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Abstract—In this paper, novel multi-circuit transmission line
(MCTL) designs with low secondary arc current (SAC) values
are proposed. The Non-dominated Sorting Genetic Algorithm II
(NSGA-II) was used to generate the optimized tower structures.
The aim is to select the MCTL configuration that satisfies
multiple objectives such as increased capacity, reduced cost,
right-of-way (ROW), and tower height, while satisfying several
constraints such as SAC limit, ampacity, electric field, etc. The
objective function is formulated as a mathematical function
of design variables such as sub-conductor position, phase
arrangement, etc., and several constraints. Two-port theory is
used to calculate the SAC resulting from different faults along
the line, which is significantly faster compared with time-domain
Electromagnetic Transient (EMT) simulations. Comparisons of
MCTLs with and without SAC constraints are presented, clearly
showing the importance of taking into account SAC limits
during the optimization process. As a result, MCTL structures
with SAC reductions of up-to 64% were obtained, indicating
that the MCTL are able to successfully handle Single Phase
Auto-Reclosing (SPAR).

Keywords—Electromagnetic Transients Simulation,
Optimization, Secondary arc, Single-phase auto-reclosing,
Two-port networks.

I. INTRODUCTION

THE first attempts for transmitting more power by means
of modifying the bundle geometry of transmission

lines were performed by Russian [1] and Brazilian [2]–[4]
researchers, using High Surge Impedance Loading (HSIL)
lines. Later researchers demonstrated that the HSIL lines do
not aggravate the overvoltage response [5] resulting from
switching events. In [6] the cost was optimized yielding
an improved cost/MW ratio. Then, aiming to further reduce
the right-of-way (ROW), optimized Multi-circuit Transmission
lines (MCTLs) were proposed [7]–[10] as an improvement
over single-circuit HSIL. Selecting the configuration of the
multi-circuit line becomes more of a challenge when the
individual circuits have different voltage levels. Such lines are
referred to as multi-circuit multi voltage transmission lines
(MCMVTL).

However, because of the capacitive and inductive
intra-circuit and inter-circuit coupling in multi-circuit
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lines, the secondary arc current (SAC) is high, and creates
a problem for single-phase auto-reclosing (SPAR). In some
cases very high-value neutral reactor are specified, and even
though it is not possible to reduce the SAC to adequate
values. To solve the problem, this paper proposes to include
the SAC limit as a restriction in the mathematical model
presented in [9], mitigating SAC from its origin, at the tower
design.

The main contributions of this paper are as follows:
1) Novel optimized MCTLs ready to perform SPAR.
2) Optimized MCTLs with SACs respecting the limits using

conventional four-legged reactor schemes.

II. SINGLE-PHASE AUTO RECLOSING (SPAR)

During a single line to ground (SLG) fault it is possible
to maintain part of the power flow if only the faulty phase
is opened. In single circuits 54% can be maintained, while in
double circuits the value rises to 75% [11].

After a certain dead-time of the single phase tripping an
auto reclosing attempt is performed. If the fault is eliminated,
the system is back to normal operation. Otherwise, the sound
phases must trip (three-phase tripping), to completely interrupt
the power supply [12].

In the fault process, the current that appears before the
breaker opening is referred to as the "primary arc current", and
has a magnitude of several kA. After the opening of the faulty
breaker poles at both line terminals there exist inductive and
capacitive coupling between the faulty and sound phases (from
the same circuit and from the other circuits). The coupling
maintains a residual "secondary arc current" (SAC) of tens
to hundred of amps. The success or failure of the SPAR
is contingent on the SAC being within an acceptable limit.
According to the criterion in [13] if the steady-state SAC
and transient recovery voltage (TRV) are within a specific
zone, the SPAR (with a dead time of 500 ms) has a high
probability of success. As the proposed approach considers
the SAC limits, the designed transmission lines are inherently
suitable for SPAR.

III. OPTIMIZED MCTLS

Optimal MCTLs can be obtained by using the methodology
proposed in [9]. The methodology, modifies variables such
as phase sequences, and sub-conductors’ quantities, types and
positions, to optimize the power capacity (surge impedance
loading - SIL), costs, right of way (ROW) and height of
MCTLs. Each sub-conductor is explicitly taken into account
in the optimization process, with no use of the equivalent
geometric mean radius (GMR) value.
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The mixed-integer non-linear mathematical model that
describes the problem as a multi-objective maximization
problem, inside a permutation based space, is summarized in
Eqs. (1) to (6). The formulation in [9] includes a variety of
electrical and mechanical constraints. However, it ignores SAC
limits.

maximize(f1(~Sn) +P, f2(~Sn) +P, f3(~Sn) +P, f4(~Sn) +P )
(1)

with:

f1(~Sn) =
SIL(~Sn)

SILo
− 1 (2)

f2(~Sn) = 1−
Ct(~Sn)

Cto
(3)

f3(~Sn) = 1−
ROW(~Sn)

ROWo
(4)

f4(~Sn) = 1−
Ht(~Sn)

Hto
(5)

P =
∑
c∈C

{(
Clc−Cvc
Clc

)
if Cvc > Clc

0 otherwise
(6)

where:
~Sn Parameter vector which includes the tower type,

circuit topology type, number of conductors in a
bundle, the phase sequence, and the geometrical
parameters of the circuit and bundle.

SILo Sum of the surge impedance loading (SIL) of the
CI conventional lines at their own voltage levels

SIL(~Sn)
Sum of the SIL of the lines with parameter (~Sn)
at their own voltage levels

Cto Sum of the costs of the CI conventional lines at
their own voltage levels

Ct(~Sn) Sum of the costs of the CI lines with parameter
(~Sn) at their own voltage levels

ROWo Sum of the individual ROW of the CI conventional
lines at their own voltage levels

ROW(~Sn)
ROW for the tower with parameter (~Sn)

Hto Sum of the individual height of the CI
conventional lines at their own voltage levels

Ht(~Sn) Height of the tower with parameter (~Sn)

C set of constraints
c constraint
Cvc value of a constraint c
Clc limit for the constraint c

The above multi-objective optimization problem is solved
with the Non-dominated Sorting Genetic Algorithm II
(NSGA-II) [14] following [9]. Nonetheless, a different
multi-objective optimization algorithm could have been
selected. The NSGA-II was selected because of the good
performance shown in many applications [15].

However, because the above approach in [9] ignores SAC
limits, there is no guarantee that the designs will permit

successful SPAR, even with the use of four-legged reactor
banks with large neutral reactor values [16]. In this paper, we
introduce the SAC as a constraint in the mathematical model,
i.e., the steady-state SAC of each circuit (SACci) is included
in the constraint-set C in (6) as in (7). This forces the SAC
values to be below the limits presented in Table I, which has
values extrapolated from [13].

SACci ≤ SACcilimit (7)

TABLE I
SACcilimit AND TRVcilimit ACCORDING THE LINE VOLTAGE Vl .

Vl [kV] 138 to 345 440 to 500 750 to 1150
SACcilimit [A] 30 50 80
TRVcilimit [kV] 60 100 160

Determining the steady-state SAC in each circuit could
be done with Electromagnetic Transient (EMT) time-domain
simulations. However, such EMT modelling would excessively
slow down the optimization process. Hence, we use two-port
network element to calculate the steady-sate SACs, which is
is over 1000 times faster than EMT simulations. The SAC of
each circuit is calculated for AG, BG and CG faults applied at
0, 50 and 100% of the line length. This is necessary because
the lines are considered with a real transposition cycle of
1/6, 1/3, 1/3 and 1/6, and not as a balanced line, so the
highest SAC may occur in any phase. The steady state SAC
calculated by EMT and by two-port theory were found to be
essentially identical. If, however, the SAC value resulting from
the two-port analysis is close to or exceed the allowable SAC
limit, the case is flagged for further EMT based analysis. In
the EMT simulation, the case is simulated with full transient
behaviour, and includes an arc model to accurately represent
the arc extinction.

IV. TWO-PORT NETWORK REPRESENTATION

The general representation of a two-port network is
expressed in form of transmission parameters as in (8).
Considering that in power systems we are interested in the
current that is flowing from one node to the other, I2 must
have a negative sign.[

V2

−I2

]
=

[
A B
C D

] [
V1

I1

]
(8)

A. Series impedance

The two-port network representation of a group of series
impedance follows (9), where Zsd is the diagonal matrix
comprised by the series impedance connected between V1 and
V2; z an (n, n) zero matrix, and I an (n, n) identity matrix.

Qs =

[
I −Zsd

z I

]
(9)

This representation can be used for any element modeled
as a series impedance, such as network equivalents and
circuit-breaker status (Zsd = 106 if open, and Zsd = 0 if
closed).



B. Transmission lines

The two-port network element for a single-phase
transmission line (TL) or a positive sequence component
analysis can be represented as in (10) where l is the line
length, γ =

√
ZY , and Zc =

√
ZY −1. With Z being the

series impedance and Y the shunt admittance of the line, per
unit of length.[

V2
−I2

]
=

[
cosh(γl) −Zc sinh(γl)
−sinh(γl)

Zc
cosh(γl)

] [
V1
I1

]
(10)

Extending the analysis to the three-phase transmission line
case the ABCD parameters acquire dimensions of 3 × 3 and
are represented with their modal parameters as in (11). The
same form will be applied for BCD.

Amode =

 cosh(γmode1 l) 0 0
0 cosh(γmode2 l) 0
0 0 cosh(γmode3 l)


(11)

The modal parameters can be obtained using the relationship
presented in (12) to (15).

Zmode = T−1v · Zabc ·Ti (12)

Ymode = T−1i ·Yabc ·Tv (13)

where:
Tv = eigvec(Zabc ·Yabc) (14)

Ti = eigvec(Yabc · Zabc) (15)

With Tv and Ti related according (16).

T−1v = Ttranspose
i Tv = inv(Ttranspose

i ) (16)

Therefore, the two-port network of a three-phase
transmission line in modal domain is defined as in (17). To
extend the result to the multi-circuit transmission line case the
ABCD matrices must have dimensions of (3ncirc × 3ncirc)
using the corresponding modal parameters of each circuit.

QTLmode
=

[
Amode Bmode

Cmode Dmode

]
(17)

To be able to use the two-port network of the transmission
line with the other elements of the system it is necessary to
obtain its representation in phase domain (φ). To do that the
following relationship between modal and phase voltages and
currents for each circuit is used:

Vφ = Tv ·Vmode ⇒ Vmode = T−1v ·Vφ (18)

Iφ = Ti · Imode ⇒ Imode = T−1i · Iφ (19)

Leading to the phase two-port network representation
in (20).

QTLφ =

[
Tv ·Amode ·T−1v Tv ·Bmode ·T−1i

Ti ·Cmode ·T−1v Ti ·Dmode ·T−1i

]
(20)

C. Transpositions

Long transmission lines requires transposition to reduce
the voltage and line current unbalance among phases. The
two-port network element of a transposition cycle can be
represented in a matrix form as in (21).

Vc2
Va2
Vb2
−Ic2
−Ia2
−Ib2


︸ ︷︷ ︸

VI2

=


0 0 1 0 0 0
1 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 0 1
0 0 0 1 0 0
0 0 0 0 1 0


︸ ︷︷ ︸

Q120


Va1
Vb1
Vc1
Ia1
Ib1
Ic1


︸ ︷︷ ︸

VI1

(21)

Therefore, a single transposition is represented in (22),
whereas as a full transposition cycle in (23).

VI2 = Q120 ·VI1 (22)

VI2 = Q120 ·Q120 ·Q120 ·VI1 (23)

In a generalized form for ncirc circuits Q120 follows the
form presented in (24) with rot120 defined in (25) and z equal
to a zero 3× 3 matrix.

Q120 =

[
rot120 z

z rot120

]
(24)

rot120 =

 0 0 1
1 0 0
0 1 0

 (25)

D. SLG Faults

The generalized two-port network representation for SLG
faults follows (26), with z representing a (n, n) zero matrix,
I an (n, n) identity matrix, and −gfault a zero matrix with a
single conductance element presented in the diagonal of the
faulty phase.

Qfault

[
I z

−gfault I

]
(26)

E. Shunt compensation

Conventionally, the SAC is mitigated by adding a
four-legged reactor bank (Fig. 1) at both sides of a long
transmission line In this paper, the arrangement consists of
a bank of single-phase units, which is common practice for
extra-high voltage levels as per IEEE Std C37.015-2017 [17].
This helps to reduce the capacitive coupling between phases
that is the main cause of the SAC [11], [18] in long lines. The
four-legged reactor must be designed to reduce the Ferranti
effect and the SAC [11], [18]. To address the first objective,
the reactor positive sequence susceptance must be equal to
the line positive sequence susceptance (b1), multiplied by a
compensation factor ξ that normally varies between 0.7-0.9,
and the phase reactor xp follows (27). For SAC reduction, the
capacitive coupling between phases, obtained with the zero
and positive susceptance components of the line (b0 and b1),
must be equal to the mutual susceptance of the shunt reactor.
The neutral reactor xn is then calculated as in (28) [11], [18],
which is the regular approach for a balanced line.

xp = 1/ξb1 (27)
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Four-legged reactor in each circuit

Fig. 1. Four-legged reactor scheme for two port network analysis.

xn = − b0 − b1
3b1ξ(b0 − b1 + b1ξ)

(28)

From Fig. 1 the A, B, and D parameters of the two-port
network representation can be easily calculated as in (29).
However, C in (29) requires more attention.

Qcomp =

 A = V2

V1

∣∣∣
I1=0

= I B = V2

I1

∣∣∣
V1=0

= z

C = −I2
V1

∣∣∣
I1=0

D = −I2
I1

∣∣∣
V1=0

= I


(29)

To obtain C it is necessary to write the equations that
describe the system when I1 = 0. In this situation all the
current of the system will flow through the compensation
reactors, yielding the equation system represented in a matrix
form in (30). Therefore, C in (29) can be expressed as in (31). Va2

Vb2
Vc2


︸ ︷︷ ︸
V2=V1

= j

 xp + xn xn xn
xn xp + xn xn
xn xn xp + xn


︸ ︷︷ ︸

Xcomp

 Ia2
Ib2
Ic2


︸ ︷︷ ︸

I2
(30)

C = −jX−1comp (31)

In real situations, the reactors have quality factor, so
jXcomp would be replaced by Zcomp. However, in the
optimization process we ignored the real part of the
impedance.

F. SAC calculation

To calculate the SAC, the equivalent system in Fig. 2 can
be used. The fault is applied in the network section Qf . Q1 is
the equivalent two-port network at left side of the fault, where
as Q2 is the equivalent two-port network at right side of the
fault.

I1

Q1

If1 If1

Qf

If2 If2

Q2

I2

+

−

V2

−

+

Vf2

−

+

Vf1

−

+

V1

Fig. 2. Two port network equivalent of the entire system.

Eqs. (32) to (34) describe the two-port network dynamics
of the system in Fig. 2.

V2 = A2Vf2 + B2If2
−I2 = C2Vf2 + D2If2

(32)

Vf2 = AfVf1 + Bf If1
−If2 = CfVf1 + Df If1

(33)

Vf1 = A1V1 + B1I1
−If1 = C1V1 + D1I1

(34)

Since V1 and V2 are known, the system given by (32) to
(34) can be solved, leading to the SAC in (35).

SAC = If1 + If2 (35)

V. TESTS AND RESULTS

The optimization was performed considering 10 Ω SLG
faults in transmission lines of 350 km in a system like the
one in Fig. 3. The four-legged reactors were calculated with
(27) and (28) for a compensation level ξ = 0.7 in each circuit.
The sources were adjusted to transmit 90% of the line SIL.
The sending equivalent has a short circuit ratio (SCR) = 25,
and the receiving equivalent a SCR = 15. In all cases, SCR =
1 is the current when transmitting 100% of the line SIL.

The secondary arc does not present the same response for all
networks, but rather is influenced by the specific network seen
at line terminals. In the present research, equivalent systems
described above were considered at both line terminals to
demonstrate the basic concept. In an actual utility-level study,
the system equivalents should include eventual transformer
arrangements with specific grounding systems.

A. Optimal MCTLs

Consider the case of the optimized MCTL in Fig. 4
with a double circuit transmission line operating at 500 kV.
The design has been optimized using (1) to (6) and the
additional SAC constraint (7). The NSGA-II optimization
had a population of 100 individuals evolving during 1000
generations. As can be observed, the optimized line presents
maximum RMS SAC values of 47 A and 49 A in circuit
one and two, respectively, which are lower than the limits
in Table I.

Without the SAC constraint (7) the line design is as in Fig. 5,
which is quite different from the line configuration obtained
with the SAC constraint in Fig. 4. It is clear that this is a
direct result of the SAC inclusion in the optimization process,
considering that both lines were designed with four-legged
shunt reactor bank calculated with the Kimbark formulation.

The maximum SAC for the line in Fig. 5 is ≈ 109 A, which
violates the SAC constraint in Table I. Thus a line designed by
ignoring the SAC constraint would not guarantee a successful
SPAR. However, the SAC reduction has an associated cost. By
comparing Fig. 4 (optimized with SAC constraint) and Fig. 5
(without SAC constraint), it is evident that SAC reduction was
made possible only with a larger conductor height and a lower
power capacity (SIL). Also, note that the line in Fig. 4 has a
y0 approximately 24% smaller than the line in Fig. 5.

All previous HSIL lines proposed in different researches
had regular zero sequence admittance values, and, as far as
the authors are aware of, for the first time the proposed
optimization model is modifying this feature. Thus, this
characteristic is contributing to the SAC reduction from the
tower design (its origin), and not only by using mitigation
resources as four-legged reactors.
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Fig. 3. Test system representation.
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Fig. 4. Optimal MCTL including SAC optimization.
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Fig. 5. Optimal MCTL without including SAC optimization.

The RMS steady state SAC as a function of the fault
position along the lines in Fig. 4 and 5 is presented in Fig. 6
and 7, respectively. As expected, the SAC values are larger at
line terminals. In the case of the TL with SAC restriction, the
larger SAC value occurred for a fault close to the sending end
(high SCR). However, in the line without SAC restriction the
larger SAC value was produced by a fault in the receiving end
(low SCR). Also, note that depending on the faulted phase, the
larger SAC value will be either at the sending end, or at the
receiving end. Hence, it is evident that during the optimization
process it is necessary to consider the SAC for faults in each
phase and at both line ends, once the actual transposition
cycles are considered.

The RMS transient recovery voltage (TRV) for faults along
the previous lines is presented in Figs. 8 and 9. It is possible
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Fig. 6. SAC along the optimized MCTL with SAC restriction.
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Fig. 7. SAC along the optimized MCTL without SAC restriction.

to observe that as in the case of the SAC behavior, the MCTL
designed with the SAC restriction presents TRV values under
the maximum limits. Therefore, there is a high probability of
a successful SPAR. On the other hand, the MCTL designed
without the SAC restriction presents TRV values above the
limit. Hence, it is clear that including the SAC in the
optimization model not only helps in the SAC mitigation, but
also in the TRV reduction.

B. Optimal Multi-Circuit Multi Voltage Transmission
Lines (MCMVTLs)

Multi-circuit configurations with different voltage levels
on each circuit can also be optimized using the proposed
methodology. A double-circuit transmission line with circuit
1 at 500 kV and circuit 2 at 750 kV was optimized. Fig. 10
shows the optimized line when considering the SAC as a
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Fig. 9. RMS TRV along the optimized MCTL without SAC restriction.

restriction. Meanwhile, Fig. 11 shows the optimized line when
the SAC is not considered as a restriction.

Using a similar test case as the MCTL case, the MCMVTLs
were also connected to an ac system with short circuit ratio
(SCR) = 25 at the sending end a system of SCR = 15 at the
receiving end [10], considering a loading of 90% of the line
SIL at each circuit.

Fig. 12 shows SAC as a function of the fault position and
faulted phase with the SAC constraint. It can be seen that SAC
for both circuits is below the permissible limits of 50 A for
circuit 1 and 80 A for circuit 2. On the other hand, without
the SAC constraint as seen in Fig. 13 the maximum SAC in
circuit 1 exceeds the SAC limit for circuit 1.

Thus it is evident that ignoring the SAC constraint results
in an unacceptably large SAC of 115 A on circuit 1 (note that
the SAC limit is 50 A). On the other hand, using the SAC
constraint yields an acceptable SAC of 45 A.

However, there is also an associated cost caused by
including the SAC constraint. The SAC reduction was
achieved with an increased line cost, ROW and tower height.

Note that in this case a reduction of approximately 13% of
the zero sequence admittance y0 of the first circuit was also
achieved, helping with the SAC mitigation. Also, as was the
case of the MC lines, the TRV behavior is similar to the SAC
behavior, so it is not shown here.
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Circuit 1: 500 kV - 1353.60 MW - BCA - Wire Chukar - Max SAC = 42 A
z1 [ /km] = 0.0089+0.2361j; z0 [ /km] = 0.3858+1.6094j

y1 [ S/km] = 6.9250j; y0 [ S/km] = 3.0718j

Circuit 2: 750 kV - 2829.24 MW - ACB - Wire Flamingo - Max SAC = 45 A
z1 [ /km] = 0.0151+0.2566j; z0 [ /km] = 0.4378+1.4618j

y1 [ S/km] = 6.5020j; y0 [ S/km] = 3.9810j

Shielding Wires                        
SIL[MW] = 4182.85, Costs[MUSD/km] = 3.37, ROW[m] = 74.83, Height[m] = 49.58

Fig. 10. Optimal MCMVTL including SAC optimization.
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Circuit 1: 500 kV - 1306.67 MW - ACB - Wire Lapwing - Max SAC = 115 A
z1 [ /km] = 0.0099 + 0.2475j; z0 [ /km] = 0.3916 + 1.5614j

y1 [ S/km] = 6.7673j; y0 [ S/km] = 3.5246j

Circuit 2: 750 kV - 2711.22 MW - BCA - Wire Goose - Max SAC = 77 A
z1 [ /km] = 0.0179 + 0.2692j; z0 [ /km] = 0.4410 + 1.4710j

y1 [ S/km] = 6.2670j; y0 [ S/km] = 4.0643j

Shielding Wires                        
SIL[MW] = 4017.90, Costs[MUSD/km] = 3.00, ROW[m] = 74.67, Height[m] = 43.06

Fig. 11. Optimal MCMVTL without including SAC optimization.
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Fig. 12. Secondary arc current along the optimized MCMVTLs with SAC
restriction.
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Fig. 13. Secondary arc current along the optimized MCMVTLs without SAC
restriction.



C. Neutral reactor comparison

Table II shows a comparison between the neutral reactor of
the lines in Figs. 4, 5, 10, and 11. It is clear that although the
phase reactors xp1 and xp2 are relatively close in value, their
neutral reactors xn1

and xn2
are considerably different. The

former is expected, because there are no important changes
in the SIL of those lines, meanwhile, the zero sequence
admittance has been drastically reduced in the cases where
the SAC reduction was high.

When the SAC constraint is ignored, much smaller neutral
reactors (under 750 Ω) are obtained, whereas considering
the SAC constraint results in larger neutral reactor for both
circuits. It is interesting to observe that the highest values
were presented in the circuit one (more than 1100 Ω), which
is not an expected result. This is caused by the configuration
of the circuits in the transmission lines. Thus, the optimized
transmission lines with the SAC restrictions presented a more
compact configuration for the first circuit, yielding to higher
neutral reactors. Therefore, other TL configurations with both
circuits being compact would lead to similar neutral reactor
values in both circuits.

TABLE II
NEUTRAL REACTOR COMPARISON BETWEEN THE LINE WITH AND

WITHOUT SAC OPTIMIZATION.

Line Type xp1 [Ω] xp2 [Ω] xn1 [Ω] xn2 [Ω] Vn1 [kV ] Vn2 [kV ]
Fig. 4 1162.97j 1226.56j 1142.86j 495.77j 61 46
Fig. 5 1211.81j 1132.71j 526.34j 368.21j 47 42
Fig. 10 1159.08j 1234.05j 1309.77j 435.75j 64 64
Fig. 11 1185.58j 1280.07j 745.40j 361.60j 55 58

Table II shows an additional trade-off when optimizing the
lines considering the SAC restriction: the neutral reactor value
is larger, but there is a marginal increase in the neutral reactor
voltages Vnci .

D. Detailed Arc Model

To finalize the feasibility study of the SPAR, the detailed
A. T. Johns arc model described by (36) to (38) [19] was
used on the EMT program PSCAD. Both, the stationary arc
conductance G and the arc conductance g are in [S].

δgk
δtk

=
1

τk(tk)
[Gk(tk)− gk(tk)] (36)

Gk(t) =
|ik(t)|
Vklk(t)

(37)

The model is applicable for both the primary and the
secondary arc. The sub-index k equals p for the primary arc
and s for the secondary arc. Hence, ik is the instantaneous
arc current, tk the time from the initiation of the arc, Vp =
15 V/cm, lp(t) is equal to 1.1 times the insulator string length
(l0), Vs = 75I−0.4s V/cm, Is is the steady state peak SAC in
[A], and ls(ts) is equal to 1.1l0 for ts < 0.1s and 1.1l0ts for
ts ≥ 0.1s.

The time constant τk, is calculated as in (38), where Ip and
Is are the steady state peak primary and secondary arc currents
in [A].

τp(tp) =
2.85 10−5Ip

lp(tp)
τs(ts) =

2.51 10−3I1.4s
ls(ts)

(38)

The arc extinction criterion in [19] is based on the
electrostatic re-ignition verified at each SAC zero crossing.
If the absolute value of the open circuit arc voltage is lower
than the absolute value of the arc withstand voltage |vw| in
[kV], calculated as in (39), the arc is finally extinguished.

|vw(ts)| =
[
5 +

1620Te
2.15 + Is

]
(ts − Te)ls(ts)h(ts − Te) (39)

The extinction time Te is a discrete value that is updated
each time that the arc current has a zero crossing. Meanwhile,
h(ts−Te) is a delayed step function that is 0 for ts < Te and
1 for ts > Te [19].

The simulations with the arc model were performed in
PSCAD with a component that gets as input l0, Ip and
Is. It was considered l0 = 400 cm for 500 kV lines, and
l0 = 646 cm for 750 kV lines. Meanwhile, the Ip and Is values
were previously calculated with two-port networks elements
for all the fault points.

Table III shows the maximum arc extinction times values
obtained in different lines. As can be seen, it is confirmed that
the optimization yield lines for which the arc extinction time is
much smaller, almost 50% of that for lines optimized without
the SAC constraint. This agrees with the RMS SAC reduction.
However, the extinction times in practical situations will vary
according to stochastic environmental variables such as wind
speed, environmental temperature etc. Hence, the values in
Table III are not definitive, but shows that the RMS SAC
reduction indeed yield smaller arc extinction times.

TABLE III
MAXIMUM SAC EXTINCTION TIME IN [ms] FOR DIFFERENT LINES.

Line Type textci1 textci2
Fig. 4 285.66 295.98
Fig. 5 485.49 485.18

Fig. 10 247.11 262.75
Fig. 11 529.75 376.28

Figs. 14 and 15 show the worst arc current and voltage
waveform obtained in the MCTL of Fig. 4 for a SLG fault.
Fig. 16 shows the worst SAC in the line of Fig. 5. We can
clearly see that the line in Fig. 4 presents lower SAC, TRV
and arc extinction time than the line in Fig. 5. Therefore, the
advantages of including the SAC in the optimization model
are clearly evidenced. The response of the lines in Figs. 10
and Fig. 11 is similar, so they are not presented here.

VI. CONCLUSIONS

Single-phase auto reclosing in transmission lines is a key
feature which enables some power transmission even during
single line to ground faults. A successful SPAR demands that
the secondary arc current and transient recovery voltage do
not exceed certain limits. In single circuit long lines this can
be easily achieved by using four-legged reactors following
the formulation proposed by Kimbark [11]. However, in
multi-circuit transmission lines it is not straightforward and
special neutral reactor configurations must be considered [16].
This is a result of additional inter-circuit capacitive coupling
that must be compensated by higher neutral reactor values.
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Fig. 14. Worst arc current (top) and secondary arc current (zoomed, bottom)
for a SLG fault in the line of Fig. 4 using the Johns model [19].
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Fig. 15. Arc voltage for the worst SAC for a SLG fault in the line of Fig. 4
using the Johns model [19].
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Fig. 16. Worst arc current (top) and secondary arc current (zoomed, bottom)
for a SLG fault in the line of Fig.5 using the Johns model [19].
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Fig. 17. Arc voltage for the worst SAC for a SLG fault in the line of Fig. 5
using the Johns model [19].

This paper proposes an innovative solution to this problem
by including the SAC as a constraint in the optimization
procedure during the design of the transmission lines. Thus,

the maximum SAC reduction achieved in the test cases was
almost 64%, compared with the cases that do not consider the
SAC during the optimization process. Finally, since the lines
obtained with the proposed model have SAC values under the
limits, the HSIL transmission lines obtained with this approach
are adequate for SPAR.
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