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ABSTRACT Series capacitors increase the power transfer limit of transmission lines. However, the
protection of series compensated lines using only local measurement is challenging. Phasor based distance
protection experiences delay and directional problems in the presence of a series capacitor. This paper
presents an incremental quantity based distance protection algorithm for series compensated lines. The
algorithm uses instantaneous voltage and current measurements from the local bus. It consists of capacitor
voltage estimation, fault detection, phase selection, directional discrimination and distance estimation. The
algorithm is extensively tested based on simulations with a line-end series capacitor, considering different
source impedance ratios, fault inception angle, compensation levels, and fault resistance, location and type.
This time-domain method is shown to work well, with fast decision time.

INDEX TERMS Series compensation, incremental quantity, capacitor voltage estimation, distance
protection.

I. INTRODUCTION
Series capacitors are used in transmission lines to compensate
for series inductive reactance and thereby to increase the
power transfer capacity [1]. They provide a low-cost alter-
native to building new transmission lines [1]. However, the
introduction of series capacitors creates problems for line
protection, especially with higher levels of compensation [2],
[3]. Distance protection is used extensively in transmission
systems. Series capacitors reduce the security and reliability
of distance protection and create delays in relay operation [4].
Differential protection is also used in series compensated
lines, but the need for fast reliable communication between
the line terminals creates some challenges as transmission
lines are usually long. Moreover, high levels of series com-
pensation can also cause reliability problems to differential
relays [5], [6]. For these reasons, the protection of series
compensated lines has been a challenge in the past few
decades, especially with methods that can work with local
measurements alone.
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A. CHALLENGES IN THE PROTECTION OF SERIES
COMPENSATED LINES
Phasor based distance protection is widely used for the
protection of transmission lines. A major point in favor of
distance protection is its ability to operate with local mea-
surement without the need for fast reliable communication
channels between the line terminals. However, in the presence
of a series capacitor, the reliability and security of phasor
based distance protection are severely affected, especially
with higher levels of series compensation. There are three
main phenomena that hamper the operation of distance relays,
namely:
• Voltage inversion
• Current inversion
• Sub-synchronous oscillation
Voltage and current inversion refer to the sudden changes in

the phase angle of the measured voltage and current phasors
upon a fault. These can lead to directional discrimination
problems and delay in relay operation. The oscillation condi-
tion refers to the oscillation in the calculated impedance from
voltage and current signals, which can lead to a delay in relay
operation.

There has been a lot of work in the past few decades
on mitigating these issues in traditional distance protection,
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focused on the frequency domain [7], [8]. One approach
was to estimate the voltage across the MOV and capacitor
during a fault, based on modeling. An empirical method was
proposed in [9], [10] for calculating the equivalent resistance
and reactance of a capacitor bank. An analytical method
was presented in [11], [12] for calculating the voltage across
the capacitor bank. Other works compared different models
of MOV characteristics for suitability in fault studies [13].
The next approach found in the literature is improvement
of phasor estimation. In [14] both Fourier and differential
equation-based estimation methods were compared for faults
in series compensated lines. In [15] some other phasor estima-
tion methods were compared including digital mimic filter,
modified cosine, DC offset removal, cascade filter algorithm
for phasor estimation in series compensated lines. The third
category of work involves the implementation of adaptive
distance protection. References [16]–[18] present some of the
important works in adaptive distance relay setting for series
compensated lines. In commercial relays, memory voltage
polarization is used to counter voltage inversion, but solutions
for current inversion are less common [19]. Sub-synchronous
oscillation is usually dealt with by filters and adaptive relay
characteristics [19].

Frequency domain protection usually has an inherent delay
due to the calculation of phasor quantities from the measured
instantaneous values. Additional delays are incurred in the
presence of a series capacitor. Therefore, with increasingly
tight requirements on the fault clearing time in transmission
systems, the protection of series compensated lines may tend
to faster time-domain based methods. Time-domain based
protection methods are usually based on travelling waves
or incremental quantities. They do not suffer severely from
the voltage and current inversion and oscillation problems
observed in the phasor domain. In this paper, a time-domain
distance protection method is proposed for series compen-
sated transmission lines. The method is based on incremental
quantities and estimation of instantaneous voltage across the
series capacitor.

B. INCREMENTAL QUANTITY PROTECTION
The use of incremental quantities is based on a current or a
voltage in a faulted network being represented as the sum
of its pre-fault value and an incremental value (or ‘delta’)
caused by the fault. Protection relays can measure the incre-
mental quantities by taking the difference between the present
instantaneous value and the corresponding point in an earlier
ac period.

A general expression can be written as in Equation 1,
where V (t) and I (t) are the measured instantaneous voltage
and current, 1V and 1I are the instantaneous incremental
voltage and current, T is the period of the measured voltage
or current, and n is the number of periods back in time that
the pre-fault values are taken.

1V = V (t)− V (t − nT )

1I = I (t)− I (t − nT ) (1)

The calculated incremental quantities last only for n cycles,
because after n cycles the calculation window starts to include
fault values. Analysis of incremental quantities is simple in a
linear system with fixed sources, as the network can be mod-
elled as impedances driven by the incremental voltage at the
fault point. This has been an adequate approximation in tra-
ditional power systems at short timescales around the occur-
rence of a fault. In the presence of significant in-feed from
power-electronic converters, the situation may deviate sig-
nificantly from the assumptions. This is a general weakness
of algorithms based on superposition, such as incremental
quantities and symmetric components [20]. Even traditional
synchronous generator sources impose a limit of some tens of
milliseconds on incremental quantity methods, by how long
these sources remain stationary after a fault [21].

The incremental quantity principle has been applied to
transmission line protection in various ways [21]–[25]. These
cover methods for fault detection, directional discrimination
and distance estimation for transmission line faults, based on
incremental quantities. Application of the incremental quan-
tity principle becomes challenging in series compensated
lines [23]. The most important issue for implementing incre-
mental quantity protection in series compensated lines is to
estimate the instantaneous voltage across the series capacitor,
both before and during a fault. As incremental quantity pro-
tection works with instantaneous voltage and current values,
the capacitor voltage estimation should be done without any
delay.

This paper proposes a method to estimate the voltage
across the series capacitor for implementing incremental
quantity protection in series compensated lines. Distance esti-
mation and directional discrimination based on incremental
quantities are demonstrated. First, the proposed incremental
solution is described, in section II. Then the test systems and
different tested cases are described in section III, and the
results are presented and discussed in section IV.

II. METHOD
The incremental voltages and currents are calculated by
equation 1, using a delay of one period, n = 1. The incre-
mental quantities are calculated for all three phases and for
phase-to-phase where necessary. These cases are denoted
by subscripts for phases a, b and c: for example 1Ib for
the incremental current in phase b, or 1Vca for incremental
voltage between phases c and a.

The general structure of the proposed method is shown
in figure 1. The capacitor voltage is calculated continuously
using instantaneous current values. Upon fault detection,
phase selection is done to select the fault loop. Information
from the fault loop is then used to find the fault direction.
Finally, the distance estimation is completedwith information
from the fault loop and capacitor voltage.

In the following subsections, each of these steps is
explained. Simulation results are presented wherever neces-
sary to explain the process. All simulations here are done
in PSCAD [26]. A simplified model of the system that was
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FIGURE 1. Schematic of the proposed method.

simulated in PSCAD is shown in figure 2. The model is of a
500 kV transmission line 200 km long. The series capacitor is
located at one end of the line.

FIGURE 2. Simplified model of series compensated transmission line.

A. CAPACITOR VOLTAGE ESTIMATION
Estimating the voltage across the series capacitor has been
one of the challenges in the protection of series compensated
lines. A series capacitor is accompanied by overvoltage pro-
tection that will provide a shunt path during faults in which
the capacitor voltage goes far above its normal operating
level. Figure 3 shows a common configuration of a series
capacitor bank, where the capacitor, a metal oxide varis-
tor (MOV) and a bypass circuit breaker (CB) are all connected
in parallel. The non-linear nature of the MOV makes the
capacitor voltage estimation more challenging. During a fault
the MOV starts conducting to limit the capacitor voltage to a
pre-set protective threshold, usually around 2 to 3 times the
capacitor’s rated operation voltage. The bypass CB is closed
to take the capacitor and MOV out of the fault loop when
theMOV reaches its energy absorption threshold. Closing the
bypass CB takes at least one ac period even for the highest
fault currents in suitable conditions. For an algorithm that
gives a decision in the first cycle after fault inception, the

FIGURE 3. Capacitor bank protection.

capacitor and MOV are therefore the only parts of figure 3
that need to be considered.

The current-voltage relationship of a MOV is shown in
figure 4 a. From this figure, the resistance-voltage charac-
teristic of the MOV can be calculated as shown in 4 b. The
resistance-voltage curve is shownwith a fourth-order polyno-
mial curve fitting. This will be used to interpolate resistance
values for different voltages.

FIGURE 4. Characteristic curve of MOV a) V-I curve b) V-R curve.

The method for calculating the capacitor voltage is shown
in figure 5. The capacitor voltage must continuously be esti-
mated, to have pre-fault values available for calculation of the
incremental voltage value during a fault. During testing with
simulation data the first sample of estimated capacitor voltage
(Vc) was initialized during the first period by multiplying the
capacitor’s power-frequency reactance Xc with the instanta-
neous value of the current a quarter cycle earlier, I

(
−

1
4T

)
.

Therefore, the capacitor voltage estimation may be started
after at least a quarter cycle of current samples is available.
This is based on the assumption of steady-state sinusoidal
conditions. This is shown in the start step in figure 5. Here,
there are 200 samples per cycle, so 50 samples represent a
quarter of a cycle. After initialization, the capacitor’s voltage
Vc for each subsequent sample is estimated by numerical
integration of the capacitor’s current as shown in equation 2,
where dt is the sample interval.

Vc[i] = Vc[i− 1]+
dt
C

(
I [i− 1]− Imov[i− 1]

)
(2)

The capacitor’s current is estimated as the difference between
the measured current I into the bank and the estimated cur-
rent Imov bypassing the capacitor through the MOV. In non-
fault conditions Imov is practically zero. In fault condi-
tions, if Vc reaches the MOV threshold Vth, then Imov is
found as a function of Vc from the MOV characteristic base
4th-order polynomial interpolation of figure 4 b.

Results for the presented method are shown in figure 6
and figure 7. The ‘measured’ voltage is from a direct
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FIGURE 5. Process of capacitor voltage estimation; with 10 kHz sampling
rate, 50 samples represent a quarter of a cycle.

FIGURE 6. Capacitor voltage estimation compared to measured value for
AG faults at 50 km, 100 km and 150 km, with 50% compensation.

measurement of the voltage across the capacitor in the
PSCAD simulation. The estimated voltage is from themethod
described above. Figure 6 compares the estimated and mea-
sured values of capacitor voltage for different fault positions
along the line, at 50% compensation level. Figure 7 does
similarly for different compensation levels, with the fault
position fixed at halfway along the line. In all these cases the
measured and estimated values are seen to be very close.

B. FAULT DETECTION
The fault detection is based on a method presented in [22],
using absolute value of incremental phase-to-phase current
(1Iph-ph) and an adaptive threshold (1Ith). A fault is con-
sidered to exist if 1Iph-ph > 1Ith. The 1Ith is calculated as
shown in equation 3, in which A and K are constants, IN is

FIGURE 7. Capacitor voltage estimation compared to measured value for
AG faults at 100 km, with 50%, 70% and 90% compensation.

FIGURE 8. Fault detection for AG fault 1phase-phase currents a) 1Iab
b) 1Ica and c) 1Ibc .

the nominal current value, t is time and tD is a delay.

1Ith = A
∣∣1Iph-ph(t−tD)∣∣+ KIN (3)

This helps to restrict fault-detection to sharp changes in
1Iph-ph caused by faults, rather than slow-changing power
system conditions such as power swings; the balance can
be controlled by modifying the delay tD. This method has
been shown to work well with fault detection during power
swings in [22], [27]. An example of fault detection is shown
in figure 8 for an AG fault. The three subplots show the three
phase-phase loop currents 1Iph-ph along with 1Ith and their
difference. The difference 1Iph-ph −1Ith in subplots a and b
crosses zero, indicating a fault; in subplot c which involves
only the healthy phases B and C, the no-fault condition is
detected.

C. PHASE SELECTION
Fault detection is followed by the selection of the faulty phase
or phases. There are many ways to accomplish this. Amethod
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FIGURE 9. Phase selection for a AG fault a) 1 phase current b) 1 phase
voltage c) 1 phase-phase current and d) 1 phase-phase voltage.

with incremental voltage and current has been chosen here.
The basis is that the incremental quantities in a faulted phase
would be high and in a healthy phase would be close to zero.
Absolute values are used in all the comparisons. For single-
phase to ground faults,
• 1Iph of the faulty phase is high
• 1Vph of the faulty phase is high
• 1Iph-ph of healthy phases is close to zero
• 1Vph-ph of healthy phases is close to zero
Figure 9 shows the phase selection logic for a single-phase

fault. This example is an AG fault, so 1Ia and 1Va are high
as shown in subplots a and b. Moreover, 1Ibc and 1Vbc are
close to zero as shown in subplots c and d.
For phase-phase and phase-phase-ground faults,
• 1Iph of the faulty phases are high
• 1Vph of the faulty phases are high
• 1Iph-ph of faulty-faulty phases is higher than healthy-
faulty phases

• 1Vph-ph of faulty-faulty phases is higher than healthy-
faulty phases

Figure 10 shows the phase selection logic for a multi-phase
fault. A BCG fault is used, so currents 1Ib and 1Ic are high
as shown in subplot a. Also, voltages1Ia and1Ia are high as
shown in subplot b. Then, 1Ibc is higher than 1Iab and 1Ica
as shown in subplot c. Finally, 1Vbc is higher than 1Vab and
1Vca as shown in subplot d.

D. DIRECTIONAL DISCRIMINATION
Determining fault direction is a crucial part of the protection
of series compensated lines, as voltage and current inversion
pose challenges for phasor-based distance protection [8].
In transmission lines, fault direction can be determined by
looking at the delta voltage and delta current as shown in [28].
In series compensated lines, to increase security, fault direc-
tion can be determined using delta voltage and the delta
voltage drop across the line [29]. For a fault in the forward

FIGURE 10. Phase selection for a BCG fault a) 1 phase current b) 1 phase
voltage c) 1 phase-phase current and d) 1 phase-phase voltage.

direction, the delta voltage and the delta voltage drop over the
line have opposite polarity. For reverse fault, the delta voltage
and delta voltage drop have the same polarity. It is important
to calculate the delta voltage drop correctly, using the delta
current and an impedance in differential form, RI + L dI

dt .
To demonstrate the directional discrimination, delta volt-

age (1V ) and delta voltage drop (1IZ ) over the line for all
phases is shown for an ABCG fault in figure 11. The delta
voltage and voltage drop for a phase always have opposite
polarities for forward faults; this is also observed at zero
crossings of these quantities.

FIGURE 11. Directional discrimination for an ABCG fault.

E. DISTANCE ESTIMATION
Fault distance estimation is based on the difference between
the absolute values of the voltage change due to the fault,
Vfault, and the estimated pre-fault voltage Vref at the end of the
protected zone. Vref is calculated from the pre-fault voltage,
capacitor voltage and voltage drop over the line. Vfault is
calculated from the fault delta voltage, the delta of capacitor
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voltage and the delta of the voltage drop over the line and
dependent on the fault type. A bolted fault would cause the
voltage to reach close to zero at the fault point, so Vref and
Vfault are equal and opposite for bolted faults at the end of the
protected zone. For faults inside the protected zone, Vfault is
larger than Vref.

The running (cumulative) sum of Vfault−Vref is an increas-
ingly positive number for faults inside the protected zone, but
close to zero or negative for faults outside the protected zone.
This is demonstrated in figure 12. Subplot a compares Vfault
for an AG fault at different positions along the line, and also
the Vref corresponding to 160 km, i.e. a protected zone of 80%
of the 200 km line. It is seen that Vfault at 160 km km is close
to theVref. Subplot b shows the running sum ofVfault−Vref for
the same faults, along with a positive threshold for increased
security. This threshold is useful for dealing with transients
right after the fault; it can be modified to balance security
and speed of operation.

FIGURE 12. Distance estimation for an AG fault at various distances:
a) estimated fault voltage and reference voltage at fault point;
b) cumulative voltage difference between estimated and reference
voltages.

III. TEST DESCRIPTION
For more extensive testing of the method, a large number
of test cases were simulated in PSCAD [26]. The simulated
model is similar to figure 2, with a 500 kV, 200 km trans-
mission line. The details of the line parameters used in the
simulationmodel are given in table 1. The different parameter
values used in generating the test cases are shown in table 2.
The fault inception angle is varied by taking 0◦ and 90◦

relative to phase-A voltage. As faults on phases B and C
are also studied, this gives good coverage of fault inception
angles when considered relative to faulted-phase voltage: for
example, a BG fault incepted at 0◦ relative to phase-A voltage
corresponds to 120◦ for the faulted (B) phase. Two values of
source impedance ratio (SIR) are used: 0.20 and 0.35. This
range was chosen because series capacitors are usually used
in long lines, and long lines are defined with SIR< 0.50 [30].

TABLE 1. Transmission line parameters.

TABLE 2. Test cases considered.

Compensation level k is defined as in equation 4 by the
proportion of line inductive reactance XL compensated by the
capacitor’s reactance XC. Three levels of compensation are
used.

k =
XC
XL

(4)

Four different fault resistances are used: 0.01� for bolted
faults, then 10�, 20� and 30� to study the effect of fault
resistance. These values are reasonable for the selected volt-
age level and both single and multi-phase faults [31]. The
fault location is varied from a close reverse fault (−5%) up to
well beyond the protected zone (95%). The percentage shows
the position of the fault from the measuring point, relative
to line length. The protected zone was set to extend to 80%,
and fault cases are tested at several distances close to this
80% boundary. The reverse faults were included to test the
effectiveness of the directional discrimination logic. All the
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FIGURE 13. Decision time for 0◦ inception angle, 50% compensation and
0.10 � fault resistance with SIR a) 0.20 and b) 0.35.

fault types available in PSCAD are tested, including no-fault
(NF) conditions.

Combining all the factors shown in table 2, a total of
6912 test cases were produced. PSCAD provides an automa-
tion library (AL) developed in Python to interface with
PSCAD. It is available for all PSCADusers and can be used to
automate simulations. Simulation and saving of results were
automatedwith a Python script based on the PSCADAL,with
some manual checking of results. PSCAD provides detailed
documentation of the AL that can be used to build a suitable
script for simplifying running lots of simulations with various
parameters. Each simulation was run for 1 s with a 10 kHz
sampling frequency. All the simulation output data alongwith
a PSCAD model and example python script are published as
open data [32]. An implementation of the proposed method
in Matlab was used to read the simulation output and report
at what time any trip decision was made for each case.

IV. RESULTS AND DISCUSSION
This section presents results from the tests based on table 2.
The decision time shown in figure 13 to figure 17 is the
time required by the method shown in figure 1 to detect the
fault after fault inception. It includes fault detection, phase
selection, directional discrimination and distance estimation.

The algorithm decision times are not intended for a detailed
comparison, but only as an indication of the potential of
the proposed method and the approximate sensitivity to the
studied set of parameters. In a relay implementation, these
times may vary with chosen sampling rate, processor type
or security requirements. Additionally, trip times and reach
are affected by various thresholds in the code, which can be
increased or decreased to modify the sensitivity, speed and
security and can be treated as some sort of relay settings.

In general, this time domain based method shows a faster
trip time compared to phasor based methods. The faults
at short distances (e.g. 10 km, 50 km) after the capacitor
would cause current and/or voltage inversion in a phasor
based method. However, the fast trip times over a wide range

of settings ensure that these phenomena do not affect the
performance of incremental quantity protection. A general
trend observed in power system protection literature is the
increasing higher demand for faster trip times for protection
relays [33], [34]. However, it is also important to notice that
the trip time for the relay is only a small part of the total fault
clearing time [35], when used in systems with conventional
high-voltage circuit breakers rather than high-speed current-
limiting breakers that are proposed for DC systems and
special AC applications. Nonetheless, the proposed method
shows good potential for series compensated line protection,
with decision times under 1/2 cycle in most cases.

In figures 13-16 the impact on the effectiveness of the
proposed method is shown for four parameters: SIR, incep-
tion angle, compensation level and fault resistance. In each
figure, one parameter is varied while the other three are kept
constant. As it is difficult to show results from all of the
6912 tests, only a selection of fault distances and fault types
are shown in the figures. In each case, trip times for fault types
AG, BG, CG, AB, CA andBC are shown as different coloured
bars, at distances 10, 50, 100, 125, 150, 160, 170 and 180 km
shown on the horizontal axis. The absence of a visible bar
means the method did not issue a trip signal. Recall that the
protected zone is set to reach up to 160 km (80%) of the line
length.

Figure 13 shows the influence of SIR, with 0◦ inception
angle (relative to phase-A voltage), 50% compensation and
0.10� fault resistance. Subplots a and b show trip times
for SIR 0.20 and 0.35. The difference in decision time
is not significant between these two SIR values. Differ-
ences are mainly seen around the critical 160 km distance.
Longer decision times are observed with distant faults. A few
over-reaches are seen at the 170 km fault distance; this can be
explained by the high current from the low fault resistance,
and different fault inception angles from phases B and C.

Figure 14 shows the influence of different fault inception
angles, with 0.20 SIR, 50% compensation, and 0.10� fault
resistance. Subplots a and b show results for fault inception
angles 0◦ and 90◦. Inception angles are relative to phase-A
voltage as described earlier, leading to different combinations
of fault angles for phases B and C. Again there is not a sig-
nificant difference between the subplots. A few over-reaching
cases are observed for different fault types in both subplots.

Figure 15 shows the influence of different compensation
levels, with 0.20 SIR, 0◦ inception angle and 0.10� fault
resistance. The three subplots show test cases for 50%, 60%
and 70% compensation. The decision times in the three sub-
plots again show no significant differences. As usual, there
are some over-reach cases in all three subplots.

Figure 16 shows the influence of fault resistance, with 50%
compensation, 0.20 SIR and 0◦ inception angle. The subplots
show the test cases with fault resistances 0.10�, 10� and
20�. The fault resistance is seen to have a considerable
impact on the operation of the proposed method. As the fault
resistance increases, more under-reach is observed. Higher
fault resistances cause no trip for faults just inside the reach.
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FIGURE 14. Decision time for 0.20 SIR, 50% compensation and 0.10 �

fault resistance with fault inception angles a) 0◦ and b) 90◦.

FIGURE 15. Decision time for 0.20 SIR, 0◦ inception angle and 0.10 �

fault resistance with compensation levels a) 50% b) 60% and c) 70%.

This is due to the assumption mentioned in subsection II-E,
that the voltage at the fault point is close to zero. The refer-
ence voltage estimated for a fault at the reach point is based
on this assumption. However, for higher fault resistance, the
voltage drop in the fault point is higher, leading to lower
voltage estimation at the fault point and reduced reach. The
method can be optimized to work with higher fault resis-
tances, but then there will be more over-reach when low fault
resistances are encountered. In an actual system, the method
can be tuned to work appropriately with the most likely fault
resistance, and then some level of over/under reach will be
observed at lower/higher fault resistances.

Finally, in figure 17, decision times for all test cases are
presented in a histogram. Afinite decision time indicates fault
detection and operation and no decision time indicates no
operation by the relay. It gives an indication of the number
of test cases with different decision times. Subplot a shows
times for the single-phase faults. Subplot b shows the times
for the faults involvingmultiple phases. In subplot a, there are
806 decision times out of a possible 1008 cases. In subplot b,

FIGURE 16. Decision time for 0.20 SIR, 0◦ inception angle and 50%
compensation with fault resistances a) 0.10 � b) 10 � and c) 20 �.

FIGURE 17. Histogram of decision times for different test cases a) single
phase faults b) multi phase faults.

there are 2019 decision times out of a possible 2688 cases.
The lower number of decisions is due to reduced reach in
high resistance faults close to the zone reach. In the test
cases, most of the fault distances are close to the zone reach,
so under-reaching cases are seen more in the histogram. The
decision time shows a promising distribution in both subplots.
In single-phase faults, most faults are detected within 1/4 of a
cycle or lower. Most faults involving multiple phases are also
detected within 1/4 of a cycle or lower, but the distribution
is more spread out as multiple voltages and currents need
to be considered. It also needs to be considered that most
test cases concern faults closer to the zone reach rather than
to the relay; figures 13 to 16 show that more distant faults
result in a longer time to operate, so those cases skew the
distribution to higher decision times. As the proposed method
works with local measurement only, it can be compared with
phasor based distance protection that also works with this
type of measurement. It is well known [2], [3] that distance
relays experience delays and the directional problem with
series compensation. The operation time can reach to few
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cycles. As seen from the test cases, the proposed method
works in a much shorter time frame. It does not suffer from
delay and directional problems similar to the phasor based
distance relay.

V. CONCLUSION
In this paper time-domain based incremental quantity protec-
tion is shown to work for the protection of series compensated
lines. The results are positive based on the fact that the
given method is simple and the verification has confirmed
the method. However, it needs to be noted that incremental
quantity solution based on the time-domain signal measure-
ment is only strictly appropriate to a linear system with
fixed source values. If significant nonlinearity is expected
during the timescale of the fault, for example, due to inverter-
interfaced sources, the performance of the algorithm should
be further evaluated. Additionally, some areas can be looked
into in further work. This paper demonstrates the proposed
method on a series capacitor located in the line terminal with
a current and voltage transformer. This essentially means
that the current through the series capacitor is the same as
the current-transformer measurement. The capacitor voltage
estimation is based on current through the capacitor. There-
fore, this method will need to be modified for capacitors in
the middle of the line. Additionally, as the method is based
on voltage drop, a high resistance fault is shown to cause
an under-reach situation in the distance measurement. The
distance measurement will not operate with faults with higher
resistances. Another issue is that the capacitor voltage and
current are assumed to be in a steady state when initializ-
ing the process. There are also possibilities to improve the
numeric stability of the integration.

The proposed method works with local measurement only.
In future, it can be evaluated in the presence of communica-
tion between the protected line terminals. The security of this
method will be increased in the presence of communication
with the remote bus. As some transmission system operators
have communication channels in their transmission lines for
differential protection, this may be an interesting area for
future development tasks.

The proposed method has been tested with different test
cases and performs well with varied SIR, capacitance, fault
inception angle etc. The different test cases are also pub-
lished as open source for other researchers interested in series
compensated lines. The time for decision is also well within
desired values expected of protection relays. Although there
is room for improvement, this paper can work as a proof of
concept for the application of incremental quantity protection
for series compensated transmission lines.
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