltage at 1.40 pu and an air core reactance of
0.169 pu.

g. Protection trips the line 4 cycles after fault occurrence.

h. Surge arresters connected at terminals' substations.

mo a o

B. Spark gaps model, location and voltage breakdown

Spark gap model is based on long electric arc model in free
space [14] that can be represented by a primary arc model due
to the long electrode distance. We consider the arc voltage is
modeled as a source function of arc current and the arc length
is constant due to the high current level [15].

The first SG is located at the central part of line (1300 km).
When the line is grounded at this point, it is divided in two
subsystems with a source exciting a quarter-wavelength line
(M4). In steady state condition there is no overvoltage profile.
However, electromagnetic transient simulation is necessary to
evaluate the performance of SGs due to successive events:
fault at critical point, next: SG operates, and eventually line
tripping.

The SG voltage breakdown must coordinate with maximum
voltage of LG faults, line energization and load rejection, as
presented in Fig. 9. For LG faults, location and the phase
involved in the line was varied, and the result shows the worst
condition. In the case of energization, the results come from a
statistical simulation with 100 shots and 2 ms standard
deviation. In the load tripping simulation, maximum load
(1.0 SIL) rejection was simulated. It can be seen that similar
overvoltage profile is obtained for line energization and load
tripping. At km 1300, the maximum voltage due to LG fault is
1.98 pu and for the line energization is 1.18 pu. Therefore, SG
voltage breakdown at 1300 km is set to Vgp=1.98 * 1.1
=2.17 pu.
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Fig. 9. Maximum voltage measured along the line due to LG faults applied
along the line, line energization and load trip.

C. Performance of overvoltage mitigation system

Formerly, different faults along the line without any SG
were simulated. For these cases, the maximum voltage due to
faults over the entire line is 6.3 pu for fault applied at
2166 km, as shown in Fig. 10 (red line). This fault is excited
by sending source. Fault at point 337 km produces a maximum
voltage of 3.89 pu due to resonance excited by receiving end

equivalent.

These values are lower than that calculated in last section
because here regular protection time was adopted, 4 cycles,
and also the terminals' transformers were modeled with
saturation.

In sequence, the SG is connected at 1300 km. The
maximum voltage over the entire line due to sliding faults are
shown in Fig. 10.a (green line). The maximum voltage
decreases in the area around critical resonant area, and the
maximum values are 4.05 pu for fault at 2166 km and 3.46 pu
for fault at 337 km.

An improved performance can be obtained placing two
additional SGs at the points were the maximum voltages are
measured for critical faults. Fig. 10.b shows the maximum
voltage measured along the line for worst three-phase fault
and one spark gap. The maximum values are in two regions
between 50 km to 600 km and 2000 km to 2500 km. Two
additional SGs are installed at 433 km and 2262 km (Fig.11).
The voltage breakdown of each one was chosen as 10% higher
than the former SG - at 1300 km (2.38 pu). At the same time it
must be at least 10% higher than maximum restriction

voltages shown in Fig. 9.
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Fig. 10. Maximum voltage (MV) for different faults along the line.
(a) MYV for different point of fault.
(b) MYV measured along the line for worst fault.
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Fig. 11. HWL line with three SGs.

The system was simulated with three SGs. Fig. 12 shows
the maximum voltage over the entire line due to three-phase
fault applied along the line. A reduction on maximum voltages
was properly achieved in the areas around critical resonant
points. Finally, the maximum overvoltages were reduced to
3.5 pu for fault at 2166 km and 2.88 pu for fault at 337 km.
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Fig. 12. MV for different faults along the line using three SGs.

Fig. 13.a and Fig. 13.b show the voltage waveforms for
faults at resonant points 2166 km and 337 km, respectively.
The phase with highest overvoltage is presented, specifically



phases B and A. Voltages at SGs were also included. Fig. 13.c
shows the voltage waveform at sending substation when fault
is applied at 2166 km. It can be observed that the voltage is
now limited to 2.0 pu. In this case, phase A surge arrester
energy will be 9.7 MJ.

40 m433kmb = 1107 km b = 1300 km b
3.0 :
ol A bl A
7 0 NN e
5 Ik T T
20 T !
i ‘ ‘
4.0
(@)
40 1300 km b = 1781 km b =2262 km b
o e
2.0 AT
. TN TN A 0o
T YN NN o \TPAA Gese
g 1o AT
3.0 |
4.0
(b)
50 " 5SSa -s‘sst: =sss ¢
2.0
1.0 AL o "
= oo PAALKLXX AL N NATEN AR AR XA LXK KA X
2 2 00CCCO00CRCIRARRR0000COC000K
2.0 |
3.0
tS) 0000 0025 0.050 0.075 0100 0.125 0150 0.175  0.200
(©

Fig. 13. Voltage waveform for worst conditions.
(a) Measured at gaps and maximum voltage locations (Fault at 2166 km).
(b) Measured at gaps and maximum voltage locations (Fault at 433 km).
(c) Measured on CB at sending substation side (Fault at 2166 km).

V. CONCLUSIONS

This paper introduces a detailed analysis of critical
balanced faults associated to fundamental frequency resonance
on half-wavelength transmission lines. Although balanced
faults are not the most frequent for transmission lines, they
will provoke extremely high overvoltages in HWL and have
been identified as a major concern for this bulk AC
transmission alternative.

This series resonance fault is not observed on AC lines with
conventional length. Actually, it derives from the balance of
inductive and capacitive response in such a very long line.
When this phenomenon occurs it will produce extreme voltage
and current changes.

The theoretical overvoltage levels are extreme and the
voltage rate of rise is high enough to prevent the application of
typical protection operation time. A mitigation procedure must
be postulated.

A spark gap (SG) system composed of three elements to
detune series resonance is proposed, introducing a criteria to
properly locate and set the SGs. Their voltage breakdown
must be coordinated with other events such as line-to-ground
fault, line energization and load tripping. As a result, when
three SGs are installed the resonance is properly detuned. The
locations are 1300km, 433 km and 2260 km. Regular
protection operation time can then be considered. The
overvoltages were controlled and are in the same level as the
ones observed in AC system with regular line lengths. The
SGs mitigation procedure can be applied to 60- or 50-Hz
system, that is to say, for 2500 km or 3000 km long line, as

well as to tuned HWL. Further studies should be implemented
to analyze dynamic stability of system.

Positive sequence line parameters depend mostly on tower
geometry and conductor’s characteristics, what does not
change drastically for UHVAC transmission lines of the same
voltage level. Therefore only small changes on critical three-
phase fault locations are expected for other HWL lines,
although short-circuit terminal network level can shift slightly
the critical location.
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