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Performance of Time-Domain Line
Protection Elements on Real-World Faults

Edmund O. Schweitzer, III, Bogdan Kasztenny, and Mangapathirao V. Mynam,
Schweitzer Engineering Laboratories, Inc.

Abstract—Ultra-high-speed line protection is becoming a
reality today, giving the industry a way to trip line faults in a few
milliseconds. One relay described in this paper that uses time-
domain principles incorporates incremental-quantity (TD32) and
traveling-wave (TW32) directional elements in a communications-
assisted tripping scheme, incremental-quantity distance element
(TD21), and traveling-wave differential element (TW87). This
paper introduces these time-domain line protection elements,
shares key details of their implementation in hardware, and
illustrates their operation using real-world faults and digital
simulations. By comparing the performance of the time-domain
line protection elements with the traditional phasor-based
elements of the in-service relays that captured the fault records,
we demonstrate the performance of the time-domain line
protection elements.

I. INTRODUCTION

Since the earliest days of electric power, engineers have
continually improved protection as measured by speed,
sensitivity, dependability, security, and selectivity. Today,
time-domain relays are becoming available for ultra-high-speed
line protection. These relays use traveling-wave (TW)
principles as well as tried-and-true incremental-quantity
principles to provide ultra-high-speed and secure line
protection. High sampling rates, data storage, processing
power, and communications capabilities of new relay hardware
platforms allow us to improve line protection operating times
[1] and fault locating [2] [3] [4].

Section II of this paper briefly reviews the theory and
implementation of our time-domain line protection elements.
These elements are an incremental-quantity directional element
(TD32) and a TW directional element (TW32) in a permissive
overreaching transfer tripping (POTT) scheme, an incremental-
quantity distance element (TD21), and a TW line current
differential element (TW87).

Section III demonstrates the performance of the
incremental-quantity-based line protection elements using a
number of field events. These real-world events include internal
faults on several transmission lines of various voltage levels,
lengths, source-to-impedance ratios, series compensations,
coupling-capacitor voltage transformers (CCVTs), and other
factors. Utilities have captured these events using in-service
relays with high sampling rates and TW fault locators. We use
the performance of the traditional phasor-based directional and
distance elements of the in-service relays as a base for
comparing the performance of the TD32 and TD21 line
protection elements.

Section IV illustrates the performance of the TW-based line
protection elements, TW32 and TWS87, using digital
simulations. We also use a field case captured by the TW fault
locator to show the performance of the TW87 element.

In Section V, we compare the performance of the
incremental-quantity-based protection elements (TD21 and
TD32) with two line relays that use phasor-based principles.

II. REVIEW OF TIME-DOMAIN LINE PROTECTION ELEMENTS

This section summarizes the theory of time-domain line
protection elements and presents key details of our
implementation (patent pending). These details allow better
understanding and appreciation of the analysis and results that
follow.

A. Key Signals and Settings
We start by listing key signals and settings common to our

line protection elements. Reference [1] contains more details on
the theory and calculation of these signals.

Vg relay phase-to-ground voltage, phase ®.

io relay phase current, phase ®.

v loop voltage.

i loop current.

Av loop incremental voltage.

Ai loop incremental current.

Aiy loop incremental replica current.

Urw voltage traveling wave.

Itw current traveling wave.

Z1,Zy, line positive- and zero-sequence impedances.
m, TD21 reach in per unit.

Zg, Zr  TD32 forward and reverse impedance thresholds.
Ty, line propagation time.

P pickup of the TW87 element.

B. Signal Acquisition and Processing

Fig. 1 presents a simplified signal acquisition diagram of our
time-domain relay. We sample line currents and voltages at the
rate of 1 MHz, suitable for TW protection and fault locating.
The samples are aligned with an absolute time input of the relay
for convenient event analysis and fault locating. We apply an
analog low-pass filter to avoid signal aliasing and use a simple
differentiator-smoother filter [2] to extract traveling waves
from the raw currents and voltages. We decimate the 1 MHz
samples to the 10 kHz rate for processing the incremental-



quantity-based algorithms. We apply a digital anti-aliasing
filter to avoid aliasing at the 10 kHz rate.
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Fig. 1. Simplified data acquisition diagram for incremental-quantity and TW

protection algorithms.

Fig. 2a presents the differentiator-smoother data window
and Fig. 2b illustrates its operation. Considered over a period
of a few tens of microseconds, the current is quasi constant (i.e.,
changing very slowly). A TW is a sharp change from one quasi-
steady level to a different quasi-steady level. The differentiator-
smoother filter responds to an ideal step change with a triangle-
shaped output, and it responds to a ramp transition between two
levels with a parabola-shaped output. We use the time
associated with the peak of the output as the TW arrival time,
factoring a constant group delay of half the differentiator-
smoother window length. We select the gain of the
differentiator-smoother filter so that the peak value of the
output corresponds to the magnitude of the step change in the
input. This way our TW signals retain information about the
magnitude of the TWs.
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Fig. 2. Differentiator-smoother data window (a) and operation (b).

Fig. 3 depicts an integrator—a common block we use in our
time-domain line protection elements. The function of an
integrator is to add or accumulate input values. An integrator
can be seen as a counterpart to a phasor estimator in phasor-
based relays. An integrator is well suited for incremental
quantities or TWs because these signals are ideally zero prior
to an event. An integrated signal is a proxy for a confidence
level in measured signals because the energy of the input signal
accumulates over time. Integrating a signal that develops from
zero does not slow down decisions based on the integrated
signal when comparing two or more of such signals.

RESET

INPUT OUTPUT

RUN

Fig. 3. Security integrator with control inputs.

In our implementation, the integrator has two control inputs
(RUN and RESET) that control its behavior under different
operating conditions. We use carefully designed logic to decide
when any given integrator can accumulate its input signal.

C. Traveling-Wave Directional Element (TW32)

References [1], [2], and [5] explain the fundamentals of
using voltage and current TWs for fault direction
discrimination. Theoretically, we need a wide-bandwidth
(high-fidelity) voltage transformer to measure voltage TWs.
However, in most cases we can measure the first voltage TW
even with a CCVT (because of interwinding capacitance across
the step-down transformer and the interturn capacitance across
the tuning reactor of the CCVT). This voltage TW measurement
is not accurate in terms of voltage TW magnitude, but it is
accurate in terms of the arrival time and polarity. This timing
and polarity accuracy is sufficient for the TW32 element.

We use phase voltage and current TWs as shown in Fig. 4.
We calculate the TW torque as a product of the TW current and
the sign-inverted TW voltage (so the torque is positive for
forward events). We integrate the torque over time. For
security, we release the integrator only if both the voltage and
current TWs are above minimum levels. We check the output
of the integrator (Erwp) after time T1 (in the order of tens to
hundreds of microseconds) from the beginning of the
disturbance. We assert the TW32 output when Erwp exceeds a
security margin.

Each TW coming from the line direction will integrate up,
and each TW coming from behind the relay will integrate down.
The first TW is higher in magnitude than the subsequent
reflections. As a result, we have confidence that the integrated
value is a reliable indication of the fault direction even as
multiple reflected TWs are integrated over the time period T1.

‘ J‘ Erwo
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iTw

Security
margin

Minimum
level

Minimum
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Fig. 4. Simplified logic of the TW32 element.

We run three TW32 elements for the three phases.

D. Traveling-Wave Differential Element (TW87)

Reference [1] derives our TW line current differential
protection principle. This element compares timing, polarities
and magnitudes of current TWs at both terminals of the line.
For an external event, the current TW enters at one line terminal
and, after the line propagation time, leaves at the other terminal
with the opposite polarity but not necessarily with the same
magnitude [6].

We implement the principle as follows. First, we identify the
time (as a sample index) of the first TW at both the local and



remote terminals. For the local and remote terminals, we label
these two indices NLrrst and NRrrst, respectively. Finding
these indices is not difficult, because these are the first waves
recorded after the quiescent steady state prior to the
disturbance.

Second, knowing the index of the first TW at the local
terminal, we establish a time window to detect the exiting TW
at the remote terminal. Similarly, knowing the index of the first
TW at the remote terminal, we establish the time window to
detect the exiting TW at the local terminal. These windows are
positioned at the nominal line propagation time, Tr, following
the first TW. We also need to include a margin, ATy, for the
error and variability in the propagation time (to accommodate
conditions such as conductor sagging).

Third, we inspect the TW recording in the TW exit time
interval and identify the maximum absolute value in that time
interval. We label the index of that maximum value identified
by the local and remote relays as the exit index NLgxir and
NREexir, respectively. Fig. 5 shows the first TW at the local
terminal and the exit TW at the remote terminal.
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Fig. 5. Defining the FIRST and EXIT TWs for the TW87 element.

After identifying the four indices, we calculate the following
signals, using M samples in the order of one half of the
differentiator smoother window (M < 0.5 - Tps).

Magnitudes of the first current TWs:

k=M

IL=C ITWL(NLgirs—K) (1a)
k=-M
k=M

IR=C Z iTWR(NRFIRST_k) (1b)
k=-M

We selected the scaling factor C to maintain a unity gain in
the values of (1) for an ideal step TW.

Operating TW current:
k=M
Ipjg =C- Z (ITWL(NLpgrsr—k) F ITWR(NRpirsr—k) ) )
KM

Restraining TW current:

If NLgirst < NRpiRsT,

k=M
Igst =C- Z (ITWL(NLergsr—k) — ITWR(NRgxrr—K)) (3a)
K=—M
else,
k=M
Igst =C- Z (ITWR(NRerrsr—k) — FTWL(NLggr—K)) (3b)
K=—M
Fault location:
NL —NR
mg, = 0.5 (1 " FIRSTT FIRST) )
L

After calculating (1) through (4), we apply the TW87 logic
shown in Fig. 6.

We run three TW87 elements, one for each phase. Any fault
type would excite at least two conductors with current TWs. For
security, we require all phase elements with local, remote, and
operating currents greater than their corresponding pickup level
to declare an internal fault condition before we allow the TW87
to assert its output.

loir +
P —

* L] j W87
IrsT = Other 1

security
conditions

Fig. 6. Simplified TW87 logic (P-minimum pickup, S—slope, K-minimum
TW factor).

Any sudden voltage change at a point on the protected line
launches TWs [7]. Such changes include switching in-line
series capacitors and reactors or a shield wire lightning strike.



Therefore, the TW87 logic requires additional supervision
conditions for security.

E. Incremental-Quantity Filtering and Signal Processing

Fig. 7 presents common calculations for our incremental-
quantity-based protection elements. We show only the current
path; the voltage path is identical except for a lack of replica
values. The theory of these quantities is well known; see [1] for
details. We offer the following comments to aid understanding
of our implementation:

e Using BUFFER-2 in Fig. 7, we calculate the
incremental line currents (Aio) by subtracting one-
period-old values from the line currents (io). These
signals receive no additional low-pass filtering and,
therefore, incur no extra delay. We use these signals in
the TD32 element for an initial boost in speed and
security during the first millisecond of a fault.

e  We calculate six loop replica currents (iz) from the line
currents, taking into account the three-phase nature of
the protected line and the L/R ratios of the six
measurement loops (three phase-to-ground loops and
three phase-to-phase loops). We extract the 3x3 R and
L matrices necessary for these calculations from the
magnitudes and angles of the positive- and zero-
sequence line impedances.

e Using BUFFER-1 in Fig. 7, we calculate the loop
incremental replica currents (Aiz) by subtracting the
one-period-old values.

e Finally, we apply low-pass filters (LPF) to control
transients in our operating signals.

e  The filters labeled as LF (lower frequency) pass
signals in the range of hundreds of hertz. This level of
filtering is required to achieve a desired reach accuracy
of the TD21 element. The filter labeled HF (higher
frequency) passes signals in the range of 1 kHz. This
relaxed level of filtering is suitable for the TD32
element, because it does not need to control its reach.
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Simplified filtering for the incremental-quantity algorithms (current

F. Incremental-Quantity Directional Element (TD32)

Reference [1] derives the theory of the TD32 element. We
base the element on a torque, i.e., a product of the instantaneous
incremental voltage and the instantaneous incremental replica

current. We apply adaptive restraints for the operating torque
using the well-known concept of the threshold impedances [1]
[8]. As shown in Fig. 8, we calculate the operating torque using
a sign-inverted voltage so that the operating torque, Top, is
positive for forward events. The two restraining torques are
proportional to the product of the squared loop replica current
and the corresponding threshold impedance magnitudes. We
use a positive restraining torque, Trwp, for checking the
forward direction, and we use a negative restraining torque,
Trev, for checking the reverse direction. We use the HF filter
in the loop quantities to provide speed for the TD32 element.
We run identical calculations for all six loops.

The calculations on the right side of Fig. 8 provide an initial
boost in the operating torque and in one of the restraining
torques. This boost comes from the loop incremental voltages
(Ave) and currents (Aio). We know that for a very short period
of time (submillisecond) the incremental voltage and current
are of opposite polarities for a forward event and of the same
polarity for a reverse event [1]. The torque (-Ave - Aio) is
applied for a short period of time, T2, following disturbance
detection (a fraction of a millisecond).

Pass for T2 (ms)

TFWD
A
— -—— MIN(x,0)
Top

—Av
(HF) Trev
() ~2)

TD32 torque calculations.

AizF)

Fig. 8.

We integrate the torques (Top, Trwp, Trev) as shown in
Fig. 9 and use security margins to shift the integrated
restraining values away from zero. Finally, we compare the
integrated operating torque with the adaptive integrated
restraining torques and declare the forward or reverse direction.

Security
margin

Tewo

TD32rwp

+

Trev J‘
+
+ 7 Erev

Security
margin

Overcurrent
supervision

TD32rev

Fig. 9. TD32 torque integration and comparison.

The outputs of Fig. 9 are further conditioned according to
the fault type for their application in the permissive scheme and
for supervision of the TD21 element.



G. Incremental-Quantity Distance Element (TD21)

Reference [1] derives the theory of the TD21 element based
on the fundamentals [9]. The principle compares the calculated
voltage change at the intended reach point (operating voltage,
Vai0p) with the prefault voltage at the reach point (restraining
voltage, Vairst). For a fault at the reach point, the highest
change in the voltage is when the prefault voltage collapses all
the way to zero (a bolted fault, Rr = 0). If the change is higher
(Vaiop > Vairst), the fault must be between the relay and the
reach point and the element asserts.

We calculate the TD21 operating voltage on a per loop basis
using the lower frequency spectrum in the incremental signals:

Va10p = Avpy — Mg * |Z4] - Aigpy )

We use the concept of a point-on-wave restraint by
calculating the instantaneous voltage at the reach point. We use
the signals filtered at the lower frequency to match the filtering
for the operating voltage:

Va1r = vpy — Mg~ |Z4] - izwr) (6)

We know that the restraining voltage calculated with (6) is
not perfectly accurate [1]. Nonetheless, (6) is a good
approximation of the actual voltage at the reach point. Of
course, we need the prefault value of (6) to represent the voltage
at the reach point prior to the fault.

Fig. 10a presents our implementation. We multiply the
absolute value of the restraint voltage (6) by the factor k and
buffer it. Factor k is slightly above 1 for security purposes. We
extract one-period-old data and two extra sets of data: one
ahead and one beyond the exact one-period-old data. The
maximum value among the minimum restraint level and the
three values becomes the final TD21 restraint, Vairst. We use
the minimum restraint level to enforce the minimum TD21
restraint for points on wave near the zero crossings (i.e., for
time intervals when the restraining signal is very small or zero).

(@)
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—
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—» abs k

Vairst
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rey
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N restraining
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reach-point Actual reach-

voltage point voltage

Security
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Fig. 10. Calculations of the point-on-wave TD21 restraining signal: logic
diagram (a) and example of operation (b).

Fig. 10b illustrates the calculation of the TD21 restraining
voltage. Our goal is to create a signal that envelops the actual
reach point voltage while assuming various sources of errors,
yet is as small as possible to improve speed and sensitivity. We
refer to the restraint of Fig. 10 as a point-on-wave restraint to
contrast it with a constant worst-case value of the nominal
system voltage plus margin.

After calculating the operating and restraining signals, we
compare them as shown in Fig. 11. We determine if the
operating signal is above the restraining signal by integrating
the difference between the two signals. We run the integrator if
the loop is involved in the fault and if the incremental voltage
at the reach point resulted from a voltage decrease (collapse).
In general, the incremental voltage at the reach point may result
from any voltage change, either a voltage decrease or increase.
We allow the TD21 to integrate only if the voltage has
collapsed. We confirm the collapse by checking the relative
polarity of the restraining voltage, Vair, prior to the fault
against the operating voltage, Viop. The incremental voltage at
the fault should be negative for a positive restraining voltage
and vice versa. This check provides extra security against
switching events. By running this check, the TD21 element
effectively responds to the signed restraining voltage, not the
absolute value of it.

We run the TD21 integrator starting from the time the
absolute value of the operating signal is above the restraining
signal. The TD21 element asserts (TD21pkp) if the integrated
difference is above the security margin and if the loop
incremental replica current is above a threshold (overcurrent
supervision).

V210P

+

z

TVZWRST

Loop involved
in fault

TD21pep

Overcurrent
supervision

Reach-point
voltage collapse

| Vaiop | > Vairst

Fig. 11. TD2I integration and comparison.

III. PERFORMANCE ON INCREMENTAL-QUANTITY-BASED LINE
PROTECTION FOR SELECTED FIELD CASES

This section uses real-life events recorded by in-service line
protective relays sampling at adequate rates to illustrate the
time-domain line protection principles and to compare their
performance with the in-service relays. These relays use full-
cycle phasor-based elements and some of them use half-cycle
and full-cycle phasor-based elements.

We resampled the field records to match the sampling rates
of the new algorithms (1 MHz for the TW principles and
10 kHz for the incremental-quantity principles). In some of the
cases, we needed to up-sample the data. As a result, in this
section, we are using currents and voltages with the high-



frequency content reduced by applying the anti-aliasing filter
prior to storing the signals in the in-service relays, which is at a
rate lower than 10 kHz.

Table I lists the field cases that we evaluated and compares
the response times of the new protection elements with the in-
service relays. The TD32 and TD21 elements show significant
speed advantage over the phasor-based directional (PH32) and
distance (PH21) elements of the in-service relays. In the
following text, we share details about a few selected cases.

A. Case I and Case 2: Double-Line-to-Ground Close-In Fault

A C-phase-to-A-phase-to-ground (CAG) close-in (0.18 pu)
fault struck a 159 km, 230 kV line connected to a strong system
with a positive-sequence source-to-line impedance ratio (SIR)
of 0.13. The in-service relay asserted its forward directional
element in 7.6 ms and tripped from distance Zone 1 in 9.6 ms.
The TD32 and TD21 elements responded in 2.3 ms and 2.8 ms,
respectively (Fig. 12).

Fig. 13 shows the incremental voltage and current for the
CA loop. Note that the current starts changing at about 1 ms
into the fault, and this has an effect on the response time of both
the incremental-quantity and phasor-based elements. The
incremental voltage and the replica incremental current are of
opposite polarities as expected, despite the difference in the L/R
ratios for the line and the system. As a result, the TD32
operating torque is decisively positive (Fig. 14). The integrated
operating torque exceeds the forward restraining torque in a
fraction of a millisecond. The TD32 element operates slightly
later, when its overcurrent supervision asserts. Fig. 14 clearly
shows the initial boost in the operating torque resulting from
the usage of the incremental voltage (Ave) and current (Ai).

Fig. 14 illustrates both the TD32 dependability (the operating
torque is much higher than the positive, forward restraining
torque) and security (the operating torque is well above the
negative, reverse restraining torque).

Fig. 15 shows the operating and restraining voltages of the
TD21 element and the integrated voltage difference. For this
close-in fault, the TD21 element operates very fast (1.9 ms)
with a large dependability margin (the peak operating voltage
is twice the peak restraining voltage).
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Fig. 12. Case 1: Relay secondary voltage and current and the outputs of the
directional and underreaching elements.

Case 2 is the same fault, but seen from the remote line
terminal. From the remote terminal point of view, this fault is
just outside of the TD21 reach. Therefore, TD21 does not

TABLE [
FIELD CASES USED FOR PERFORMANCE COMPARISON
Line System Fault 71 Operating Time (ms)
cases (k‘;) L(e]:'rﬁ;h (I;r/l l:) SIR (I;r/l }:) Type L"(cpalg"“ r(e;:)h TD32 | PH32 | TD21 | PH21
1 230 159 25 | 013 | 19 CAG 0.18 085 | 23 76 28 9.6
2 230 159 25 | 018 | 37 CAG 0.82 085 | 20 | 139 - -
3 230 | 159 25 | 013 | 19 CG 0.17 085 | 16 | 121 | 25 | 146
4 230 159 25 | 018 | 37 G 0.83 085 | 30 | 206 - .
5 230 56 29 | 033 | Na' AG 0.24 086 | 10 | 114 | 19 | 155
6 230 56 29 | 042 | NA G 053 086 | 11 41 | 69 | 204
7 230 56 29 | 033 | NA G 055 086 | 20 | 159 | 40 | 181
8 230 56 29 | 042 | N CG 052 086 | 11 149 | 26 | 172
9 161 17 16 | 009 | 10 BG 0.19 125 | 10 | 151 - 19.6
10 161 17 16 © | NA? BG 031 125 | 13 | 166 . 17.9
1 400 | 252 3 | 046 | 17 AG 0.14 080 | 16 | 144 | 34 | 144
12 400 | 252 3 | 046 | 27 AG 0.87 070 | 23 | 184 - -
13 500 92 66 | 064 | Na BG 0.1 076 | 10 | 121 | 26 | 185
14 500 92 66 | 032 | Na' BG 0.99 077 | 11 125 . -

'Transients prevented us from calculating the system L/R ratio.

?Strong zero-sequence source prevented us from calculating the positive-sequence system L/R ratio.



assert. Fig. 16 plots the TD21 operating and restraining voltage
to illustrate the TD21 security. The element has a considerable
security margin.
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Fig. 13. Case 1: Loop incremental voltage (Ave) and current (Aig) for the

faulted loop (top). Filtered loop incremental voltage (Avr) and replica

current (Aizwr) for the TD21 element (bottom).
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and the integrated voltage difference compared to a threshold (bottom).

Fig. 16. Case 2: TD21 operating (red) and restraining (black) voltages. The
fault is outside of the TD21 reach.

This case illustrated TD21 and TD32 operation for a very
strong system. To evaluate the impact of the SIR, we plotted
the operating time curves for a 100 km, 500 kV line with the
SIR between 0.1 and 2. We assumed the same SIR for the
positive- and zero-sequence networks. We simulated bolted
faults for these tests using ten fault types and two points on
wave (voltage zero and voltage peak). We modeled ideal
instrument transformers in these tests.

Fig. 17 shows the average operating time of the TD2I
element set to 80 percent of the line length. Fig. 18 shows the
average operating time of the TD32 element.

Fig. 17. TD2I element average operating time as a function of fault location
for different values of the SIR.
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The TD21 element operates on average below 2 ms for
close-in faults in a strong system, as Case 1 illustrated. The
TD21 element operates between 3 and 5 ms for the fault in the
middle of the line depending on the SIR, and it operates in about
6 ms for faults very close to the reach point for relatively weak
systems.

The TD21 element has good transient accuracy. We biased
our TD21 design toward security. For relatively weak systems,
the element does not respond to faults at the reach point. For
strong systems, it shows less than 10 percent of overreach
(when set to 80 percent of the line, it does not respond to faults
at 90 percent of the line). The dependability of the element
gradually decreases as the fault approaches the set reach point
and as the system becomes weaker.

B. Case 6: Single-Line-to-Ground Fault on a Short Line

A C-phase-to-ground (CG) fault near the middle of the line
(0.53 pu) struck a 56 km, 230 kV line connected to a relatively
strong system (SIR of 0.42). The in-service relay asserted its
forward directional element in 14.1 ms and tripped from
distance Zone 1 in 20.4 ms. The TD32 and TD21 elements
responded in 1.1 ms and 6.9 ms, respectively (Fig. 19).

Fig. 20 shows the loop voltage and current. In this case, the
incremental replica current starts with negative polarity but
changes polarity to positive before reaching its full fault
magnitude (effect of the point on wave). This pattern does not
affect the TD32 element, which operates reliably and fast. It
affects the speed of the TD21 element, however. As shown in
Fig. 21, the TD21 operating voltage is close to the restraining
voltage at 3 ms into the fault, but it exceeds the restraining
voltage at about 6 ms (when the current changed polarity and
developed higher in the positive direction). This case illustrates
how the point on wave impacts the TD21 element response.

Fig. 19. Case 6: Relay voltage and current and the outputs of the directional
and underreaching elements.
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Fig. 20. Case 6: Loop incremental voltage and current for the faulted loop
(top). Filtered loop incremental voltage and replica current for the TD21
element (bottom).
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Fig. 21. Case 6: TD21 operating (red) and restraining (black) voltages (top),

and the integrated voltage difference compared to a threshold (bottom).

To better explain how the point on wave impacts the
operating time of the TD21 and TD32 elements, we used a
100 km line with an SIR of 1 and simulated faults at 30 percent
of the line (the TD21 reach is set to 80 percent). We initiated
faults at various loop voltage levels from —1 pu (negative peak)
to +1 pu (positive peak) in increments of 0.2 pu and recorded
the TD21 and TD32 operating times. Fig. 22 presents the results
for the single-line-to-ground (SLG) faults.

Varying the point on wave causes approximately 1.5 ms
variability in the TD32 operating time and about 3 ms
variability in the TD21 operating time. The elements operate
the fastest for faults near the voltage peak. This is because the
source in the incremental-quantity circuit has the highest
magnitude when the fault causes the voltage to drop from the
maximum value.
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TD32 elements for SLG faults.

C. Case 10: Single-Line-to-Ground Fault With Weak Feed

A B-phase-to-ground (BG) fault at 0.81 pu struck a 117 km,
161 kV line connected to a ground source (transformer
grounded-wye winding). There is no positive-sequence source
at this terminal. The zero-sequence SIR is about 0.36. The in-
service relay asserted the Zone 1 element (configured as an
overreaching element) in 17.9 ms and its forward directional
element in 16.6 ms. The TD32 element responded in 1.3 ms,
and the TD21 element did not respond to this fault (Fig. 23).

In this case, the faulted phase voltage collapsed dramatically
(no positive- or negative-sequence current feed from this
terminal) and the fault current has only a zero-sequence
component (with only the ground source present behind the
relay, all three currents are equal and in phase as shown in
Fig. 23).

Despite the absence of a positive-sequence source behind
the relay, the incremental voltage and current are significant
(Fig. 24). As a matter of fact, the weaker the system, the larger
the incremental voltage. In this case, however, the system Zo/Z;
ratio is dramatically different than the line Z¢/Z; ratio used in
calculating the replica current. This difference is responsible for
the slightly different shape of the incremental voltage and the
loop replica current (Fig. 24). Despite this inaccuracy, the two
signals, when processed by the TD32 logic, clearly indicate a
forward fault and allow the TD32 element to operate reliably
and fast (Fig. 25).

Fig. 26 shows the operating and retraining voltages of the
TD21 element. The operating signal is only marginally higher
than the restraining signal because the fault is practically at the
reach point of the TD21 element. The element would have
operated at about 9 ms into the fault, but the security window
had already expired.
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Fig. 23. Case 10: Relay voltage and current and the outputs of the
directional and underreaching elements.
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Fig. 24. Case 10: Loop incremental voltage and current for the faulted loop
(top). Filtered loop incremental voltage and replica current for the TD21
element (bottom).
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forward restraining: red, and reverse restraining: blue).
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Fig. 28. Case 11: TD32 torques and integrated torques (operating: black,

forward restraining: red, and reverse restraining: blue).

(top), and the integrated voltage difference compared to a threshold (bottom).

D. Case 11: Single-Line-to-Ground Fault on a Long Line

An A-phase-to-ground (AG) close-in (0.14 pu) fault struck
a 252 km, 400 kV line connected to a relatively strong system
(SIR of 0.46). The in-service relay asserted its forward
directional element in 14.4 ms and tripped from distance
Zone 1 in 14.4 ms. The TD32 and TD21 elements responded in
1.6 ms and 3.4 ms, respectively (Fig. 27). Fig. 28 illustrates the
operation of the TD32 element.

Fig. 29 illustrates the response of the TD21 element. The
element operated quickly, despite the replica current
developing relatively slowly. Had the element missed the
opportunity to trip in 3 ms, it would have operated in about
5 ms.
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Fig. 27. Case 11: Relay voltage and current and the outputs of the

directional and underreaching elements.

Fig. 29. Case 11: TD21 operating (red) and restraining (black) voltages (top)
and the integrated voltage difference compared to a threshold (bottom).

E. Case 12: Remote Relay in Case 11

This case refers to the remote terminal of Case 11. This
terminal also operates at a relatively low SIR (0.46). The fault
is located at 0.86 pu, i.e., 6 percent beyond the TD21 reach
point. Fig. 30 shows the relay voltages and currents and the
responses of the elements.

Fig. 31 shows the operating and restraining voltages of the
TD21 element. The operating signal is considerably below the
restraining signal, providing the TD21 element with good
security margin. Given the fault location (6 percent beyond the
TD21 reach point), this security margin is larger than expected.
The CCVT transient is responsible for the difference. Initially,
the CCVT secondary voltage is larger than the ratio voltage (the
CCVT secondary voltage is overestimated). As a result, the
incremental secondary voltage is initially underestimated. This,
in turn, leads to the TD21 element underreaching due to the
CCVT transient rather than overreaching. Later during the fault,
the CCVT transient can lead to the underestimation of the
secondary voltage and overestimation of the secondary



incremental voltage. This situation may lead to overreaching.
Our TD21 design intentionally inhibits the element before the
incremental voltage overshoots as a result of the CCVT
transient. An important observation is that unlike the case of
phasor-based protection, the CCVT transient improves the
TD21 element security (and may slow it down to a certain

degree).
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Fig. 30. Case 12: Relay voltage and current and the outputs of the
directional and underreaching elements.
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Fig. 31. Case 13: TD21 operating (red) and restraining (black) voltages.

Cases 11 and 12 have been captured on a relatively long line.
Longer lines draw more charging current. A large charging
current violates the RL line model used to derive the TD21 and
TD32 principles. Therefore, it is important to consider lines of
various lengths in the element design and testing. The TD32
element has considerable margin and performs very well for
different line lengths.

Our design applies more conservative TD21 filtering for
long lines in order to better dampen transients in the TD21
operating signal. These transients result from the line shunt
capacitance and have lower frequencies as the line lengthens.
Fig. 32 shows the minimum and average operating times for the
TD21 element for several line lengths. We simulated ten bolted
fault types and two points on wave (voltage zero and voltage
peak), for an SIR of 0.1.

We observe that the operating times for short and medium-
length lines are similar. The operating time for long lines is
slightly slower because of the extra group delay caused by
lowering the cut-off frequency of the TD21 low-pass filter.
Nonetheless, for strong systems, the element responds as fast as
2 ms to 4 ms on average for faults closer than 50 percent of the
line.

11

Fig. 32. TD2I element minimum and average operating time as a function
of fault location for different line lengths.

F. Case 13: Single-Line-to-Ground Fault on Series-
Compensated Line

A B-phase-to-ground (BG) close-in (0.01 pu) fault struck a
92 km, 500 kV series-compensated line connected to a
relatively strong system (SIR of 0.64). The in-line series
compensation level is 75 percent. The capacitors are located at
the line end, and line-side VTs are used for line protection. The
adjacent lines are series compensated as well. The in-service
relay asserted its forward directional element in 12.1 ms and
tripped from distance Zone 1 in 18.5 ms. The TD32 and TD21
elements responded in 1.0 ms and 2.6 ms, respectively
(Fig. 33).

Fig. 34 shows the incremental voltage and current for the
BG loop. Despite series compensation, the incremental voltage
and the incremental replica current are of opposite polarities
except for the brief period between about 5 and 7 ms. The
integrated torque, however, rides very well through this period,
and the TD32 element operates quickly and with excellent
security and dependability margins (Fig. 35).

Fig. 36 shows the TD21 operating and restraining voltage.
In applications with series compensation on adjacent lines, it is
impossible to calculate the TD21 restraining voltage using the
approach outlined in Section II. Therefore, our TD21 design
assumes the worst-case TD21 restraint (the nominal voltage
plus margin), instead of using the point-on-wave restraint as in
the case of noncompensated lines. Despite this conservative
restraint, the TD21 element operates reliably and as quickly as
expected for a close-in fault in a strong system.
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element (bottom).
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Fig. 35. Case 13: TD32 torques and integrated torques (operating: black,

forward restraining: red, and reverse restraining: blue).
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(top), and the integrated voltage difference compared to a threshold (bottom).

IV. PERFORMANCE ON TW-BASED LINE PROTECTION

In this section, we illustrate performance of TW-based line
protection using both digital simulations and a selected field
case.

A. TW32 and TWS87 Examples Using EMTP-Simulated Cases

We used an electromagnetic transient program (EMTP) to
simulate an AG fault at three different locations in a simple
500 kV system as shown in Fig. 37. The fault resistance is zero,
and the fault occurs at the voltage peak. The line length is
161 km, and the TW propagation time is 542 ps. We simulated
ideal CTs and VTs with 600:1 and 4500:1 ratios, respectively.
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F1 2/
I /77 I /77 I
r Lo R

Fig. 37.

1) Close-In External Fault (F1)

Fig. 38 shows currents and voltages for external fault F1 and
the TW differential and directional outputs. Fig. 39 shows the
current TWs at the local and remote terminals. As expected, the
TWs measured at the L terminal with negative polarity (Phase
A) are measured at the R terminal with positive polarity exactly
542 ps later. We see the same pattern in all three phases. Table
II lists the signals calculated from the measured TWs and used
by the TW87 logic.

Simple system for illustrating the TW32 and TW87 principles.



Fig. 38. Local (top) and remote (bottom) voltages and currents, and the TW
differential and directional outputs for the external fault F1.
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Fig. 39. Local (black) and remote (blue) current TWs for the external fault
F1.

For the external fault F1, the TW87 algorithm calculates the
operating signal well below the restraining signal (0.66 A vs.
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2.16 A in Phase A, for example) and the element restrains with
a large security margin.

Fig. 40 presents the A-phase voltage and current TWs at the
local terminal and the integrated TW32 torque. The torque is
decisively negative, and the TW32 element indicates a reverse
fault direction.

TABLE II
TWS87 SIGNALS FOR THE EMTP EXAMPLES
Fault | @ | IL(A) | Ir(A) | I;pir (A) | Irst (A) | ms7(pu)
A 1.41 0.75 0.66 2.16 1.0
F1 B 0.40 0.40 0.01 0.80 1.0
C 0.38 0.38 0.00 0.76 1.0
A 1.22 0.76 1.98 1.22 0.4
F2 B 0.51 0.39 0.90 0.51 0.4
C 0.54 0.38 0.92 0.54 0.4
A 0.92 0.53 1.45 1.70 0.3
F3 B 0.31 0.27 0.58 0.74 0.3
C 0.30 0.28 0.57 0.72 0.3
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Fig. 40. Voltage and current TWs and the integrated TW32 torque at the
local terminal for the external fault F1.

2) Internal Fault (F2)

Fig. 41 shows currents and voltages for internal fault F2 at
0.4 pu from the local terminal along with the TW differential
and directional outputs. Fig. 42 plots the TW87 currents, and
Fig. 43 plots the TW32 quantities at the local terminal. Table 11
lists the signals calculated from the measured TWs and used by
the TW87 logic.

The TW87 element calculates the fault location as about
0.4 pu, and there is a very good agreement among calculations
in all three phases. The TW87 operating signal is considerably
above the restraining signal (1.98 A vs. 1.22 A in Phase A, for
example), and the element operates dependably.

The TW32 element measures a decisively positive torque
(Fig. 43) and indicates a forward fault direction dependably.
Note that the second TW measured at around 280 ps is a reverse
wave, a reflection from behind the relay. This wave reduces the
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integrated torque but does not reverse its polarity because each
reflection has a lower magnitude than the original TW.
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Fig. 43. Voltage and current TWs and the integrated TW32 torque at the
local terminal for the internal fault F2.

3) External Fault (F3)

Fig. 44 shows voltages and currents for an external fault
located in such a way that the TWs reached the local and remote
terminals at approximately the same time (the difference is less
than the line propagation time) and with the same polarity.
Table II lists the signals calculated from the measured TWs and
used by the TW87 logic.

Fig. 41. Local (top) and remote (bottom) voltages and currents, and the TW
differential and directional outputs for the internal fault F2.
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Fig. 42. Local (black) and remote (blue) current TWs for the internal fault

F2.
Fig. 44. Local (top) and remote (bottom) voltages and currents for the

external fault F3.



Fig. 45 shows the local and remote current TWs. The TW87
element calculates the fault location as 0.3 pu. Considering the
polarities and the time difference between the first TWs
recorded at each line terminal, the fault appears to be internal,
located 0.3 pu from the local terminal. However, the TW87
element inspects the TWs one line propagation time past the
initial waves and sees the TWs with the opposite polarity as
they leave the protected line. As a result, the operating signal is
lower than the restraining signal (1.45 A vs. 1.70 A in Phase A,
for example), and the TW87 element restrains with a good
margin.
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Fig. 45. Local (black) and remote (blue) current TWs for external fault F3.

B. TW87 Example Using Field Data

We have captured time-synchronized current TWs for Cases
9 and 10 in Table I. The fault was located at 0.81 pu from the
local terminal, and the line propagation time is 396 ps. These
TWs have been captured and measured using the circuitry
developed for the fault-locating function [2]. Nonetheless, we
can use them to illustrate the TWS87 principle and
implementation. Fig. 46 shows the local and remote current
TWs, and Table III lists the calculated TW87 signals. These
values appear low for a 5A nominal relay. The current TWs are
actually higher and the difference results from the specific
hardware gain of the fault locator that captured the record.
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Fig. 46. Local (black) and remote (blue) current TWs captured for Cases 10

and 11.
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TABLE III
TW87 SIGNALS FOR FIELD CASES 10 AND 11
(0} IL (A) IR (A) Ipir (A) IrsT (A) | ms7 (pu)
A 0.38 0.06 0.44 0.12 0.799
B 0.68 0.35 1.03 0.13 0.811
C 0.34 0.04 0.38 0.07 0.798

The TW87 algorithm verifies the fault location correctly
(0.798-0.811 pu calculated by mg; in real time vs. 0.81 pu from
the TW fault locator) and operates dependably for this fault
because the operating signal in the B-phase is considerably
higher than the restraining signal (1.03 A vs. 0.13 A).

V. COMPARATIVE RELAY TESTING

In Section III, we compared the incremental-quantity-based
elements with the in-service relays for a handful of field cases.
In this section, we apply a large number of simulated fault cases
to obtain a more rigorous comparison between time-domain and
phasor-based relays.

We tested the TD21 and TD32 elements against the Zone 1
and directional elements, respectively, of two high-
performance, phasor-based line protection relays A and B. We
set the underreaching elements to 80 percent of the line length.
All relays use solid-state trip-rated outputs.

We modeled a 161 km, 500 kV line with SIR of 1.4 at both
terminals. We simulated bolted faults for these tests using ten
fault types and two points on wave (voltage zero and voltage
peak). We modeled ideal instrument transformers in these tests.

Fig. 47 presents the operating times for the TD21 and Zone 1
elements in relays A and B. Relays A and B operate in less than
a cycle for close-in faults. Relay A is a one-cycle relay for
midline faults, while Relay B takes 1.5 cycles to operate for
midline faults. Their operating times for faults close to the reach
point are in the order of 2 cycles for the test conditions that we
applied. Both relays A and B exhibit a relatively large spread in
their operating times. The TD21 element, in turn, is consistently
fast with the average operating time below 4 ms.

Fig. 47. Operating times of the tested underreaching elements.

Fig. 48 presents the distribution function of the difference in
the operating times between the TD21 and Relay A for faults
up to the midpoint of the line. In all cases, the TD21 is faster:



on average by about 7 ms, sometimes by as much as 11 ms, and
sometimes by only 2 ms.
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Fig. 48. Distribution of the difference between the operating times of TD21
and Relay A.

Fig. 49 presents the operating times for the overreaching
directional elements. Relay A operates in about half a cycle.
Relay B takes 1 to 1.5 cycles to detect the fault direction. The
TD32 element operates consistently in about 2 ms.
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Fig. 49. Operating times of the tested directional elements.

VI. CONCLUSIONS

We explained the operating principles of time-domain line
protection elements: incremental-quantity directional and
distance, and TW line current differential and directional. We
also shared some key implementation details for better
understanding and independent verification of the protection
elements. These elements are implemented using high-speed
sampling and simple operations including filtering, integration,
comparison, timers, and logic gates. As such, the new principles
are easy to understand and simple to apply.

We used a number of real-world line faults to illustrate the
operation of the time-domain line protection elements and show
the difference in performance compared with traditional
phasor-based protection. The field cases demonstrate
dependability and speed improvements. They also demonstrate
security of the time-domain elements. Each remote-end line
fault is a security test for our underreaching element, and each
forward fault is a security test for our reverse-looking
directional element. The tested elements operated for all line
faults within their intended reach, with operating times faster
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by 6 to 20 ms as compared with the in-service phasor-based
relays.

We evaluated the time-domain elements with respect to a
number of factors that affect line protection performance—
including fault location, system strength, and point on wave—
while using two different phasor-based relays for comparison.
Our testing shows the operating times for our time-domain line
protection elements are in the order of 2 ms for the TD32, 1 ms
for the TW32, 4 ms for the TD21, and less than 1 ms plus the
channel time for the TW87.

We intentionally biased the time-domain elements for speed
and security instead of perfect dependability. Therefore, they
require dependable, typically phasor-based, protection
elements operating in parallel either as a part of the same relay,
or as a separate relay. However, these fast elements operate for
a large percentage of line faults. As a result, the dependable but
slower backup is called upon infrequently, resulting in excellent
average operating times of the complete application.
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