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Abstract—Power systems are being operated closer to their
stability limits, and fewer transmission lines are being built to
accommodate the growing demand for power. A fault on a
transmission system significantly impacts the power transfer
capability of the power system. Taking a line out of service to
isolate the fault reduces the power transfer capability, further
eroding the stability margin of the power system. Power system
faults are predominantly single-phase-to-ground faults and, as
such, can be successfully isolated by taking only the faulted phase
out of service and keeping the remaining two healthy phases in
service. By doing this, the affected power line is still capable of
transferring two-thirds of the power and keeping the sources at
both line terminals in synchronism.

Single-pole switching (SPS) is the method by which only the
faulted phase is taken out of service. SPS does not come without
its challenges. From the point of view of a protection engineer,
the complexity of the protection scheme is increased. From the
point of view of a systems operator, questions need to be
addressed, such as: “How long can the system tolerate a single-
pole open condition (an unbalance on the system) before it affects
generators and motors?” SPS also leads to challenges on the
power system, such as the extinction of the secondary arc
resulting from the coupling between the faulted phase and
healthy phase conductors.

In this paper, we review the benefits afforded by SPS with
regard to the robustness and stability of the power system and
discuss the challenges issued by SPS to both the power system
and the power engineer.

I. INTRODUCTION

Single-pole switching (SPS), which is the combination of
single-pole tripping (SPT) and single-pole reclosing (SPR),
has been in service in Europe since the 1950s on 155 kV and
220 kV transmission lines [1]. Interestingly enough, at that
time, the motivation for using SPS was not to improve power
system stability but the power system energy supply to meet
the electric energy reliability demands of customers. These
schemes were applied on short lines (40 kilometers or less)
without ground wires, where secondary arcs are not a problem
and single-phase-to-ground faults are common. In these
applications, the typical single-pole open (SPO) time (dead
time) was 0.5 seconds. In the 1960s, utilities in central Europe
started SPS applications on 420 kV lines; by this time, the
four-reactor scheme for secondary arc quenching was already
known.

BC Hydro in Canada installed SPS schemes on two 230 kV
lines: one in 1964 and the other one in 1971. Neither of these
installations employed means for extinguishing the secondary
arc. In 1970, Tennessee Valley Authority (TVA) conducted
staged fault tests on a 150-kilometer 500 kV line with neutral
reactor compensation to verify the proper operation of an SPS
scheme [2]. In the 1980s, Bonneville Power Administration

(BPA) installed SPS schemes on several of its 500 kV
transmission lines to improve power system transient stability.

Comision Federal de Electricidad (CFE) in Mexico
commissioned SPS schemes on 400 kV lines in the 1970s
without satisfactory results. The main reason for the poor
performance of these schemes was the cross-voltage
polarization of the ground distance electromechanical relays.
This type of polarization makes these relays prone to
misoperation during SPO conditions. In the 1980s, CFE
installed SPS on 230 kV and 400 kV lines using static relays
with very good results. These relays have distance elements
with positive-sequence voltage polarization with memory,
faulted phase identification, and tripping logic designed for
SPS applications. The present philosophy of CFE is to apply
SPS on 400 kV and 230 kV lines using microprocessor-based
relays. As of July 2012, CFE has 210 SPS schemes on 400 kV
lines (74.5 percent of the lines) and 280 SPS schemes on
230 kV lines (51.9 percent of the lines) and continues to
implement SPS schemes on existing transmission lines (see
Table Il in the appendix). In 2011, CFE SPS schemes
correctly operated for 98.3 percent of single-phase-to-ground
faults on 400 kV lines (see Table III in the appendix) and for
96.6 percent of single-phase-to-ground faults on 230 kV lines
(see Table IV in the appendix).

Today, many utilities use SPS schemes to enhance power
system stability and reliability. In spite of the benefits
associated with these schemes, some utilities still do not apply
this technology for the following reasons:

e Additional expense for breakers.

e Added complexity in the protection scheme.
e Presence of secondary arc.

e Added stress to the generating units.

This paper discusses the benefits associated with SPS
schemes, addresses the challenges associated with these
schemes, and shows how to overcome these challenges.

II. BENEFITS OF SPS
A. Angle Stability

1) General Considerations

In many power systems, tripping and reclosing all three
phases for a single-phase-to-ground fault can cause the system
to lose synchronism under certain operating conditions. Three-
pole tripping (TPT) is required for multiphase faults. SPS
schemes trip only the faulted phase for single-phase-to-ground
faults. The line continues transmitting power over the two
healthy phases during the SPO condition, which reduces the
chance of the system losing synchronism.



For single-phase-to-ground faults, the relays trip the
corresponding breaker pole. The SPO time should allow the
secondary arc to extinguish. After this time, the automatic
reclosing scheme closes the open breaker pole. If the fault
persists, the scheme trips all three phases and recloses again or
blocks reclosing. For all faults involving more than one phase,
the scheme typically trips all three phases.

The equal-area criterion of transient stability serves to
illustrate SPS effects on transient stability in a simple power
system composed by one generator connected by one line to
an infinite bus [3].

Fig. 1, taken from [4], shows that TPT interrupts power
flow on the three phases of the faulted line, which
significantly increases the accelerating area A;. In this
example, the power system loses synchronism because
A, > A,, where A, is the decelerating area.

Temporary Single-Phase-to-Ground Fault
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Fig. . TPT completely interrupts power flow through the faulted line,

which increases the acceleration area and may cause the system to lose
synchronism.

Fig. 2 shows the effect of SPS for the same single-phase-
to-ground fault [4]. When the breakers open only the pole of
the faulted phase, the transfer power does not fall to zero but
to a value given by the curve labeled SPO in Fig. 2. The
accelerating area A; is smaller than that for TPT, and the
decelerating area A, equals area Ay, so the system is stable.
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Fig. 2. SPS allows power to flow through the faulted line during the SPO
period, which reduces the acceleration area and enhances transient stability.

2) Actual Power System Example

The CFE Yucatan Peninsula Transmission Electric Grid is
connected with the rest of the Mexican Interconnected System
by a double-circuit 400 kV transmission line between Tabasco
(TSP) and Escarcega (ESA) substations and two 230 kV lines
(Fig. 3). The maximum demand of the peninsular grid is
approximately 1,500 MW.

TSP-400 ESA-400

Yucatan Peninsula
Transmission Electric Grid

Mexican
Interconnected System

LRS-230

Fig. 3. Two 400 kV and two 230 kV lines interconnect the CFE Yucatan
Peninsula Transmission Electric Grid with the rest of the Mexican
Interconnected System.



In 2010, CFE conducted studies to determine the SPO time
of the SPS schemes for the then-future 400 kV TSP-ESA
lines. As a result of previous studies, CFE had installed
automatic generation-shedding (AGS) and automatic load-
shedding (ALS) systems in the peninsular grid to prevent a
system collapse upon the loss of both 400 kV lines. With both
lines in service, the loss of one line requires no AGS or ALS
system operation. However, with one line in service and high
power transfer from ESA to TSP (the peninsular grid
exporting power), the loss of the second line requires shedding
up to 570 MW of generation. For maximum power transfer
conditions from TSP to ESA (the peninsular grid importing
power), the loss of the second line requires shedding up to
466 MW of load.

Studies done by CFE in 2010 showed that the application
of SPS on both 400 kV lines prevents the AGS and ALS
systems from operating for all temporary single-phase-to-
ground faults.

Fig. 4 through Fig. 6 show the power system behavior for a
temporary single-phase-to-ground fault occurring on the only
400 kV line in service during a condition of high power
transfer from ESA to TSP. Each figure shows three protection
system operation cases: single-pole tripping and successful
reclosing (SPT and SPR), three-pole tripping (without
reclosing) with no AGS system operation (TPT without AGS),
and three-pole tripping with AGS system operation (TPT with
AGS). These figures show that SPS allows the preservation of
power system transient stability with no need for AGS system
operation. Three-pole tripping requires shedding generation to
preserve stability.
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Fig. 4. Voltage at the TSP substation for a single-phase-to-ground fault
occurring on the only 400 kV line in service with high power transfer from
ESA to TSP.
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Fig. 5. Power transfer on the only 400 kV line in service for a single-phase-

to-ground fault occurring on this line with high power transfer from ESA to
TSP.
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Fig. 6. Angle difference between a bus at the peninsular grid and a bus at the
interconnected system for a single-phase-to-ground fault occurring on the
only 400 kV line in service with high power transfer from ESA to TSP.

Fig. 7 through Fig. 9 correspond to a temporary single-
phase-to-ground fault on the only 400 kV line in service with
high power transfer from TSP to ESA. In these figures, TPT
without ALS refers to three-pole tripping with no ALS system
operation and TPT with ALS refers to three-pole tripping with
ALS system operation. SPS preserves power system transient
stability with no need for ALS system operation, and three-
pole tripping requires shedding load.
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Fig. 7. Voltage at the TSP substation for a single-phase-to-ground fault
occurring on the only 400 kV line in service with high power transfer from
TSP to ESA.
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Fig. 8. Power transfer on the only 400 kV line in service for a single-phase-

to-ground fault occurring on this line with high power transfer from TSP to
ESA.
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Fig. 9. Angle difference between a bus at the peninsular grid and a bus at the

interconnected system for a single-phase-to-ground fault occurring on the
only 400 kV line in service with high power transfer from TSP to ESA.

B. Voltage Stability

1) General Considerations

SPS aids in improving voltage stability. As an example
based on [5], we look at the reactive power losses of two
parallel lines for different operating conditions. Assume that
1,000 A flow in each of the phases of the two parallel lines
shown in Fig. 10, where the line phase reactance is 80 Q. The
reactive power is a square function of the current (I°X), and in
this case, the two-line reactive power losses are 6 * 1000”
80 =480 MVARs.
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Fig. 10. Reactive power losses are square functions of line current. In this
case, the two-line reactive power losses are 480 MVARs.

Consider what happens to the line reactive power losses
when one of the parallel lines is removed from the system, as
shown in Fig. 1. We now assume that 2,000 A flow in each
of the phases of the remaining line in service. Now, the line
demands 3 « 2000% « 80 = 960 MVARs from the system. The
reactive power losses increase by 100 percent.

Consider now what happens when only one phase is
disconnected from the system as a result of an SPT operation,
as shown in Fig. 12. Assume that 1,200 A flow in each of the
phases. Because we now have five phases still in operation,
the reactive power demand from the system is 576 MVARs.

The reactive losses increase only by 20 percent. SPS
applications demand a smaller amount of reactive power from
the system during the SPO period, helping to improve voltage
stability margins.
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Fig. 12. Reactive power losses increase only 20 percent when one phase
opens.

2) Actual Power System Example

CFE conducted studies to determine the effect on voltage
stability of applying SPS on the 400 kV interconnection
between the peninsular grid and the rest of the interconnected
system.

Fig. 13 and Fig. 14 show the P-V curves corresponding to
the TSP and Ticul (TIC) buses. The TSP bus reflects the
conditions on the interconnected system, and the TIC bus
shows the conditions on the peninsular grid. Each figure
shows the P-V curves corresponding to four switching
conditions of the double-circuit 400 kV transmission line
between the TSP and ESA substations: both lines in operation,
one phase open on one of the lines, one line in operation, and
no lines in operation (the systems connect only through the
230 kV link).
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Fig. 14.  P-V curves for the TIC 400 kV bus (CFE peninsular grid).

The P-V curves show that applying SPS instead of tripping
all three poles of the breaker increases the maximum transfer
power through the 400 kV transmission link from 1,320 MW
(one line in operation) to 1,500 MW (two lines in service, one
phase open). Hence, SPS improves voltage stability in this
CFE power system region.

III. TyPICAL SPS SCHEME OPERATION LOGIC

The following are typical SPS sequences [4]:
e The sequence for temporary single-phase-to-ground
faults is:
— Trip the faulted phase pole of the breakers at both
line ends.

— Reclose the breaker at one line end.

— After a time delay, reclose the breaker at the other
line end.

e The sequence for permanent single-phase-to-ground
faults is:

— Trip the faulted phase pole of the breakers at both
line ends.

— Reclose the breaker at one line end.

— Because the fault did not clear, trip all three poles
of this breaker, block its reclosing, and send a
direct transfer trip signal to the remote-end breaker.

— Trip the other two poles of the remote-end breaker
upon receipt of the transfer trip signal, and block
its reclosing.

e The sequence for multiphase faults is the following:

— Trip all three breaker poles at both line ends.

— Block breaker reclosing.

e The sequence for a single-phase-to-ground fault
occurring during the reclosing logic reset time is:

— Trip all three breaker poles at both line ends.

— Block breaker reclosing.

e The sequence for a breaker tripping more than one
pole for a single-phase-to-ground fault is the
following:

— Block breaker reclosing using supervisory logic to
detect that more than one pole is open.

— If the breaker remains with two poles open, the
pole discrepancy logic operates to trip the pole that
remains closed.

e The sequence for a breaker reclosing failure (caused
by a breaker failure or blocking condition) is:

— Because the breaker remains with one pole open,
the pole discrepancy logic operates to trip the other
two poles.

— The line remains fed from one end.

Fig. 15, taken from [4], shows a typical time chart for the
SPS scheme of a line having a permissive overreaching
transfer trip (POTT) directional comparison protection
scheme. To create this chart, we assume a permanent internal
single-phase-to-ground fault occurs at the local line end.
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Fig. 15. Typical time chart of an SPS scheme.



The upper part of Fig. 15 is the time chart for the scheme at
the local line end. The local-end relay trips and sends a
transfer trip signal to the remote line end. The relay initiates
breaker tripping upon receipt of the permissive tripping signal
from the remote end. The POTT scheme operating time is
t, +t.. The breaker opens one pole and clears the fault in a
time equal to t; + t. + t,. When the reclosing timer expires, the
breaker recloses the open pole onto the fault. The local-end
relay operates again and sends a transfer trip signal to the
remote end, which causes the remaining two poles of the
remote breaker to open. The echo logic of the remote-end
scheme sends the transfer trip signal back to the local end,
which causes all three poles of the local-end breaker to open.

The lower part of Fig. 15 is the time chart for the scheme at
the remote line end. The reclosing time delay of this scheme is
set to a value that allows the scheme at the local end to clear
the permanent fault, plus a security time delay (t;). For
temporary single-phase-to-ground faults, the remote-end
scheme successfully recloses the breaker open pole after the
reclosing timer expires.

IV. SECONDARY ARC PHENOMENA

A. General Considerations

In a three-phase line, there is electromagnetic and
electrostatic coupling between the phase conductors [6] [7]. A
single-phase-to-ground fault results in the formation of a
primary arc between the faulted phase and ground. The line
protection system isolates the faulted phase from the power
system in SPS applications, thereby extinguishing the primary
arc; the other two healthy phases remain in service. During the
SPO period, capacitive and inductive coupling between the
conductor of the open phase and the unfaulted phase
conductors induces a voltage in the open phase conductor.
Because the air is already ionized from the primary arc, the
induced voltage can create a secondary arc and sustain it for a
given time after the phase opening. The secondary arc current
depends mainly on the line voltage and length. To a lesser
extent, the current also depends on fault location, load current,
line transposition, and reactors connected to the faulted phase.
This current should self-extinguish within 500 milliseconds, if
the arc current is no greater than 40 A in lines with shunt
reactor compensation and no greater than 20 A in
uncompensated lines [7] [8].

Fig. 16 shows an equivalent Il circuit representing a
transmission line section. If a transmission line lacks shunt
reactors, we can simplify the equivalent circuit by considering
only the electrostatic coupling of the phase conductors. Fig. 17

represents a simplified, single, symmetrical, and fully
transposed transmission line. The capacitances between
phases are identical (i.e., Cy;, = Cpe = Ciu = Cp), and the

capacitances to ground for each phase are identical (i.e., C,g =
Cog=Ceq =Cyp).

If this system now experiences an A-phase-to-ground fault,
we can represent the system during the SPO condition as
illustrated in Fig. 18. This figure also shows the phasor
diagram while the secondary arc is present.

Fig. 16. Transmission line IT equivalent circuit.
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Fig. 17. Equivalent circuit of a symmetrical line considering only the line
capacitances.
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Fig. 18. Equivalent circuit while the secondary arc is present.

The magnitude of the secondary arc current resulting from
the electrostatic coupling is a function of the line voltage and
the line length. The line capacitance is a function of the
distance between phase conductors and the height of these
conductors above ground. If we represent the transmission line
as a series of II circuits, we can see that all these capacitances
are effectively in parallel; the capacitance increases
proportionally with the line length. From the equivalent circuit



in Fig. 18, we can calculate the electrostatic secondary arc
current Ixrc ¢, disregarding fault resistance, as follows:

Ixre ¢ = Vpr ¢ *j02C, (1)

where:
The voltage Vpg ¢ for an A-phase-to-ground fault equals
(Ve +V)/2=V\/2.

We can therefore rewrite (1) as follows:

Iyre ¢ = Vin *JoC, 2

For a typical 400 kV line, Ixrc ¢ has an approximate value
0f 0.1085 A per kilometer or 10.85 A per 100 kilometers.

Once the secondary arc extinguishes, a voltage known as
the recovery voltage appears across the ground capacitance
C,. Depending on the magnitude and/or rate of rise of the
recovery voltage, a restrike can occur. The recovery voltage
can be calculated as follows:

C
=V, e —m 3
VREC LN (zcm+cg) ( )

If the transmission line has shunt reactors, we must
consider the electromagnetic coupling from the healthy
phases; a portion of the secondary arc current becomes
inductive. In this case, the secondary arc current is the phasor
sum of the electrostatic (Ixrc ¢) and electromagnetic (Iarc m)
currents. Calculation of the electromagnetic current is a
nontrivial task; we would need to use a transient analysis
software package, such as the Electromagnetic Transients
Program (EMTP).

A study conducted by CFE for a typical 400 kV line with
horizontal conductor configuration determined the values of
the secondary arc current and the recovery voltage for
different line lengths [9]. Fig. 19 and Fig. 20 show these
values for a line without shunt reactors. The secondary arc
current varies almost linearly with the line length. However,
the recovery voltage remains practically constant in the range
of 20 to 25 kV for all line lengths.
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Fig. 19. Secondary arc current as a function of line length for a 400 kV line
without shunt reactors.
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Fig. 20. Recovery voltage as a function of line length for a 400 kV line
without shunt reactors.

B. Secondary Arc Extinction

Several methods are available for secondary arc extinction
(SAE).

1) Shunt Reactors

One method for SAE is to use a bank of four shunt
reactors, including three reactors connected between the
phases and a neutral point and a fourth reactor connected
between this neutral point and ground [10]. This method is
attractive if phase shunt reactors are required to compensate
the normal line charging current for voltage control. CFE
typically uses banks of four reactors on lines with lengths of
150 kilometers or more.

Connecting only shunt phase reactors to the line modifies
the capacitive coupling between the open phase and the
unfaulted conductors. As a result, the secondary arc current
and the recovery voltage increase, making arc extinction less
likely. Fig. 21 and Fig. 22 illustrate this problem by showing
the effect of adding shunt phase reactors at one end of the
same 400 kV line [9].
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Fig. 21. Secondary arc current as a function of the percentage of shunt phase
compensation with phase reactors only.
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Fig. 22. Recovery voltage as a function of the percentage of shunt phase
compensation with phase reactors only.

Reference [10] discusses the effect of the neutral reactor of
the four-reactor scheme in reducing the secondary arc current
and the recovery voltage. Reference [10] provides a
methodology to calculate the reactance of the neutral reactor
for a transposed line. Using this methodology, CFE engineers
determined the neutral reactance required by the example
400 kV line for different line lengths. Fig.23 and Fig. 24
show the effect of adding the neutral reactor to transposed and
untransposed versions of the line [9]. The shunt phase
compensation is 45 percent for any line length in these two
figures. In this example, the neutral reactor significantly
reduces the secondary arc current for transposed and
untransposed lines. Reduction of the recovery voltage occurs
only for the transposed line.
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Fig. 23. Secondary arc current as a function of line length for a 400 kV line
with phase (45 percent compensation) and neutral reactors.
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Fig. 24. Recovery voltage as a function of line length for a 400 kV line with
phase (45 percent compensation) and neutral reactors.

2) Grounding Switches
In lines without shunt reactors, high-speed grounding
switches provide an alternative method for SAE [11].

3) Time Delay

Increasing the SPO interval to wait until the arc is
extinguished is one of the most popular methods in SPS
applications because it does not require additional primary
equipment. This approach has been used for many years on
short lines (less than 40 kilometers) where the line
capacitances are small and in applications where power
system stability is not a concern. We can use the SAE
methods described previously to optimize the SPO interval
and avoid reclosing when the arc is still present.

C. Secondary Arc Extinction Detection (SAED)

1) SAED Using Voltage Magnitude and Angle
Measurements

Fig. 25 shows the behavior of the A-phase voltage after the
breaker opens the A-phase pole to clear an A-phase-to-ground
fault in an SPS application. During the SPO condition, while
the secondary arc is still present, the faulted phase voltage
(Vaarc) is severely depressed and lags the phasor
corresponding to its healthy state (V4 pre) by approximately
90 degrees. Once the secondary arc extinguishes, the faulted
phase voltage increases its magnitude and shifts to lie between
the two healthy phase voltages (V4 post). This voltage shift
provides information to detect SAE [12] [13].
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Fig. 25. Line voltages during the SPO condition.



To detect SAE for all three phases, three SAE detectors are
required. These detectors measure the angle ¢ between the
phase-to-ground voltage of the faulted phase (V,) and the sum
of the phase-to-ground voltages (Vy) of the healthy phases.
For —B < ¢ < B and |V,| > Vyugg, the detector asserts the SAED
bit to declare the SAE condition. f and Viyrg determine the
SAED element operating characteristic. Table I shows the V,
and Vg voltages for A-, B-, and C-phase SAE detectors.

TABLE I
'V, AND Vy VOLTAGES FOR A-, B- AND C-PHASE SAE DETECTORS
Detector v, Vs
A-Phase Va Vi + Ve
B-Phase Vs Ve+Vy
C-Phase Ve Va+ Vs

Fig. 26 shows the SAED element characteristic and the V,
and Vs voltages. When the line is energized under normal
conditions, ¢ equals 180 degrees and V, is outside the SAED
operating region (see Fig. 26a). During SPO conditions, after
the secondary arc extinguishes, ¢ equals 0 degrees and V, is
inside the SAED operating region (see Fig. 26b). The A-phase
detector asserts the SAED bit for this condition, allowing the
reclosing sequence to continue.

(a)

(b)

Fig. 26. SAED element characteristic and V, and Vy voltages. (a) Under
normal power system conditions, ¢ equals 180 degrees and V, is outside the
SAED operating region. (b) After the arc is extinguished, ¢ equals 0 degrees
and V, is inside the SAED operating region.

We analyzed the performance of the SAED element to
detect SAE using the voltages of the field case shown in
Fig. 27. This field case corresponds to a B-phase-to-ground
fault on a 230 kV transmission line that has SPS schemes. The
line is 191.7 kilometers long and lacks shunt reactor
compensation. A digital fault recorder (DFR) sampled these
voltages and currents at 1,920 Hz. A B-phase-to-ground fault
occurs at ¢ =29.862 seconds. The B-phase fault current from
the system at the line terminal where the DFR captured the
data stops flowing at # = 29.919 seconds. The arc extinguishes
at ¢t =30.255 seconds, and the B-phase breaker pole recloses at
¢t =30.376 seconds.
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Fig. 27. Voltages and currents for a B-phase-to-ground fault on a 230 kV
line.

Fig. 28 shows the V, and Vy voltage signals. We used the
negative of the Vy fundamental component phasor, which is
approximately equal to the prefault voltage (Vp in this case),
as a reference phasor to plot the V, fundamental component
phasor against the SAED characteristic (Fig. 29). With this
approach, we obtained a similar SAED characteristic to the
one shown in Fig. 26. Notice that the faulted phase phasor V,
enters the SAED region when SAE occurs. Fig. 30 shows the
magnitude and angle of phasor V,; phasor V, enters the SAED
characteristic at approximately 0.7 seconds when the arc

T —— ]
- A il
S
2 AN

N 15

270

Fig. 29. The V, voltage phasor enters the SAED characteristic after the
secondary arc extinguishes.
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B-phase-to-ground fault with the SAED angle boundaries.

2) SAED Using Harmonic Measurements

An alternative method to detect SAE is to use the harmonic
content of the faulted phase voltage as an indicator of the
presence of the secondary arc. Fig. 31 shows the faulted phase
voltage when the secondary arc is present in the event shown
in Fig. 27. The harmonic content of this signal (see Fig. 32)
mainly includes fundamental, third-harmonic, and fifth-
harmonic frequency components.
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Fig. 31. Faulted phase voltage during the SPO condition with a secondary
arc present.
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Fig. 32. The faulted phase voltage mainly contains fundamental and odd
harmonic frequency components when the secondary arc is present.
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Fig. 33 depicts the voltage of the faulted phase during the
open-phase condition right after the arc has been extinguished.
Fig. 34 shows the harmonic content of this voltage, which
includes dc and fundamental frequency components and
practically no harmonics. The lack of odd harmonics in the
faulted phase voltage during the SPO condition (one phase
open at both terminals of the line) can be used as an indicator
that the arc has been extinguished [14].
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Fig. 33. Faulted phase voltage during the SPO period after SAE.
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Fig. 34. The faulted phase voltage mainly contains dc and fundamental
frequency components after SAE.

We define a simplified odd harmonic factor (OHF)
according to (4) as the ratio of the sum of third- and fifth-
harmonic magnitudes Izv,, and Isy,, to the fundamental
frequency magnitude Ijy,.. This factor is close to zero right
after the arc has been extinguished. We then compare OHF
with a threshold value OHF ryyrg to detect SAE.

OHF = Livag +1smac )
Limac

Fig. 35 shows the fundamental, third-harmonic, and fifth-
harmonic frequency components and the estimated OHF for
the field case event of Fig. 27. The plot showing OHF also
includes the OHFygrg threshold set to 0.08. Notice that OHF
drops to a value lower than 0.08 when the arc extinguishes at
0.698 seconds. A comparator compares OHF to OHFygrg as
an indicator of SAE. Fig. 36 shows the output of this



comparator and the faulted phase voltage. If this output is
asserted longer than a preset time (e.g., 5 cycles), it can start
the breaker SPR sequence to avoid reclosing when the fault is
still present or before the air recovers its dielectric strength.
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Fig. 35. Fundamental, third-harmonic, and fifth-harmonic frequency

components and OHF calculation for the B-phase-to-ground fault event in
Fig. 27.
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Fig. 36. Output of the odd harmonic detector indicating that the arc is
extinguished.
The two SAED methods described in this subsection

operated correctly for the events that we have analyzed. We
continue to study their performance using field cases.
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V. NEGATIVE-SEQUENCE CURRENTS DURING AN
SPO CONDITION

A. General Considerations

Fig. 37 depicts the sequence network interconnection for an
SPO condition in a two-machine system. This figure shows
that the SPO condition creates a negative-sequence current
that flows through both sources of the power system. The
magnitude of the negative-sequence current is determined by
the following two parameters:

e The negative-sequence impedance of the power
system, including that of the sources.

e The power being supplied prior to the SPO condition
(the magnitude of angle 6 between source voltages Eg
and Ep).

XL
EG, XG EB

SPO /

EG EB
Xo1 Xu1
) [
Xe2 X2
)
Xeo Xio
D

Fig. 37. Symmetrical component network interconnection for an SPO
condition in a transmission line connecting a generator with an infinite bus.

B. Actual Power System Example

Fig. 38 is the oscillography record obtained from a
microprocessor-based relay protecting a 500 kV transmission
line. The oscillography was taken during an SPO condition
resulting from a single-pole trip for a B-phase-to-ground fault
on the line.
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Fig. 38. Oscillography during a B-phase open condition on a 500 kV line.



Fig. 39 is a plot of the positive-, negative-, and zero-
sequence currents and voltages during the SPO condition. For
this fault, the negative-sequence (V,) and zero-sequence (V)
voltages are equal during the SPO interval. Fig. 39 also shows
that the negative-sequence current magnitude (I,) is greater
than the zero-sequence current magnitude (Iy). This sequence
current relationship is generally true because the zero-
sequence network impedance is typically greater than the
negative-sequence network impedance. This fact also
confirms that the negative-sequence current generally has a
greater influence than the zero-sequence current during the
SPO period.

B w«\(\

S
8 S
5=
>0 Vi
83 v
cE 22 100
gmv m\r
gg = J\\'\/ﬂ‘\ 7\
(%) 0 VvV V
5
5<
3g 11 1,000
83 &
38 b 500
g=
(%}
0
2 4 6 8 10

Time (Cycles)

Fig. 39. Plot of the positive-, negative-, and zero-sequence currents and
voltages during an SPO interval.

C. Effects on Generating Units

In most cases, power system sources are synchronous
generators, and therefore, in this paper, we examine the effects
of negative-sequence currents on synchronous machines.

1) Thermal Effects

A negative-sequence current produces a magnetic field in
the machine air gap; this magnetic field rotates at the same
synchronous speed at which the machine rotor is rotating, but
in the opposite direction. When viewed from the machine
rotor, this field appears to rotate at twice the synchronous
speed. As this field moves across the rotor, it induces currents
at twice the power system frequency into the rotor. Depending
on the machine construction, these currents flow in different
parts of the rotor [15].

In a cylindrical rotor, the induced currents flow in the rotor
body (teeth and pole faces), as well as in the amortisseur
windings and the retaining rings. Fig. 40 is a sketch of the
current flow in a cylindrical rotor. The rotor teeth, pole faces,
and retaining rings normally present high electrical resistance
to the induced current, but at a higher frequency, the
amortisseur windings also present a high resistance due to the
skin effect.
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Fig. 40. Flow of induced currents in a cylindrical rotor.

The amortisseur windings are either made up of copper or
aluminum. Therefore, the penetration depth of the induced
current in these windings can be calculated using the formula
for skin depth:

1

Jrfuo ©

o=

where:
d is the skin depth in meters.
fis the frequency of induced currents in hertz.
u is the permeability of the conductor, typically
4w« 10" Henry per meter.
o is the conductivity of the conductor in Siemens per
meter.

If the amortisseur windings are made from copper, current
will only flow in the outer 8.4 millimeters (0.34 inches) of the
amortisseur windings. Therefore, to the induced current, the
amortisseur windings also appear as high-resistance
components.

As a result of the induced currents flowing in this high-
resistance circuit, rapid heating occurs because of IR losses.
This rapid heating can lead to the loss of the rotor mechanical
integrity and insulation failure. In newer machines, the
retaining rings are shrink-fitted. Excessive heating can cause
the retaining rings to lift off the rotor body and not realign
when the rotor cools down, causing a loss in electrical
connection and increasing vibration due to incorrect
mechanical alignment.

The amortisseur windings in a salient-pole machine are
placed on the pole faces of the rotor. The windings are made
up of conducting bars evenly spaced on the pole faces. The
following are two basic types of amortisseur windings [16]:

e Incomplete or nonconnected (see Fig. 41a).
e Complete or connected (see Fig. 41b).



Fig. 41.

Amortisseur winding connections in salient-pole synchronous
generators. (a) Incomplete or unconnected windings. (b) Complete or
connected windings.

Both types of amortisseur winding connections have their
advantages, but the complete amortisseur windings are
superior from an electrical point of view. Most of the induced
current flows in the rotor pole faces. If the individual
amortisseur windings are not connected to one another, the
induced currents will flow down the pole body through the
dovetail that holds the pole to the rotor and back through the
dovetail of the adjacent pole into that pole. The connections at
the dovetails present high-resistance paths and therefore
produce heat that can result in insulation failure or mechanical
fatigue. In connected amortisseur windings, the interpole
connections provide low-resistance paths for the induced
currents. Therefore, salient-pole machines with connected
amortisseur windings have a higher negative-sequence current
tolerance.

2) Opposing Torque

In addition to producing heating in the rotor, negative-
sequence currents also produce a torque that opposes the
torque produced by the positive-sequence current. This fact
results in the negative-sequence current causing a retardation
torque on the rotor, as shown in Fig. 42.

The magnitude of the retardation torque is directly
proportional to the square of the negative-sequence current
magnitude and pulsates at twice the power system frequency.
These pulsations are transferred to the stator and result in
stator vibration, which may damage the generator foundation
if it is not spring-mounted. However, this retardation torque
does not always have a negative impact; during unbalanced
power system faults, it retards the rotor acceleration, thereby
increasing the stability margin of the power system.
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Fig. 42. Positive-sequence current produces torque in the same direction as
the rotation of the rotor. Negative-sequence current produces torque in the
opposite direction as the rotor rotation.

D. Synchronous Generator Negative-Sequence Thermal
Capability

The tolerance of synchronous generators to negative-
sequence current is generally expressed in the following two
forms:

¢ Continuous tolerance.
e Short-time tolerance.

The continuous and short-time negative-sequence current
tolerances of a generator are determined by the temperature
limitations of the rotor body, rotor wedges, retaining rings,
and amortisseur windings. Temperature rise calculations
assume that no heat is conducted away from the rotor
(adiabatic heating). This is a good assumption for events that
typically only last for a few minutes because the thermal time
constant of a large rotor is much greater due to its mass. This
assumption allows for the limiting temperature in the rotor to
be expressed in terms of a limiting I,’t value at the generator
terminals.

The continuous negative-sequence current limits vary
between 5 and 10 percent of the rated machine armature
current. IEEE C37.102-2006 gives the continuous negative-
sequence current capabilities for different types and sizes of
generators [17].

The short-time current limitation for different synchronous
generators is expressed in terms of a constant K according to

(6).
Ct=K (6)
where:
I, is the pu negative-sequence current.
t is the time in seconds.
Typical allowable values for K vary from 5 to 40,
depending on the type and size of the synchronous generator.
Salient-pole machines have the greatest tolerance for negative-

sequence currents. IEEE C37.102-2006 also gives the short-
time negative-sequence current limits for different machine

types.



E. Fatigue Duty on Turbine Shafis

In this subsection, we examine the effect of the transient
process triggered by a fault and subsequent SPS operations on
the mechanical system of a turbine generator set. In other
words, we examine what is the torsional interaction between
the electrical power system and the turbine generator torsional
modes [18].

We can use a lumped mass-spring model to study the
torsional interaction in turbine generator sets (see Fig. 43). In
this model, each turbine, generator, and exciter is represented
by a single mass and the shaft segments that connect them
together are represented by spring constants that account for
the effective stiffness of the shafts.

Shaft 1 Shaft 2 Shaft 3 Shaft 4 Shaft 5
(Spring (Spring (Spring (Spring (Spring
Constant 1)  Constant 2) Constant 3) Constant 4) Constant 5)

- €

Mass 1 Mass 2 Mass 3 Mass 4 Mass 5 Mass 6

Turbine Set

HP = High-Pressure Turbine

IP = Intermediate-Pressure Turbine
LP = Low-Pressure Turbine

Gen = Generator

Exc = Exciter

Fig. 43. Lumped mass-spring model used to study the torsional interaction
between the power system and the turbine generator mechanical system.

A fault (fast transient) on a power system results in a rapid
change of the electrical power being delivered by the
generator; this change results in a reaction of the turbine
generator shaft system due to the change in the
electromechanical forces. The transient created by the fault is
similar to a step function, and therefore, it will excite all the
natural oscillatory modes of the turbine generator set; the
greater the transient, the higher the impact on the mechanical
system. A fault on the power system results in the generator
experiencing two large electrical torque steps, one for the
initial fault and one when the fault is cleared. These torque
steps result in vibration of the mechanical system and
excitation of torsional modes. Depending on the severity of
the fault and its proximity to the generator, the transient torque
response of the turbine generator sets can peak at 2 pu or
more.

Based on a study conducted by the Electric Power
Research Institute (EPRI) in 2006 [18], the following
observations can be made:

e The closer the fault (i.e., the greater the fluctuation in
electrical power), the greater the transient torque
impact.

e Multiphase faults have greater impact than single-
phase-to-ground faults. However, if the turbine
generator set has oscillatory modes near twice the
nominal system frequency, a single-phase-to-ground
fault (which creates double-frequency pulsating
torque) has greater impact than a three-phase fault.
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e The step changes in torque due to the fault and its
clearing dominate the torsional response of the turbine
and generator, except for the case when a transmission
line is reclosed back onto a fault. It is advised to first
reclose the remote line end for faults close to the
generator.

We can conclude that except for the case where the turbine
generator set has a torsional mode near twice the nominal
frequency, SPS has no negative impact on the mechanical
system of the turbine generator set.

VI. PROTECTION SCHEMES
A. Scheme Requirements

1) Breakers

An SPS scheme requires breakers with independent pole
operation.  Extra-high-voltage breakers typically have
independent contact-operating mechanisms because of the
large contact separation required to provide insulation. These
breakers are suitable for SPS schemes at no additional cost.
Lower-voltage breakers typically have three-pole operation.
The version of these breakers with independent pole operation
is more expensive than the version with three-pole operation.
Some utilities that apply TPT for all fault types use breakers
with independent pole operation to avoid the contingency of a
breaker failing to open all three poles for a three-phase fault
[7]. Using these breakers together with redundant relaying
systems and redundant trip coils practically ensures the
opening of at least two poles, which improves transient
stability.

Breakers with independent pole operation require pole
discrepancy logic that verifies all the breaker poles are in the
same position during normal operation [19]. This logic can
reside in protective relays or breaker control devices. It is easy
to implement using the logic programming abilities of modern
relays. The logic trips all three breaker poles when the breaker
remains with one or two poles open for longer than a settable
time. In SPS schemes, the pole discrepancy timer must be set
longer than the maximum duration of a normal SPO condition.

2) Relays

An SPS scheme requires relays with the ability to detect
the faulted phases and issue SPT signals. Most modern
microprocessor-based relays provide the faulted phase
identification algorithms and tripping outputs required for SPS
schemes at no additional cost. The main additional cost related
to relays in an SPS scheme as compared with a TPT scheme is
that of the wiring to the relays.

B. Faulted Phase Identification

There are several methods to provide faulted phase
identification. Some relays compare the angle between the
negative- and zero-sequence currents to identify the faulted
phase. Furthermore, these relays distinguish single-phase-to-
ground faults from phase-to-phase-to-ground faults by
comparing the fault resistance values estimated for all fault



loops with the impedance measured for each phase-to-phase
fault loop [20]. Finally, these relays use single-phase
undervoltage elements to identify the faulted phase for ground
faults that produce very low current at the relay. Also, the
high-speed elements of some relays use incremental quantities
for fast faulted phase identification [21].

Phase-segregated, current-based schemes provide inherent
faulted phase identification, which functions well even for
evolving, intercircuit, and cross-country faults. One relay uses
the outputs of phase differential elements to identify faulted
phases. For low-current faults, the sequence component
differential elements of the relay apply the methods described
in the previous paragraph for faulted phase identification.
Sequence component differential elements use the differential
current rather than the terminal currents for faulted phase
identification, which improves performance.

For the best selectivity, the faulted phase identification
elements should be more sensitive than the fault detection
elements. If the fault detection elements are more sensitive,
the relay may trip the incorrect phase or all three phases for
low-current, single-phase-to-ground faults.

C. Nonpilot Schemes

In general, nonpilot protection schemes are used mainly on
subtransmission and distribution systems and SPS schemes are
predominantly employed on transmission systems. However,
it is possible to implement a nonpilot SPS scheme on a
subtransmission or distribution system. In this scheme, SPT is
initiated under any of the following conditions:

e Zone 1 ground element (Z1G) asserts.

e Time-delayed Zone 2 ground element (Z2GT) asserts.

e Time-delayed negative- or zero-sequence directional
element (67Q/67G) asserts in conjunction with a
single-phase-to-ground fault indication.

For the first condition (low-resistance fault within the
ground Zone 1 reach), there is no reduction in speed and the
sensitivity is that of the Zone 1 element. However, the second
condition affects speed in that the relay cannot determine with
great accuracy whether the fault is within the protected line or
just outside the protected line. For this reason, the Zone 2
element has to be time-delayed to coordinate with the
instantaneous protection of the adjacent lines. A typical time
delay for the Zone 2 element to trigger a single-pole trip may
be in the order of 250 to 330 milliseconds. The third condition
also affects speed but may provide an increase in line
protection sensitivity. For example, a high-impedance fault
within the protected line may not be detected by the distance
elements (Z1G and Z2G) but would most likely be detected by
the negative- or zero-sequence directional elements. Again,
these elements must be coordinated with other protection
functions within the power system and therefore need to be
time-delayed (400 to 1,000 milliseconds). This is, however,
not an issue with regard to power system stability because
these faults are generally of low current magnitude. Fig. 44 is
a logic realization of a nonpilot SPS scheme.
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Fig. 44. Realization of a nonpilot SPS scheme.

Further drawbacks of this scheme include the following:

e Sequential tripping of the line terminals can occur
when one terminal sees the fault in Zone 1 and the
other terminal sees it in Zone 2.

e When one of the terminals is a weak source, the strong
terminal can single-pole trip and the weak terminal
may three-pole trip because the scheme at the weak
end may not be able to identify the faulted phase.

D. Permissive Communications-Assisted Schemes

When a communications channel is available between the
line terminals, SPS can be implemented without any delay for
any internal faults.

In a permissive directional comparison scheme, the
overreaching distance, negative-sequence directional, and
zero-sequence directional elements trip accelerated on
receiving permission to trip from the remote terminal. In most
cases, the communications channel is only required to transmit
a single signal or bit, except for the following conditions:

e Transmission lines that share the same towers, where a
single-phase-to-ground fault on one line may result in
a single-phase-to-ground fault on a different phase of
the other line.

e Cross-country faults.

e Lines connected to a weak source on one terminal.

For these cases, the SPS scheme can be improved if more
than one communications signal or bit is available.

For example, consider the simple system shown in Fig. 45,
where SPS protection schemes have been implemented. The
two line circuits share the same towers. Assume that Line 1
experiences an A-phase-to-ground fault that results in a
C-phase-to-ground fault on Line 2 because of the close
proximity of the conductors of the two lines; assume also that
these two faults are located close to the Bus V terminal. The
distance relays at the far (remote) terminal Bus U (R; and Rj)
will incorrectly identify these two separate single-phase-to-
ground faults as one phase-to-phase-to-ground fault (CAG) in
Zone 2 and initiate the Zone 2 distance element timer. The
relays at the close (local) terminal Bus V (R, and Ry) will
correctly identify the faults as A-phase-to-ground and
C-phase-to-ground faults, respectively, in Zone 1. Therefore,
the relays at the local terminal will only trip the faulted
phases. However, the response of the relays at the remote
terminal depends on the information exchange allowed by the
bandwidth of the communications channels between the
relays.
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Fig. 45. Schematic of a double-circuit transmission line sharing the same
towers, where a fault on one circuit results in a fault on the other circuit.

1) Single-Bit Communications Channel

If the communications channel between the relays is only
capable of communicating a single signal or bit, the following
occurs. The Zone 1 ground distance elements of the close-in
terminal relays (R, and Ry) initiate SPT of the local breakers
and transmit a permissive signal to the relays at the remote
terminal. On receipt of the permissive signal, the relays at the
remote end accelerate their tripping but incorrectly trip all
three phases on both lines, defeating the purpose of installing
an SPS scheme. The reason for the SPS scheme misoperation
is that the remote relays are not able to correctly identify the
faulted phases. From a protection point of view, it is not
possible for any remote relay that only uses local data to
correctly identify the fault type under such a fault condition.
However, the local relays can correctly identify the fault type.
If it were possible to transmit the fault type or faulted phase to
the remote terminal, the integrity of the SPS scheme could be
maintained.

2) Dual-Bit Communications Channel

If the communications channel has enough bandwidth to
communicate two signals or bits, then one signal or bit can be
reserved to indicate a single-phase-to-ground fault and the
second signal or bit can be used to indicate a multiphase fault.

Z2G_A
72G_B 5:>— SPF_TX
726 _C

16

The permissive overreaching scheme is now configured to
operate as follows (see Fig. 46). When a ground overreaching
distance element asserts, the logic transmits a single-phase
fault bit (SPF_TX). Similarly, for a multiphase fault, the logic
transmits a multiphase fault bit (MPF_TX). At the receiving
end, if a single-phase fault receive bit (SPF_RX) coincides
with a ground overreaching distance element assertion, the
scheme allows accelerated tripping of the ground distance
element. Similarly, for a multiphase fault, if the MPF RX bit
coincides with a phase overreaching distance element
assertion, the scheme allows accelerated tripping of the phase
distance element, leading to a three-pole trip. If, however, at
the receiving terminal, a single-phase fault bit (SPF _RX)
coincides with the assertion of any phase overreaching
distance element, the phase elements are not allowed to trip
accelerated.

If we apply this permissive scheme to the previous
example, the scheme operates as follows. The relays at the
local terminal (Bus V) transmit single-phase fault bits
(SPF_TX) to the remote end (Bus U) at the same time as
initiating a single-pole trip to the local breakers. When the
single-pole trip bits arrive at the remote terminal, the phase
overreaching distance elements do not trip accelerated because
the fault identification for the relays at the remote terminal
does not correspond with the fault identification obtained via
the received communications bits from the relays at the local
terminal. When the breakers at the local terminal open, Line 1
no longer feeds the fault on Line 2 and vice versa; this now
enables the relays at the remote terminal to correctly identify
the faults as single-phase-to-ground faults. Once the
overreaching ground distance elements of the remote relays
assert, the relays at the remote terminal allow accelerated
tripping of the overreaching ground distance elements because
now the fault identification from the local relay agrees with
that from the remote relay. This scheme maintains the
integrity of SPS at the cost of delaying tripping at the remote
terminal.
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22P_BC3 —— MPF_TX
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-
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Sending-End Relay

Fig. 46.
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Simplified logic diagram of a dual-bit permissive communications-assisted scheme.
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3) Multiple-Bit Communications Channel

If the communications channel has the bandwidth to
communicate more than two signals or bits, it is possible to
exchange more information between the relays. For example,
if the channel is capable of communicating three bits, then
each bit can be reserved to indicate a faulted phase. In such a
scheme, for an overreaching distance element to accelerate
tripping, the faulted phase or phases at both terminals must
agree. Fig. 47 is a simple logic realization of this scheme.
Using the example shown in Fig. 45, the relays at the local
terminal (Bus V) correctly identify the faulted phases and then
transmit this information to the relays at the remote terminal
(Bus U). The relays at the remote terminal identify the fault as
a CAG fault. If we now consider the Line 1 relay (R;) at
Bus U, it identifies the faulted phases as C and A and receives
an A-phase fault indication (A PHASE RX) from the relay at
the local terminal (R;). Because both relays agree that the fault
is present in the A-phase, the remote relay allows an
accelerated trip of the breaker A-phase pole but holds back the
C-phase pole tripping. The same occurs for the fault on
Line 2, but in this case, the remote relay only allows the
C-phase breaker pole to trip. This approach maintains the
scheme SPS capability without penalizing its operating speed.

A further advantage of being able to exchange the faulted
phase information between the relays is that SPS can be
achieved for weak terminal conditions. If more than three bits
are available in the communications channel, then it is
possible to exchange commands, such as individual direct
transfer trip messages, between relays. In summary, the more
communications bits that can be transferred between relays,
the better the integrity and speed of the SPS scheme. Modern
microprocessor-based relays transmit and receive multiple bits
for this purpose.
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Simplified logic diagram of a three-bit permissive communications-assisted scheme that increases the SPS capability.

E. Blocking Communications-Assisted Schemes

Blocking communications-assisted schemes operate in a
similar way as permissive communications schemes, with the
difference that the overreaching distance or directional
elements initiate accelerated tripping if they do not receive a
blocking signal from the remote terminal. In general, blocking
schemes predominantly send a single blocking bit, and
therefore, these schemes are not widely used in SPS
applications for the reasons discussed in the previous section.

F. Current Differential Schemes

Current differential schemes require the exchange of actual
current data between all terminals that bound the protection
zone. Therefore, these schemes require a much larger
bandwidth (57.6 to 64 kilobits per second) than the permissive
communications-assisted schemes (9.6 to 19.2 kilobits per
second). However, current differential schemes deliver better
performance with regard to fault identification and sensitivity.
Because all the current differential relays that bound the
protection zone measure all the currents entering or exiting the
zone, each relay can determine the faulted phase even if the
relay is located at a weak terminal. Because each terminal
measures all the currents in the protection zone, this scheme
has the greatest sensitivity because its sensitivity is not
determined by that of the weakest-terminal relay.

G. Power Swing Blocking During an SPO Condition

In SPS applications, negative-sequence current flows
during an SPO period. Many SPS schemes inhibit power
swing blocking during this period to prevent misoperation of
the negative-sequence elements used to detect unbalanced
faults.



Some modern relays can detect power swings even if an
SPO condition exists. These relays use the angle between the
negative- and zero-sequence currents to detect single-phase-
to-ground faults occurring during an SPO period. For
example, when power swing blocking logic detects a power
swing while the A-phase is open, it blocks only the BG, CG,
and BC distance elements. If a B-phase-to-ground fault or a
C-phase-to-ground fault occurs, the logic based on the
sequence-current angle measurement unblocks the BG or CG
distance element. If a B-phase-to-C-phase fault or B-phase-to-
C-phase-to-ground fault occurs, phase fault detection logic
unblocks the BC element.

H. Tripping

In SPS schemes, single-phase faults result in only the
faulted phase being tripped (isolated); on the other hand,
multiphase faults result in all three phases being tripped.
During an SPO condition, all faults automatically result in a
three-pole trip.

The challenge for SPS relays is to identify the faulted
phase correctly. This is not a challenge for solid single-phase-
to-ground faults but becomes more difficult as the fault
resistance increases; this is why the schemes presented in
Section VI, Subsection D are required to enable correct fault
identification under more challenging conditions.

1. Reclosing

1) Traditional Reclosing

Traditional reclosing schemes have a user-settable SPO
time or reclosing dead time. This time is set long enough to
allow the secondary arc to extinguish and the hot ionized air to
be replaced by cooler unionized air, thereby allowing the
insulation medium between the line phase conductor and
ground to restore. Typical SPO times are in the order of
1 second for single-phase-to-ground faults. In comparison,
when three-pole reclosing is used for multiphase faults, the
typical pole open time is 3 seconds.

Because most faults are transient in nature, this method has
a high success rate and is therefore commonly used. However,
the drawback of such a scheme is that if the fault is permanent
in nature, reclosing a breaker back into the fault can have
detrimental effects on the power system and its equipment.

2) Adaptive Reclosing

As shown in Section IV, Subsection C, an SAE detector
can be used to supervise the reclosing signal to the breaker,
thereby preventing reclosing under permanent fault
conditions. This supervision blocks the reclosing signal to the
breaker when the secondary arc is present and minimizes the
possibility of unsuccessful reclosing.

Fig. 48 shows the reclosing supervision logic using SAED
for close supervision. SAED can minimize the dead time by
initiating the reclose after the secondary arc extinguishes. The
SAED time delay provides time for the air formerly occupied
by the arc to regain dielectric strength.
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Fig. 48.

VII. RELAY PERFORMANCE DURING AN SPO CONDITION

The open-phase condition following a single-pole trip on a
transmission line creates unbalances that can affect relays. The
protection elements must be designed to be immune to the
unbalance effects or desensitized or blocked during the SPO
period.

Reference [22] provides current and voltage values for an
open-phase condition on one of two parallel lines in a two-
source power system. When the relay receives voltage
information from line-side voltage transformers (VTs), the
voltage measured on the open-phase condition falls to zero.
Furthermore, the shunt reactors and line capacitance cause
transient damped oscillations in the open-phase voltage [19]
[23]. These conditions may affect relay operation.

The relays on the line with the open-phase condition can
determine that the phase is open. The protection scheme can
use this information to modify the protection elements and
scheme logic, thereby preventing any misoperations caused by
the unbalanced currents. However, the relays at other locations
typically do not have information about the open-phase
condition. Therefore, users should desensitize these relays to
prevent misoperations, unless the relays are immune to the
unbalance caused by the open phase.

A. Distance Elements

When using line-side VTs, we should block the phase
distance elements associated with the open phase during an
SPO condition because the phase-to-phase voltages suffer
magnitude and phase angle changes. For example, when the
A-phase is open, we block the AB and CA phase distance
elements.

The ground distance element associated with the open-
phase condition should also be blocked, because it may have
no voltage signal but still have zero-sequence operating
current. Depending on the polarization type, the unbalance
may also affect the ground distance elements on the unfaulted
phases. For example, in cross-polarized mho elements, when
the A-phase opens, the phase angle of the polarizing voltage
for the BG and CG ground distance elements shifts similarly
to the effect of a blown fuse on the A-phase VT. Hence, these
elements may misoperate. Reference [22] includes an example
where the polarizing voltage for the AG mho element shifts
+30 degrees and reduces its magnitude for an open B- or
C-phase.

The open phase has little effect on the positive-sequence
voltage angle [22]. Positive-sequence voltage-polarized mho
elements are the preferred choice for SPS schemes.



Ground quadrilateral distance elements generally use
negative-sequence and/or  zero-sequence currents for
polarization [24]. The unbalanced phase currents created by
the open phase may affect the performance of ground
quadrilateral distance elements. The traditional solution is to
block these elements during an SPO period following a single-
pole trip. The high-speed quadrilateral element described in
[25] replaces the sequence component currents with the fault
loop incremental current during an SPO period. This element
remains operational during an SPO period.

B. Directional Overcurrent Elements

Unbalanced voltages and currents caused by the open
phase affect the performance of negative- and zero-sequence
directional elements. Unbalanced voltages have the greatest
effect when the relay receives line-side voltage signals. To
prevent misoperation, we should set the relay to block
negative- and zero-sequence directional elements during an
SPO period.

The open phase has a minimal effect on the phase
overcurrent elements. However, the unbalance affects the
performance and may call for settings adjustments of
negative- and  zero-sequence overcurrent elements.
Reference [22], for example, compares the pu negative- and
zero-sequence quantities measured by a relay on one of two
parallel lines in a two-source power system for an open-phase
condition on the parallel line and a resistive ground fault
(without open phases) on the protected line.

Reference [22] shows that the measured current magnitude
for internal faults may be less than the measured current
magnitude for an open-phase condition on the parallel line.
We can raise the pickup current of negative- or zero-sequence
overcurrent elements to prevent operation during an SPO
condition. However, raising the pickup current also reduces
the sensitivity of the element for detecting high-impedance
faults. A better solution is to coordinate the time delay of
overcurrent elements with the maximum duration of a normal
SPO condition.

C. Current Differential Elements

Phase current differential elements function well during an
SPO period but do not operate for low-current faults. For TPT
applications, negative- and zero-sequence differential
elements supplement the phase differential elements to
provide additional sensitivity. However, the negative- and
zero-sequence differential elements lose sensitivity for ground
faults occurring during an SPO period in SPS applications
[26].

VIII. CONCLUSION

SPS keeps two phases of the line connected during an SPO
period. Power system angle stability improves because of the
transmission of active power over the healthy phases. Voltage
stability improves because the transmission of reactive power
over the healthy phases reduces the reactive power losses of
the system.

After a single-pole trip, the capacitive and inductive
coupling between the open phase and the healthy phase
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conductors may cause a secondary arc. For successful
reclosing, the SPS scheme must wait for this arc to extinguish.
Shunt reactors and grounding switches are methods for
extinguishing the arc. Methods for detecting arc extinction
include checking the angle between the faulted phase voltage
and the sum of the other two phase-to-ground voltages and
measuring the faulted phase voltage harmonic content. These
methods allow the use of adaptive reclosing.

The negative-sequence currents caused by an SPO
condition may overheat the rotors of synchronous generators
and cause an opposing torque.

An SPS application requires breakers with independent
pole operation and relays with faulted phase discrimination
and SPT abilities. Modern relays provide these functions at no
additional cost.

Application of SPS in nonpilot schemes provides fast
single-phase fault clearing only when the fault is detected by
ground Zone | elements at both line ends. Operation of
ground time-delayed Zone 2 or directional elements results in
delayed line tripping.

Permissive communications-assisted schemes allow the
implementation of SPS with no time delay for all internal
faults. Exchanging one bit over the communications channel is
generally sufficient, except for double-circuit lines, cross-
country faults, and weak line terminals. Exchanging two bits
solves the double-circuit line problem at the cost of delaying
tripping at the remote line terminal. Exchanging multiple bits
provides high-speed tripping for all faults and solves the
weak-terminal problem. Modern relays transmit and receive
multiple bits for this purpose.

IX. APPENDIX

A. SPS Schemes in Operation in Mexico

As of July 2012, CFE has 210 SPS schemes on 400 kV
lines (74.5 percent of the lines) and 280 SPS schemes on
230 kV lines (51.9 percent of the lines). Table II shows the
SPS schemes currently in operation on 400 kV and 230 kV
transmission lines in Mexico.

TABLE 11
CFE TRANSMISSION LINES WITH SPS SCHEMES (JULY 2012)
400 kV 230 kV
CFE
Area Lines | . OPS % | Lines SPS %
Schemes Schemes

Baja California| NA NA NA 52 12 23.1
Northwestern 7 7 100 79 74 93.7
Northern 5 5 100 66 62 93.9
Northeastern 50 29 58 42 5 11.9
Eastern 78 49 62.8 36 23 63.9
Central 65 46 70.8 102 20 19.6
Western 53 52 98.1 104 30 28.8
Southeastern 20 18 90 29 29 100
Peninsular 4 4 100 29 25 86.2
Total 282 210 74.5 539 280 51.9




B. Field Operation Experience in Mexico

Table Il and Table IV summarize the field operating
record of the SPS schemes in Mexico in 2011.

The 400 kV schemes operated correctly for 357 single-
phase-to-ground faults (98.3 percent of all single-phase-to-
ground faults), with the following details:

e Tripped one pole and successfully reclosed for
266 temporary faults.

e Tripped all three poles after SPT and SPR for
91 permanent faults.

The 230 kV schemes operated correctly for 256 single-
phase-to-ground faults (96.6 percent of all single-phase-to-
ground faults), with the following details:

e Tripped one pole and successfully reclosed for
222 temporary faults.

e Tripped all three poles after SPT and SPR for
34 permanent faults.

TABLE III
SUMMARY OF 400 KV SPS SCHEME OPERATIONS IN 2011
CFE Single- Correct Operations Seheme
Region ;7):318 t‘; Temporary Permanent Total| % |Failures
Faults Faults
Northwestern 23 23 0 23 {100 0
Northern 15 14 1 15 | 100 0
Northeastern 43 36 7 43 | 100 0
Eastern 66 45 18 63 195.5 3
Central 51 31 18 49 (96.1 2
Western 121 78 43 121 | 100 0
Southeastern 36 34 2 36 | 100 0
Peninsular 8 5 2 7 [87.5 1
Total 363 266 91 357 |98.3 6
TABLE IV
SUMMARY OF 230 KV SPS SCHEME OPERATIONS IN 2011
CFE Single- Correct Operations Seheme
Region ll?):l?lstes Temporary| Permanent |\, | o |Failures
Faults Faults
o O N O T
Northwestern | 50 42 7 49 | 98 1
Northern 51 39 9 48 |94.1 3
Northeastern 2 2 0 2 | 100 0
Eastern 19 15 4 19 | 100 0
Central 13 9 1 10 |76.9 3
Western 12 6 6 12 | 100 0
Southeastern 43 38 5 43 | 100 0
Peninsular 69 66 2 68 [98.6 1
Total 265 222 34 256 (96.6 9
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