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* A SYSTEM, APPARATUS AND METHOD FOR COMPENSATIN.G 'l"H‘E
SENSITIVITY OF A SEQUENCE ELEMENT IN A LINE CURRENT

DIFFERENTIAL RELAY IN A POWER SYSTEM

Inventors: Gabriel Benmouyal, Joseph Mooney

Cross-Reference to Related Applications

[001] This application claims benefit under 35 U.S.C. §119(e) of U. S.
'PrOVisionaI Application entitled ;‘The Trajectories of Liné Current Differential -
Faults in the Alpha Plane”, filed on September 7, é005, having seriél number
60/715272, haming Gabriel Benmouyal as inventor, the complete disclosure

thereof being incorporated by reference.

Background of the Invention

T002] The present invention generally relates to power system protection, and
rﬁore specifically, to a system, apparatus and method for compensating the'
sensitivity of a sequence element in a line current differential relay in a power
system. .

[003] Electric power systems are designed to generate, transmit and distribute

electrical energy to loads. In order to accomplish this, power systems generally
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include a variety of power system elements such as electrical generators,

electrical motors, power transformers, power transmission lines, buses and

- capacitors; to name a few. As a result, power systems typically include

protective devices and associated procedures to protect the power system
elements from abnormal conditions such as electrical short circuits, overloads,
frequency excursions, voltage fluctuations, and the like.

A protective device and associated procedure acts to isolate some
power system element(s) from the remainder of the power system upon
detection of the abnormal condition or a fault in, or related to, the power system

element(s). Logically grouped zones of protection, or protection zones utilizing

the protective devices and procedures, are established to efficiently manage

faults or other abnérmal conditions occurring in the power system elements.

In general, protection zones may be classified into six types including:
(1) generators and generator-transformer elements (2) transformers, (3) buses,
(4) lines (transmission, sub-transmission and distribution), (5) utilization
equipment (motors, static loads), and (6) capacitor or reactor banks. As a
result, a variety of protective devices are required. Such protective devices
may include different types of protective rélays, surge protectors, arc gaps and
associated circuit breakers and reclosers.

Although the fundaments of power system protection are similar, each of
the six types of protection zones uses protective devices that are based on the

characteristics of the power system elements in that category. More
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specifically, different protective relays utilizing a variety of protective schemes.
(e.g., differential current comparisons, magnitude comparisons, frequency
sensing), are required to protect the various power system elements.‘ For
example, a line current differential relay, having electrical connections to the
transmission line via current transformers (designed to step-down the primary
current to a magnitude suitable for use by the line current differential relay), is -
designed to monitor current flowing in a transmission line by measuring the
current flowing into and out of terminal points of the transmission line, and
calculating infer alia, the sum of all measured current, or the operate current.
As is known, when the transmission line is operating under normal conditions,
the sum of all of the (primary) currents entering the line is about zero
(KirChHoff’s current iaw). If the trans‘mission line has a short circuit or is faﬁltéd,
the corresponding relay operate current will be substantially different from zero,
indicating that there is some impermissible path through which a current is
flowing. If the operate current exceeds some threshold, or pickup current, and |
some differential inequality is satisfied, the line current differential relay issues a
trip signal to an associated power circuit breaker(s) causing it to open and
isolate the faulted bus from fhe remainder of the power system.

For example, in the case of multi-terminal line using the percentage
differential principle, we would have the next criteria for operation..,

I

operate > K+ 1 and I >1

restraint operate pu
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wherel =\l +1+1s+..In

operate

or the phasor sum of currents flowing in the

fn )/Ap or the sum of the

protection zone, and /i =(ﬁ1] +’fz| +|f3‘+...

absolute value of the current phasors representing the current flowing through

the protection zone, where k = differential percentage, I,, = minimum pickup '

current value, and p = number of terminals. Thus, the line current differential
relay requires that the operate current exceeds a minimum pickup value and
some percentage of the total current flowing through the protection zone before
the line current differential relay may issue a breaker tripping signal.

Typical protection of a transmission line is generally performed using two
line current differential relays coupled to the transmission line via current
transfofmers as described above, with each relayllo‘cated’ at different
extremities of the line. Such a configuration requires that each differential relay
communicates its current and voltage measurement data to the other via a
communication channel (e.g., microwave channel, telephone grade channel,
fiber optics, etc.).

Providing line current differential ﬁrotection for a transmission line
generally includés incorporation of both phase elements and sequence
elements in the line current differential relay; that is, incorporation of an A-
phase element, a B-phase element and a C-phase element, and a possibly a
zero-sequence or ground element and a negative-sequence element.

Depending upon the type of fault detected in the transmission line, one or more
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of the phase and/or sequence elements will operate to cause the line current
differential relay to assert and s.ubsequently issue a trip signal to an associatéd
bower circuit breaker(s). For ekamb’le, in thes casé of an A-phase-to-ground |
fault, the A-phase element, the zero-sequence element, and the negative-
sequence element may operate.l

[0010] As is known, however, some or all of the A-phase element, the zero-
sequence element, and/or the negative-sequence element may fail to operate
properly when certain conditions exist. For example, if the fault resistance, Ry
of the A-phase-to-ground fault is above the resistive limit of sensitivity, the A-
phase element may fail to properly detect the fault. In other words, under
certain circumstances (such as an overloaded line, a highly resistive fault, a
pole-open condition), an unbalanced nétwork condition,“or a cross-country faﬁlt
condition, some or all of the A-, B- and/or C-phase current elements (“phase
elements”), and the zero-sequence phase element and/or the negative-
sequence phase element (“sequence elements”) may “lose their sensitivity to
detect a fault condition”. Accordingly, a fault may go undetected by some or all
of the three phase and/or the two sequence elements of the line current
diffe‘rential relay(s), possibly resulting in removal from operation a larger portion
of the power system network by the back-up protection.

Summary of the Invention
[0011] In general, a system, an apparatus and a method is provided in a current

differential protective device to compensate for, or to adjust the sensitivity of,
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the negative- and zero-sequence elements of the current differential protective
device in order to ensure their proper operation during a phase-to-ground fault
with a high fault résistahce, occurring during a pole-open cqndition.'

[0012] In accordance with an aspect of the invention, an apparatus and method
compensate the sensitivity of a line current differential element of a first current
differential relay providing differential protection for a transmission line of a
power system during a single-phase pole-open condition. One apparatus
includes a first delta filter configured to remove a first pre-fault current from a
first fault current of the transmission line to form a compensated first current.
The apparatus also includes a second delta filter configured to remove a
second pre-fault current from a second fault current of the'transmission line to
form a compensated seéond current. The line current differ‘éntiéi elemeht is
configured to receive the compensated first and second current phasors to
compensate the sensitivity of the at least one line current differential element.
The first current differential relay is operatively coupled to a first end of the
transmission line and in communication with a second current differential relay
operatively coupled to a second end of the transmission line. In operation, the
apparatus derives a first pre-fault Current phasor from instantaneous values of
the first pre-fault current measured by the first current differential relay. It also
derives a first fault current phasor from instantaneous values of the first fault
current measured by the first current differential relay. Subtraction of the first

pre-fault current phasor from the first fault current phasor forms the first phasor.
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The ay:;paratus also derives a second pre-fault current phasor from
instantaneous values of the second pre-fault current measured by and received
from t‘he second current differential relay and derives a second fault current
phasor from instantaneous values of the second fault current measured by and
received from the second current differential relay. Subtraction of the second
pre-fault current phasor from the second fault current phasor forms the second
phasor. The line current differential element may be a zero-sequence current
element, a negative-sequence current element, A-phase current element, a B-
phase current element or a C-phase current element.

[0013] In accordance with an aspect of the invention, a method compensates
the sensitivity of a line current differential element of a first current differential.
relay providiﬁg differential protection for a transmission line of a power systeml
during a single-phase pole-open condition. The method includes removing a
first pre-fault current from a first fault current of the transmission line to form a
compensated first current, removing a second pre-fault current from a second
fault current of the transmission line to form a compensated second current,
and providing a first phasor representative of the compensated first current and
a second phasor representative of the second compensated current to the line
current differential element to compensate the sensitivity of the line current
differential element. |

[0014] In accordance with another aspect of the invention, a system

compensates the sensitivity of a first line current differential sequence element
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of a local current differential relay. The local current differential relay is
operatively coupled to a first enq of a fransmission line of a power system anci
in communication with a remote current differential relay operatively coupled to
a second end of the transmission line. The system includes a first delta filter
operatively coupled to the first Iirie current differential sequence element. The
first delta filter includes a first delay filter configured to receive a first local
sequence current phasor at a first time and to generate a first delayed local
sequence current phasor at a second time. The first delta filter also includes a
first adder configured to subtract the first delayed local sequence current
phasor from a second local sequence current phasor received at the second
time to form a compensated local sequence current phasor. The system also
iiicludes a second .deita filter operatively coupled to the first line current
differential sequence element. The second delta filter includes a second delay
filter configured to receive a first remote sequence current phasor at the first
time and to generate a first delayed remote sequence current phasor at the
second time. The second delta filter also includes a second adder configured
to subtract the first delayed remote sequence current phasor from a second
remote sequence current phasor received at the second time to form a
compensated remote sequence current phasor. The first line current
differential element is configured to receive each of the compensated local and
remote sequence current phasors to compensate the sensitivity of the first line

current differential element.



[0015]

WO 2007/086944 PCT/US2006/035175

In accordance with yet another aspect of the invention, an apparatus for
compensates the sensitivity of at least one line current differential sequence |
element of a local current differential relay during a single-phase pole-open
condition of a transmission line of a power system. The local current
differential relay is operatively coupled to a first end of the transmission line and
in communication with a remote current differential relay operatively coupled to
a second end of the tfransmission line. The apparatus includes a first delta filter
configured to remove a pre-fault local current contribution from each of a
plurality a local current phasors calculated by the local current differential relay
using instantaneous local current values measured during a fault in the
transmission line to form a plurality of compensated local current phasors. The
éppératus also includes é second delta filter configured to remove a pre-fault
remote current contribution from each of a plurality a remote current phasors
calculated by the local current differential relay using instantaneous remote
current values measured by the remote current differential relay during the fault
to form a plurality of compensated second current phasors. The pre-fault local
current contribution is latched into a memory of the first delta filter, and the pre-
fault remote current contribution is latched into a memory of the second delta
filter. The at least one line current differential element is configured to receive
corresponding local and remote sequence current phasors of the plurality of
compensated local and remote sequence current phasors to compensate the

sensitivity of the at least one line current differential element.
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In accordance with another aspect of the invention, a method is provided
to compensate the sensitivity of a line current differential sequence element C.)f‘
al loéal current differential relay during a single-ﬁhase pole-open condition 6f aA
transmission line of a power system. The local current differential relay is
operatively coupled to a first end of the transmission line and in communication
with a remote current differential relay operatively coupled to a second end of
the transmission line. The method includes subtracting a pre-fault local current
phasor from each of a plurality of local current phasors derived from
instantaneous local current values measured by the local current differential
relay during a fault in the transmission line to form a plurality of compensated
local current phasors. The pre-fault 'Iocal current phasor is stored in a first
memory location of the Iocal‘c‘:urrent differéntial relay. The method also
includes subtracting a pre-fault remote current phasor from each of a plurality
of remote current phasors derived from instantaneous remote current values
measured by the remote current differential relay during the fault to form a
plurality of compensated second current phasors. The pre-fault remote current
phasor is stored in a second memory location of the local current differential
relay. Pairs of corresponding local and remote sequence current phasors of
the plurality of compensated local and remote sequence current phasors are
provided to the line current differential element to compensate the sensitivity of

the line current differential element

10
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In accordance with a further aspect of the invention, a system
compensates the sensitivity of a first line current differential sequence elemeﬁt
ofa Iocal'cur'rerlmtdifferential relay.  The local current differential relay is
operatively coupled to a first end of the transmission line and in communication
with a remote current differential relay operatively coupled to a second end of
the transmission Iine. The system includes a first adder, a first memory register
and a first delay filter operatively coupled to the first adder and first memory
register. The first delay filter is configured to delay a local sequence current
phasor calculated prior to detecting an occurrence of a fault in the transmission

line. The first memory register is configured to store the delayed local

sequence current phasor to form a stored local sequence current phasor in

.response to receipt of a latching signal indicating the fault. The first adder is

configured to subtract one of the delayed local sequence current phasor and
the storéd local sequence current phasor from each of a plurality of local
sequence current phasors calculated after the fault to form a plurality of
compensated local sequence current ‘phasors. The system also includes a
second adder, a second memory register and a second delay filter operatively
coupled to the second adder and the second memory register. The second
delay filter is configured to delay a remote sequence current phasor calculated
prior to the fault. The second memory register is configured to store the
delayed remote sequence current phasor to form a stored remote sequence

current phasor in response to receipt of the latching signal. The second adder

11
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is configured to subtract one of the delayed remote sequence current phasor
and the stored remote sequence current phasor from each of a plurality of
remote sequence current phasors calculated after the fault to form a plurality of
compensated remote sequence current phasors. Pairs of corresponding
compensated local and remote sequence current phasors of the plurality of
compensated local and remote sequence current phasors are provided to the
first line current differential element to compensate the sensitivity of the first line
current differential element.

In accordance with yet a further aspect of the invention, an apparatus for

compensates the sensitivity of a line current differential element of a protective

relay providing differential protection for a transmission line of a power system.

The apparatus includes a delta filter arrangement configured to form
compensated first and second current phasors based upon corresponding first
and second pre-fault and fault current phasors. The delta filter arrangement
includes a first delta filter coupled to receive the first pre-fault and fault current
phasors and to generate the compensated first current phasor. The delta filter
arrangement also includes a second delta filter coupled to receive the second
pré~fault and fault current phasors and to generate the compensated second

current phasor. Each of the first and second pre-fault and fault current

phasors is derived from corresponding measured currents at first and second

locations of the transmission line.

12
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In accordance with still a further aspect of the invention, a method
compensates the sensitivity of a line current differential element of a protecti\)e
relay providing differential protection for a transmission line of a power system.
The method includes forming a compensated first signal based on a first pre-
fault current and a first fault current measured at a first end of the transmission
line, and forming a compensated second signal based on a second pre-fault
current and a second fault current measured at a second end of the
transmission line. The method also includes providing compensated first and
second current phasors to the current differential element thereby
compensating the line current differential element. Each of the compensated
first and second current phasors is derived from corresponding compensated
first and second signals. o

It should be understood that the present invention includes a number
of different aspects and/or features which may have utility alone and/or in
combination with other aspects or features. Accordingly, this summary is not
an exhaustive identification of each such aspect or feature that is now or may
hereafter be claimed, but represents an overview of certain aspects of the
present invention to assist in understanding the more detailed description that
follows. The scope of the invention is not limited to the specific embodiments

described below, but is set forth in the claims now or hereafter filed.

13
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Brief Description of the Drawings

[0021] FIGURE 1 is a single line schematic diagram of a power system that
may be utilized in a typical‘ wide area.

[0022] FIGURE 2 is a block diagram of an exemplary configuration of the local
line current differential relay of FIG.1, according to an embodiment of the
invention.

[0023] FIGURE 3 is a block diagram of the logic of the local line current
differential relay of FIG. 1, according to an embodiment of the invention.

[0024] FIGURE 4 is an exemplary alpha-plane that may be used to determine a
trip condition based on current ratio trajeétories calculated by the local and

| remote Iine current differential relays of FIG. 1.

[0025] FIGURE 5 is an exemplary schematic diagfam bf a short transmission
line having negligible shunt capacitance, according to an embodiment of the
invention.

[0026] FIGURE 6 is sequence network diagram that may be used to resolve an
A-phase-to-ground fault at a location d of the short transmission line of FIG. 5.

[0027] | FIGURE 7 is another sequence network diagram that may be used to
resolve a B-phase pole open condition in the short transmission line of FIG. 5.

[0028] FIGURE 8 is yet another sequence network diagram that may be used to
resolve an A-phase-to-ground fault occurring during the B-phase pole open

condition in the transmission line of FIG. 5.

14
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[0029] FIGURE 9 is yet another alpha plane that may be used to plot the
negative-sequence current ratio trajectories under the conditions of:FIG. 8.

[0030] FIGURE 10 is yét a further alpha plane illustrating the compénsated ‘
negative-sequence current ratio trajectories verses the un-compensated
compensated negative-sequence current ratio trajectories, accordin:g to an
embodiment of the invention. |

[0031] FIGURE 11 is an exemplary logic circuit diagram for compensating the
sensitivity of a negative-sequence element scheme of the local line current

differential relay of FIG. 1, according to an embodiment of the invention.

[0032] FIGURE 12 is a more detailed diagram of a delta filter of the logic circuit
of FIG. 11. _
[0033] FIGURE 13 is a Iatéhing delta filter system that may be used the logic

circuit of FIG. 11 to maintain the local and remote reference signal for a time

period longer than the delay time interval.

Detailed Description of the Preferred Embodiments
[0034] As will be explained in detail below, it can be shown mathematically and
with current-ratio trajectories in an alpha plane that the current-ratios utilized by
the A-phase, the B-phase and the C-phase elements and the negative and zero
sequenée elements depend on many factors, for example on the fault
resistance and the associated impedances. Each current-ratio trajectory is

computed as a phasor ratio of the two corresponding phase (or sequence)

15
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currents entering and leaving the protected transmission line (e.g. the “local’ A-
phase current and the “remote” A-phase current), as measured by two
communicaﬁng line current differential relays placed a dfstance from each othér ‘
on the protected transmission line. It will also be shown below that for higher
fault resistances under a variety of circumstances, a current-ratio trajectory that
should fall within a trip area of the alpha plane may instead fall in a stability
area of the alpha plane and therefore go undetected.

An apparatus and method are provided in a protective device to
compensate, or adjust the sensitivity of, the negative- and zero-sequence
elements of the protective device in order to ensure their proper operation
duriﬁg a phase-to-ground fault with a high fault resistance, occurring during a
bole-open condition. As practiced herein, the method includés removal of the
pre-fault zero-sequence current from both of the zero-sequence currents
forming the zero-sequence current ratio used by the zero-sequence element,
and removal of the pre-fault negative-sequence current from both of the
negative-sequence currents forming the negative-sequence current ratio used
by the negative-sequence element. Itis contemplated that another
embodiment of the invention may include attenuation, rather than total removal,
of the pre-fault zero-sequence current and/or the pre-fault negative-sequence
current from respective zero-sequence and negative-sequence currents.

For ease of discussion, aspects of the present invention can be more

fully understood by limiting the detailed discussion to a protection zone that

16
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includes a three-phase transmission line protected by two line current
differential relays located at the extremities of the transmission line and in

~ communication with each cther. The first line current différential felay is -
designated as a local line current differential relay and the second line current
differential relay is designated as a remote line current differential relay. Both
of these are coupled to the transmission line via respective primary current
transformers. It should be noted however that the apparatus and method
disclosed herein are applicable for protecting both short and long
transmission/distribution lines experiencing a variety of conditions such as high
resistive faults and overload conditions.

[0037] o FIGURE 1is a single line schemgtic diagram of a power system 10 that ’
may be utilized in é typidal wide area. As ‘illustréted in FIG. 1, the power
system 10 includes, among other things, three generators 12a, 12b and 12¢
configured to generate three-phase sinusoidal waveforms, for example, to
generate three-phase 12 kV sinusoidal waveforms. The power system 10 also
includes three step-up power transformers 14a, 14b and 14c configured to
increase the generated three-phase sinusoidal waveforms to a higher voltage
such as 1.38 kV, and a number of circuit breakers 18 thatvoperate to disconnect
respective portions of the power system from the remainder of the power
system 10 during an associated trip condition. The step-up power transformers
14a, 14b, 14c provide the higher voltage sinusoidal waveforms to a number of

long distance transmission lines such as the transmission lines 20a and 20b. In

17
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an embodiment, a first substation 15 may be defined to include the generators
12a, 12b, two of the step-up transformers 14a, 14b and associated circuit |
breakers 18 interconnected via a first bus 19. At the énd of the long distance
transmission lines 20a, 20b, a second substation 22 includes two step-down
power transformers 24a and 24b to transform the higher voltage sinusoidal
waveforms to lower voltage sinusoidal waveforms (e.g., 15 kV) suitable for
distribution via distribution lines to the end-users 26 and/or loads 30.

As previously mentioned, the power system 10 utilizes many types of
protective devices and associated procedures to protect the power system
elements from faults or other abnormal conditions. In the illustrated example,
the power system 10 also includes a first line current differential relay
désignated as a local line current differential relay 50 (“local differential relay
50%) and a second line current differential relay designated as a remote line
current differential relay 52 (“remote differential relay 52"). The differential
relays 50 and 52 are used to protect a transmission line, denoted as a
transmission line 22, from faults occurring between respective circuit breakers

18.

In addition to the percentage differentiél principle described above,
current differential relays such as the differential relays 50 and 52 may be
implemented via line current differential elements such as A-phase, B-phase
and/or C-phase current elements,‘and/or zero-sequence and negative-

sequence current elements. Such line current differential elements are

18
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configured to periodically calculate a current ratio of a local current (current
entering the transmission line) and a remote current (current leaving the
frans‘mission line), and then to compare each calculated cﬁrrent ratio to a
characteristic, or an area of stability, imbedded in an alpha plane of the line
current differential element. In a preferred embodiment, each current ratio
includes the ratio of two phasors representative of the local and remote
currents; a complex number. Accordingly, the alpha plane is a complex plane
(i.e., a plane having one real axis and one imaginary axis) where the trajectory
of the each current ratio is geometrically represented. A more detailed
description of line current differential protection using a characteristic imbedded
in an alpha plane is provided by U. S. Patent No. 6,590,397, entitled “Line
Differential Protection System for a Power Transmission Line”, issuéd on July
8, 2003, to Jeffrey B. Roberts, assigned to Schweitzer Engineering
Laboratories, Inc., the contents of which are hereby incorporated by reference.

For purposes of describing the subsequent calculations shown via
Equations (1) through (69), the local differential relay 50 is positioned on the
“left-side” or the local end, while the remote differential relay 52 is positioned on
the “right-side” or the remote end of the transmission line.

FIG. 2 is a block diagram of an exemplary configuration of the local
differential relay 50. As noted above, the local differential relay 50 is coupled to
the transmission line 22 via current transformers that operate to step down the

primary three-phase current to secondary currents suitable for use by the relay.
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Referring to FIG. 2, secondary current waveforms 64, 66, and 68, received via

the current transformers, are illustrated as I,, I, and I.. Although only

secondary current waveforms 64, 66 and 68 are shown in FIG. 2 for ease of
illustration and discussion, it should be understood that additional secondary
current waveforms may be utilized by the local differential relay 50.

[0042] During operation, secondary current waveforms 64, 66 and 68 received
by the local differential relay 50 are further transformed into corresponding
voltage waveforms via respective current transformers 75, 77 and 79 and
resistors (not separately illustrated), and filtered via respective low pass filters
80, 82 and 84 . An analog-to-digital (A/D) converter 86 multiplexes, samples
and digitizes the filtered secondary purrent waveforms to form corresponding
digitized current waveform 4signa|s 87. |

[0043] As shown in FIG. 2, the A/D converter 86 is coupled to a microcontroller
88 having a microprocessor 90 (or FPGA), a program memory 92 (e.g., a Flash
EPROM) and a parameter memory 94 (e.g., an EEPROM). The
microprocessor 90 executing a computer program or relay logic scheme
(discussed below) processes each of the digitized current signals to extract
corresponding phasors, in this case current phasors and sequence quantity
phasors, and then performs various calculations using the extracted phasors
(and received phasor quantitieé) to determine whether a short circuit exists in
the transmission line 22. If a short circuit is detected, the microprocessor 90

will cause binary output contacts 96 to be closed, thereby opening an
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associated power circuit breaker to isolate the portion of the transmission line
22 experiencing the short circuit from the remainder of the power system 10. |
The local differential relay 50 also ihcludes a receiver/transmitter means such
as, for example, a UART 98, configured to enable transmission of phasor
quantities to the remote differential relay 52 and to enable receipt of phasor
quantities from the remote differential relay 52. Although not separately
discussed, the remote differential relay 52 is substantially similarly configured
and operable.

[0044] As is known, for a balanced power system with an A-, B-, C-phase
sequence, each of the phasors derived from the three secondary current
waveforms 64, 66 and 68 is of equal magnitude and ‘has a phase shift of 120
degrees. For exémple, when éxpressed as éomplex numberé or phasors,
T4=1£0° Is=1I1£-120° and Ic=1/120°, under “balanced” conditions, the
three phasors rotate counterclockwise.

[0045] As is also known, a fault condition (e.g., an A-phase-to-ground fault)
typically results in an “unbalanced” condition yielding, for example, A-, B- and
C- current phasors having varied magnitudes with phase angles that are not
120 dégreés apart. The level of unbalance can be assessed by computing, at
each line extremity and therefore in each relay, the negative (12) and the zero
(10) sequence phasors as provided by:

D=13U+a*I, +aly) Negative sequence current phasor

0=1B3,+1I; +1I,) Zero sequence current phasor
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where a is the complex operator:

a =1/£120°

As is also khown, durihg normal balanced power system conditions,
both the negative and zero sequence phasor magnitude are close to zero.

FIG. 3 is a block diagram of relay logic of the local line current differential
relay 50 according to an embodiment of the invention. Although only the relay
logic of local differential relay 50 is discussed in detail, it should be noted that
the remote line current differential relay 52 is equivalently configured and
operable.

The relay logic includes a phasor calculation function 102 where three-
phase current phasors are extracted from both local digitized current signals of
the Ibcal differential relay 50 and time?aligned remote digitized current signals
received from the remote differential relay 52. The current phasors, denoted as

I, Ig, Io, g, Ige, I, representthe local A-phase current, the local

B-phase current, the local C-phase current, the remote A-phase current, the
remote B-phase current and the remote C-phase current, respectively.
The relay logic also includes a sequence quantity function 103 where a

local zero—sequencé current phasor denoted as I, , a remote zero-sequence
current phasor denoted as I, a local negative-sequence current phasor
denoted as I,, and a remote negative-sequence current phasor denoted as
I,., are calculated using the three-phase current phasors

Iis Tos I, I, I Ice. Alsoincluded are three phase elements; an
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A-phase element 111 configured to generate a binary output 87LA, a B-phase
element 112 configured to generate a binary output 87LB, and a C-phase
element 113 configured to generate a binary output 87LC, and two sequence
elements. The zero-sequence or ground element 114 is configured to generate
a binary output 87LG and a negative-sequence element 115 is configured to
generate a binary output 87L2.

Typically during operation, the A-phase element 111 will pickup in the
event of an A-phase-to-ground fault, the B-phase element 112 will pickup in the
event of a B-phase-to-ground fault, and the C-phase element 113 will pickup in

the event of a C-phase-to-ground fault. Unfortunately in some cases of high

fault resistances, the A-phase element 111, B-phase element 112 or C-phase

element 113 may become blind to a phase-to-ground fault and fail to pick-up
and subsequently issue a trip signal. As a result, the zero sequence element
114 and the negative sequence element 115 are included in the relay logic
because they operate regardless of the fault resistance. Unlike the A-phase
element 111, B-phase element 112 or C-phase element 113, neither the zero
sequence element 114 nor the negative sequence'elemenfc 115 can detecta
“balanced” three-phase fault.

Referring again to FIG. 3, further included is a CT saturation detector
116 that operates to “supervise” the zero and sequence elements 114, 115
such that their respective outputs 87LG and 87L2 are blocked if saturation is

detected on any of the current transformers associated with the three-phase
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current phasors I, Ig, Io, Ig, Ig, Ig. AfirstAND-gate 117 and a

second AND-gate 118 are included to enable blocking of the outputs 87LG and
87L2 in the event of cufrent transformer saturation. The first AND-gate 117 |
includes a first input coupled to the zero-sequence element output and a
second inverting input coupled to an output of the CT saturation detector 116,
and the second AND-gate 118 includes a first input coupled to the negative-
sequence element output and a second inverting input coupled to the output of
the CT saturation detector 116.

Each of the A-phase element 111, the B-phase element 112, the C-
phase element 113, the zero-sequence element 114 and the negative-
sequence element 115 operate with respect to an alpha plane having a real
and an imaginary axis. As noted‘above, current-ratio trajectories (e.g.,

I /1, ) in the alpha plane are computed as a phasor ratio of the two

corresponding phase (or sequence) currents entering and leaving the
transmission line 22. In general, the alpha plane provides a geometrical
representation of the current-ratio trajectories in the complex plane. It is well
established that any percentage differential characteristic can be mapped into
the alpha plane such that the area of stability (“stability area”) where tripping
does not occur, and the area of tripping (“trip-area”) where tripping does occur,
can be determined as a function of basic relay characteristic parameters.

For example, FIG. 4 is an exemplary alpha-plane 140 that may be used

to determine a trip condition based on a current ratio trajectory. As illustrated, a
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differential element characteristic is embedded in the alpha-plane 140.
Referring to FIG. 4, the alpha-plane 140 includes a real axis 141, an imaginary
axis 142, a stability area 143 configured in a rainbow fashion, and a trip area

1 44. Current ratios are computed by dividing the remote current by its
corresponding local current. For example, when computing an A-phase current

ratio phasor, the remote A-phase current phasor I, is divided by the A-phase
local current phasor I, . The resulting current ratio, having a real and an

imaginary part in most cases, is plotted as vector on the alpha-plane 140.' The
trajectory of the vector, or the current-ratio trajectory, either in the trip area 144
or the stability area 143, is determinative of whether the corresponding current
element binary output (e.g., 87LA) has high value (e.g., 1) or a low value.(e.g.,
0). It should be noted that prior to computing the current ratio, verification is
made that the absolute value of the sum of the local and remote current
phasors (e.g., | IaL +lar | ) is greater than a minimum pickup current (a.k.a., the
element differential pickup current).

[0053] In a no-fault situation, the current ratio is close to the minus one point (-
1, 0). There are two seftings for this characteristic, the radius R 145 of the
greater arc (typically between 5 and 10) and the angle alpha 146 ((“a”) typically
between 160 and 210 degrees). Adjusting the angle alpha a 146 provides
additional operational control in cases of current transformer saturation or

applications such series compensated transmission lines.
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The current ratio trajectory resulting from a fault occurring on the
transmission line 22 may be affected by a number of factors. These factors
include the nature of the current ratio, phaée or sequence currents, the -
transmission line loading and length, the level of fault resistance, the level of
current transformer saturation, if any, the presence of a pole open, and the
presence of capacitive series compensation. The most complex current ratio
trajectories will depend upon a combination of these factors.

Referring again to FIG. 3, the A-phase current ratio 1, /1, is calculated
by the A-phase element 111 to generate the binary output 87LA, the B-phase

current ratio 1, /I, is calculated by the B-phase element 112 to generate the
binary output 87LB, and the C-phase current ratio 1., /I, is calculated by the
C-phase element 113 configured to generate the binary output 87LC. The
zero-sequence current ratio I;,/1,, is calculated by the zero-sequence

element 114 to generate the binary output 87LG and the negative-sequence

current ratio I,,/I,, is calculated by the negative-sequence element 115 to

_generate the binary output 87L2. While referred to és current elements 110-

115 calcuiating their respective current ratios, it should be noted that that the
calculations are performed by the microcontroller 88 executing a line current
differential protection program or logic.

As noted above, fault resistance R is a factor in the determining current

ratios trajectories calculated by their respective current elements 110-115.

FIG. 5 is an exemplary schematic diagram 150 of a short transmission line 152
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having negligible shunt capacitance, that may be used to understand the

relationship between current ratio trajectories and fault resistance R,. For

ease of discussioh, an A-phas'é-to—ground internal féult at a location d 162 on
the short transmission line 152 is assumed.

Referring to FIG. 5, in addition to the short transmission line 152, the
schematic diagrém 150 includes first and second generators 154 and 156, a
first (left) bus 158 and a second (right) bus 160. The first generator 154 is
assumed to generate a voltage VA and the second generator 156 is assumed
to generate a voltage VB where VB=14£-6 VA. Three sets‘of impedances
are illustrated: (1) left-side source positive- and zero-sequence impedances
ZS1 151 and ZS0 153 are illustrated between the first generator 154 and the

left bus 158; (2) line positive- and zero-sequence impedances ZL1 155 ahd

ZL0 157 are illustrated between the left bus 158 and the right bus 160; and (3)

right-side positive- and zero-sequence impedances ZR1 159 and ZR0 161 are
illustrated between the right bus 160 and the second generator 156. The

phase angle 0 difference, or load angle, between the voltages generated by the

. first and second generators 154, 156, determines the amount of line loading.

Resolution of an Internal Single-Phase-to-Ground Fault--Phase Elements

A fault occurring on a transmission line, such as an A-phase-to-ground
fault occurring on the short transmission line 152, at the fault location d 162

may be resolved using a sequence network and applying a superposition
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principle. For example, FIG. 6 is sequence network 170 that may be used to
resolve the A-phase-to-ground fault at location d indicated in FIG. 5. The
supe’rpositién prihciple includes applying a voltage at the fault location d 162 to
the “faulted” sequence network 170. The applied voltage is equal to a voltage
existing at the fault location d 162, prior to the fault. A total fault current at
some location on the sequence network 170 is equal to the load current
existing before the fault, plus the pure-fault current (current void of any load)
existing on the faulted network. In other words, upon occurrence of a fault, a
total fault current (e.g., 20 KA) is the sum of the pre-fault current or load current
(e.g., 1000A), plus the pure fault current (e.g., 19KA)

In order to determine the load current prior to the fault, it is helpful to
understand the relationship between the (source) voltage at the féult location d

126 and the load current I, . Refeffing to FIGs. 5 and 6, the voltage existing

at the fault location d 162 prior to the fault, or the source voltage E,, may be

expressed as:
Ef =VA-1,,ZIM
where Z1M is the impedance between the left-source VA at the first

generator 154 and the fault location d 162 where:

ZIM =781+ dZLl1
The load current I,, of the short transmission line 152 prior to the fault is

provided by:
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(1=e)y4 @)
" ZIM +ZIN
Where ZIN is defined as:
- ZIN =ZRI1+(1-d)ZLI 4)
[0061] The total impedance ZSOM in front of the source voltage E, on the
sequence network 170 is:
ZSOM=ZZ]MZZN+ ZOM ZON L3RS (5)
ZIM+ZIN ZOM+ZON
with Z0M and ZON being defined as:
. ZOM =ZS0+dZL0 | ~ (6)
ZON =ZR0O+ (1-d)ZL0 (7)
[0062] Upon an occurrence of the A-phase-to-ground fault, the positive-
sequence current I/F at the fault location d 162, or the pure fault positive-
sequence current, is equal to the source voltage E, divided by the total
impedance, ZSOM :
=% (®)
ZSOM
[0063] The negative-sequence current and zero-sequence current at the fault,

I2F and I0F , respectively, are equal to the pure fault positive-sequence

current IF at the fault location d 162:.
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I2F =]IF

I0F =]IF
[0064] The left-side positive-séquence current I1L , the left-side negétive—
sequence current 72L and the left-side zero-sequence current I0L at the relay

location close to the left bus 158 are provided as:
IIL=CI*IIF
I2L=CI*IIF
I0L=CO0*IIF

‘where C7 and CO0 are the sequence current distribution factors at the relay

location close to the left bus 158, and are equal to:

Cl= ZIN
ZIM+ZIN

o= ZON
ZOM +Z0ON

[0065] The right-side positive-sequence current 1R, the right-side negative-
sequence current I2R and the right-side zero-sequence current J0R at the

relay iocation clése to the right bus 160 are provided as: |
IIR=(1-CI)IIF
I2R=(1-CI)IIF
IOR=(1-CO)IIF

30

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)
(17)

(18)



WO 2007/086944 PCT/US2006/035175

[0066] The left-side A-phase current at the relay location close to the left bus
158 is:

IAL=CIIIF+C2 I2F+CO I0F +1,,

9
=(2CI1+CO)1IF +1,, (19)

[0067] The right-side A-phase current at the relay close to the right bus 160 is:

AR =[2(1-CI)+(I-CO)| 11F -1, (20)
[0068] The ratio of the two A-phase currents at the extremities (i.e., the left-side
and right-side) of the short transmission line 152 yields:

4R _[2(1-CD+(1-CO)|1IF -1,
IAL (2CI+CO)IIF +1,,

_ _coll= L | . 21
) [2(1-cD)+(1-C0)] o (27)

(2cr+co)+ L.
IIF

[0069] Accordingly, the current ratio at the relay (either the left-side or right-
side) is dependent on the sequence current distribution factors C0 and C1, and ‘

the ratio of the load current I, over the pure fault positive-sequence current
IF at the fault location d 162. The load current I,,, depends only upon the

phase angle 6 difference between the voltages generated by the first and

second generators 154, 156 and is equal to:

1-e)va
1 _—__i_L 22
D™ 7814+ ZL1 + ZR1 (22)
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[0070] The pure fault positive-sequence current I1F depends upon the fault
location d 162, the sequence current distribution factors CO and C7 and the

* fault resistance R ,as expressed by:

[VA-ILD (zS1+d ZLI)]
[2 (zS1+d ZLIXZRI+(1-d)ZLI) R (250 +d ZLOYZR0 + (1 - d)ZL0)
ZS1+ ZL1+ ZRI 780+ ZL0 + ZRO

1IF =

(23)

+3Rf:I

[0071] Obviously, as the fault resistance R, increases, the pure fault positive-

sequence current I1F decreases. Starting from equation (21), in a no-fault
situation that is equivalent to a fault with infinite resistance, the pure fault

| positive-sequence current /1F is equal to zero, and the current ratio is simply

equal to minus one as shown in equation (24); the ratio of IA%M where

IAR = IAL but are out of phase by 180 degrees. Accordingly, the current ratio

falls in the stability area 143 in the alpha plane 140 (see, FIG. 4).

MR __, (24)
IAL
[0072] Also from equation (21), if the load current I, is equal to zero, the

current ratio % is independent from the pure fault positive-sequence current

IF and therefore from the fault resistance R,. In this situation, the current ratio

ﬁ—? is dependent only on the sequence current distribution factors C0, Clas

shown is equation (25):
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IAR _[2(1-c1)+(1-C0)]
UL (2Ci1+C0) - @

When two constants, a and b, are defined as:

a=2CI+C0

b=2(1-CcI1)+(1-C0) (26)

the A-phase current ratio, or A-phase fault current ratio %, can be

expressed as a ratio of the load current I,,, to pure fault positive-sequence

current IF as shown in equation (27):

L

MR _~ I1IF 27)

IAL a+ I
IIF

Equation 27 indicates that the A-phase current ratio depends upon

another ratio of the load current (current flowing into the A-phase line prior to
the fault) upon the pure fault positive-sequence current /7F at the fault. As a
general rule, the A-phase element becomes insensitive to a fault when the ratio
of the load current over pure fault positive-sequence current 7/F assumes low

values. This occurs when either the fault resistance R is high (and

consequently the pure fault positive-sequence current I/F is reduced) or the
network impedances are increased (and consequently the pure fault positive-

sequence current IIF is reduced). In cases where load current I, is close to
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zero, the A-phase fault current ratio %% is independent from the fault

resistance, the sources magnitudes and phase angle difference. As a result,
. IAR ‘

the A-phase fault current ratio L depends only upon the network

impedances and the distance d to the fault.

As noted above, in some instances, the phase elements 111, 112 and
113 can become insensitive to a fault due to a decrease in the pure fault
positive-sequence current I1F below a threshold value, depending on either the

fault resistance R, or the value of the positive- and zero-sequence source

impedances. Referring to equatlon (23) there are two sntuatlons where the

pure fault posmve sequence current I1F is reduced such that the load to pure
fault current ratio IIIL?T is increased to a point where the associated A-, B- and

C-phase element 111, 112 or 113 loses its sensitivity and therefore does not

.properly detect a fault. In one situation, the pure fault positive-sequence

current I1F may be reduced via increasing the fault resistanceR,. Fora
single phase-to-ground fault, there is a maximum value of fault resistance R,

beyond which the associated phase element 111, 112 or 113 becomes blind to

the fault. Thus, for a fault resistance R, higher than a threshold value, the

phase elements 111, 112 and 113 become blind to the fault,

Resolution of an Internal Single-Phase-to-Ground Fault--Sequence Elements
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Under normal conditions, unlike the A-, B- and C-phase elements 111-

113, the zero-sequence element 114 and the negative-sequence 115 operate

irrespective of a magnitude of the fault résistance R, and are therefore

considered more “sensitive” to fault conditions. Accordingly, the sequence
elements 114 and 115 are typically added to a relay’s current differential
protective scheme in prder to detect highly resistive faults that may go
undetected by phase eléments 111-113 that have become insensitive to the

fault.

For example, referring again to equations (11)-(18) and FIGs. 4 and 5,

the current ratio of the zero-sequence currents (“zero-sequence current ratio”)

4t the extremities of the transmission line 152 is:

I0R _(1-C0)I0F (1-C0) _ _ d ZL0+ZS0

= (28)
I0L  CO IOF co0  (I-d)ZLO+ZRO
Similarly, the current ratio of the negative-sequence currents (‘negative-
sequence current ratio”) at the extremities of the transmission line 152 is:
I2R _(1-c)IIF _(1-Cl)  dZLI+ZSI (29)

2L CI IIF cl  (I-d)zLI+ZRI
As shown in equations (28) and (29), neither the zero-sequence current

ratio nor the negative-sequence current ratio are dependant on the load current
I,,, the load angle, the pure fault positive-sequence current ratio —j—?%— 192 or

fault résistance R,. Instead, the current ratios are only dependant on the
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sequence current distribution factors €0, C1 and accordingly, on the fault

~location d and the sequence network impedances (e.g., ZR1, ZL1, ZS1).

[0080] As a result, if the impedances associated with the first and second
generators 154, 156 are equal, and the fault location d 162 is equidistant from

both the first and second generators 154, 156, both the zero-sequence current
ratio% and the negative-sequence current ratio %‘% yield trajectories equal

to (1, 0) in the alpha plane 140; i.e., trajectories in the trip area 144.

[0081] In order to accommodate natural unbalances (e.g., unbalanced current
transformers) in the power system network 10, however, the zero-sequence
and negativé;sequence élemen;ts 114 and 115 of FIG. 3 utilize. a minimum
sequence (negative or zero) differential pick-up current. As a result, they will

lose sensitivity beyond a very high value of the fault resistance R, .

[0082] As noted above, the load current I,, is the current that existed in the

transmission line 152 prior to an occurrence of the fault. Referring again to the

A-, B- and C-phase elements 111-113, equation (21) and equation (30), if the

load current I,,, is removed from the A-phase current ratio %, like the zero-

sequence current ratio %—ﬁ and the negative-sequence current ratio % the

A-phase current ratio depends only on the sequence current distribution factors
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C0, C1 and accordingly, on the fault location d 162 and the sequence network

impedances ZR1, ZL1, ZS1, and not on the fault resistance R .

IAR-IAR, .. [2(1-CD)+(1-CO)IIF~1,, +1,,]
IL-I4L,,  (2CI+CO)IIF+1,, -1,
2(1-c)+(1-co)
2CI1+CO0

preflt

(30)

As a result, via removing the load current I,, from the calculation of the

phase current ratios —E}E 1BR and H, the A-, B- and C-phase elements

L’ IBL ICL

'111-113 may become immune from the undesirable effects of the higher fault

resistance R, during normal operation.

As noted above, in cases where the appropriate phase element fails to
respond due to a high fault resistance, one or both of the sequence elements
114, 115 will typically pick-up upon an occurrence of a fault because they will
respond irrespective of the fault resistance. There are however, situations
where the zero-sequence element 114 and the negative-sequence 115 may

also fail to operate properly at high fault resistance R , .

If (1) an occurrence of a faulted phase (e.g., a B-phase-to-ground fault)
results in a B-pole open condition, and then (2) a fault occurs on one or both of
the remaining two phases (e.g., an A-phase-to-ground fault), the zero-

sequence element 114 and/or the negative-sequence 115 may fail to operate
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properly for highly resistive faults (i.e., high fault resistance ) R, . As illustrated

below using, (A) calculations of a pole-open only (pre—fault condition), followed
by (B) calculations of the pole-open condition with the additién of é concurrent
single phase-to-ground fault (a post-fault condition), the failure of the sequence
elements to operate for highly resistive faults may be shown.
Resolution of a B-Phase Pole Open condition—Pre-fault Calculations

[0086] FIG. 7 is a sequence network diagram 200 that may be used to resolve a
B-phase pole open condition occurring subsequent to a B-phase fault on the
transmission line 152 (see also, FIG. 5). Referring to FIG. 7, in conjunction with
FIG. 5, the positive-sequence node (N1) includes a left-side source positive-
sequence impedance ZS1 201, a right-side source positive-sequence
impedance ZR1 203, and a Iine'positive—sequenc‘e irﬁpedanceZLl 202.
Similarly, the negative-sequence node (N2) includes a left-side source
negative-sequence impedance ZS2 205, a right-side source negative-
sequence impedance ZR2 207, and a line negative-sequence impedance ZL2
206. The zero-sequence node (NO) includes a left-side source zero-sequence
impedance ZS0 209, a right-side source zero-sequence impedance ZR0 211
and a line zero-sequence impedance ZL0 208. |

[0087] As noted above, it is assumed that only that a B-phase pole is open (i.e.,
the pre-fault condition), followed by calculations that include the addition of an

A-phase-to-ground fault while the B-phase pole remains open. Itis also
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assumed that the B-phase pole is open between two points, x and y. Thus,

the sequence Avoltages VoV Vo,y between x and y may be expressed as:

Vi, ; l a ] a’ VA, ,
V2, =3 1 a’ | VB (31)
Vo, 11 1){rc,
[0088] As is known, the “a” used in the matrix of equation (31) represents the
complex operator 1 .£120°. Because in the B-phase pole open situation, VA4,,
and VC,, are zero, then:
Vi, =(13)avB,
V2, =(1/3)a’ VB, : (32)
vo, =(1/3)vB,
[0089] It is further assumed that the B-phase current is zero such that:
IB=a’IIL+aI2L+I0L=0 (33)

and that three ideal transformers of FIG. 7 imblement the two voltage and one
current constraints.

[0090] The sequence network diagram 200 of FIG. 7may be used to resolve
unknown positive-, negative- and zero-sequence currents J1L 212, I2L 214

andI0L 216, as follows:

ZL1+ZS1+ZRI 0 0 a 11L VA-VB
0 ZL1+ZS1+ZR1 0 a || 12L | | 0 (34)
0 0 ZL0+ZS0+ZR0O 1 10L 0
a’ a 1 0 ) \(7/3)B,, 0
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[0091] Using the following variables:

AV =VA-VB 4
m=ZLI1+ZS1+ZR1=Z7ZL2+ 752+ ZR2
n=ZL0+ ZS0+ ZR0
m, = —(I—-d) ZLI - ZR1 (35)
n, =—(1~d) ZL0- ZRO
p=m+m =dZL1+ZS1=d ZL2+ ZS2
g=n+n=dZL0+ZS0=d ZLO+ ZS0

in the Gaussian elimination process, the pre-fault sequence currents

nr,..,I12L, ., 0L, during the B-phase pole open condition may be
expressed as:
AV (m+1)
I1L =-JIR = 36
‘ preflt prefit m (m +2 7’!) ( )
adV n
I12L, . =-12R . =——F—— 37
preft T (m+ 2 n) (37)
a’ AV
I0L .. ==I0R 0 =~ — (38)
[0092] ~ Following the same reasoning, the A-phase pre-fault current on the left-
side during the B-phase pole open condition, denoted as /4L, , may be
computed as a sum of the three sequence currents I1L . ,, I2L ., I0L,, "
— 2 —
L, =4 (1-a?)+n 4V (1-a) 39)

m (m+2n)
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The A-phase pre-fault current on the right-side, denoted as 4R, , is

the opposite of I4L ;-

m AV (J—a2)+n 4V (1-a)
m (m+2 n)

IAR (40)

prefit =

Resolution of an Internal A-Phase-to-Ground Fault During a B-Phasie Pole
Open Condition—Fault Calculations

The addition of the A-phase-to-ground fault to the B-phase pole open
condition calculated above (i.e. the pre-fault condition) yields a new sequence
network diagram. For example, FIG. 8 is yet another sequence network
djagram‘ZZO that may be used to resolve an A-phase-to-ground fault occurring
during the"B-pha'se pole op‘en‘ condition 6f the transmission line of FIG.5. |
Referring to FIG. 8 in conjunction with FIG. 5, the positive-sequence node
includes the left-side source positive-sequence impedance ZS1 201, the right-
side source positive-sequence impedance ZR1 203 and the line positive-
sequence impedance ZL1 202. Similarly, the negative-sequence node includes
the left-side source negative-sequence impedance ZS2 205, the right-side
source negative-sequence impedance ZR2 207 and the line negative-
sequence impedance ZL2 206. The zero-sequence node includes the left-side
source zeré—sequence impedance ZS0 209, the right-side source zero-
sequence impedance ZR0 211 and the line zero-sequence impedance ZL0

208.
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[0095] As illustrated, the sequence network diagram 220 of FIG. 8 is equivalent
to the sequence network diagram 200 of FIG. 7 with the addition of the A- |
phase-to-ground fault. after occurrence of the A—phase—to-ground fault, the new
sequence currents I1L 222, 2L 224 and I0L 226 may be expressed as

Equation (41) where:

ZLI+ZS1+ZRI 0 0 ~(1~d)zL1-2ZRI a 1L AV

0 ZL2+7Z82+ZR2 0 —(1-d)zL2-zR2 4% || I2L 0

0 0 ZL0+7S0+ZR0 —(I-d)ZLO-ZRO I 0L |=| 0

Z81+d ZL1 782+d ZL2 780+d ZLO 3R 0 IF VA

a? a 1 0 o )\W3wB,) o

[0096] Again, using the Gaussian elimination process, the pure fault positive

“sequence current I1F at the fault location (fault current 228) and the left-side’ -
sequence currents J1Z 222, I2L 224 and I0L 226 after the A-phase-to-

ground fault may be expressed as:

-2a’m AV(—0.5p—q)—AVp(]—a)(m+2 n)+2mVA (m+2 n)

IIF =
2m(—0.5p—-q)(m1+2n1)—3pm1 (m+2n)+6Rf m(m+2n)
2
—a‘ A
Jor=—%AV_m+2n g (43)
m+2n m+2n
- 2 2 -
9] = adV'n N a’ m+ n,_ml(l a) IIF (44)
m(7n+2n) 2 m+2n 2m
2 .
HL=AV(m+n)+ am + L m (a 1) IIF (45)
m(m+2n) 2 m+2n 2m
[0097] Following the same reasoning, the A-phase current on the left-side after

the A-phase-to-ground fault, denoted as I4L , may be computed as a sum of
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the three left-side sequence currents I1L 222, I12L 224 and I0L 226 after the

A-phase-to-ground fault:

IAL=AV(m+n)+ —adVn _aZAV+ 32_+3_] m+2m +m1(a2—2+a) 1P (46)
m(m+2n) m(m+2n) m+2n m+2n 2m

[0098] The right-side sequence currents 71R 230, /2R 232 and I0R 234 after

the A-phase-to-ground fault may be expressed as:

2
Jop=24V ,P¥24 11p (47)
m+2n m+2n

2
2R=—0AVn [, @ mt2m m(l=a)) . (48)
m(m+2n) 2 m+2n 2m

2 . .
11R=fol+[1_£ k2 m o ‘1)] 117 - (49)
; .m(m+2n) 2 m+2n 2m :

[0099] Similarly, the right-side A-phase current after the A-phase-to-ground
fault, denoted as I4R, is equal to the sum of the right-side sequence currents

I1R 230, I2R 232 and I0R 234:

2
a a
+2g—-| —+— +2
p q[.z 2}”71 "1)

AV (m+n) | adVn a2 AV |2+

IR = m(m+2n) m(m+2n)+m+2n-l~ m+2n ‘ HE (50)
: _my !a2;2+a!
2m
[00100] Referring to equations (43) — (45) associated with the left bus 158 (see,

FIG. 5), equations (47) — (49) associated with the right bus 160, and the pre-

fault sequence current equations (36) — (38), the equations for the sequence
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currents at both extremities (i.e., the left and the right) include a first pre-fault

—a*AV

P m42n

term (e.g., I0L,,, =———) and a second term that is proportional to .the, pure
. m .

fault positive sequence current J1F . Thus, by substituting equations 36-38 into

equations 43-45 and 47-49, we note that for the right side and left side

sequence currents we now have:

m;+2n;

I0L=10L oy ——

11F

+2n

2 _
12L=12L,,, _{a__ my+2n;  my {7 a)] 1IF

2 m+2n 2m
2—
[IL =1L, +| 27520, 1 @ =1)),
2 m+2n 2m

. ' p+2q S
IOR=1I0R +—=JIF
Pt v 2n

2

2 -
[2R=12R 0 + ] a Mt "1+m1( a) JIF
2 m+2n 2m

2—-—
IIR:I]RPreﬂt'I' ]__a_m1+2n1_m1(a 1) IIF
2 m+2n 2m

Similarly, the left- and right-side A-phase current equations (46) and (50)

may be expressed as:

3({m+2n m
JAL = IAL o —=| LA+ =L |IIF
preflt 2( m+2n m

and:

IAR = IAR o +| 2+ 222 q=050m+2m) 3m ) g
m+2n : 2m

44

(1)

(52)

(53)

(54)

(59)

(56)

(67)

(58)



[00102]

[00103]

[00104]

WO 2007/086944 PCT/US2006/035175

In view of sequence currents at both extremes (i.e.,
IOL, I2L, I1L, IOR, I2R, I1R)eéxXpressed in-equations (51) through (56), the ‘

current / may be expressed in a general form corresponding to:

I=1I,on + func(d, ZS1, ZL1, ZR1, ZS0, ZLO, ZRO) I1F (59)

Accordingly, any current, either phase- or sequence-, may be expressed
as the sum of the current existing before the fault, plus the product of a function
“func” by the pure fault positive sequence current 7/F flowing into the fault in

its respective sequence network. Also, as illustrated above, the function “func”

- is a function of the fault location d 162 and network impedances only. Further,

the pure fault positive sequence current J/F is a function of the fault location d
162, network impedances, the voltages generated by the first and second

generators 154, 156 and the fault resistance R, :

IF = func (d, ZS1, ZL1, ZR 1, ZS0, ZL0, ZR O,Rf, VA, VB) (60)
Thus, the current ratio of the A-phase element 111 (see, FIG. 3) during

an A-to-ground fault under a B-phase pole open condition is provided as: -

~0. 2 3
4R +| 2+ 224 05(m +2m) , 3m) ;)
IAR _ p m+2n 2m 1)
IAL 3(m+2n  my
I4AL - | ——+—+|IIF
prefit 2( m+2n m
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where the pure fault positive sequence current I1F is given as a function

of the distance d to the fault, the network impedances and the two sources

voltages.

Like the case of three pole-tripping schemes, equation (61) shows that
the current ratio trajectory of the A-phase element 111 (see, FIG. 3) for a single
pole-open condition is dependant upon the fault location d, the network

impedances, the source voltages VA and VB, and the fault resistance R,. As

expected, for an A-phase-to-ground fault applied at a fault distance d of 33
percent from the left bus 158, during a B-phase pole-open condition, the A-
phase element 111 becomes insensitive to the fault at a threshold fault

resistance R py

Further, in contrast to the case of the three pole-tripping schemes where
the zero-sequence element 114 and the negative-sequence element 115 are

independent from the fault resistance R, , during a B-phase pole-open

condition and an A-phase to ground fault, both of the zero-sequence element
114 and the negative-sequence element 115 are dependant on the pure fault

positive sequence [IF and consequently on the fault resistance R, and the

source voltages as illustrated by equations (62) and (63):

“a2 AV_m1+2n1 _I]F
I0L  m+2n m+2n (62)
I0OR &
a AV+p+2qHF

m+2n m+2n

46



WO 2007/086944 PCT/US2006/035175

—adVn _{_c_zi (m1+2 n,)+m, (I—a))HF

12L 'm(m+2n) 2 m+2n 2m , (63)
I2R - 2 ' _
adVn + ]_a_m1+2n,+m, (1 a) IIF ,
m (m +2 n) 2 m+2n 2m
[00107] As a result, under conditions of a single pole-open and an occurrence of

a single-phase-to-ground fault, the zero sequence element 114 and the
negati\)e sequence element 115 may become insensitive to the fault. When

plotted on an alpha plane (see, FIG. 4), it can be shown that the zero-sequence
. . I0L . . . .
current ratio trajectory ToR of equation (62), with varying fault resistances,

becomes insensitive to the A-phase-to-ground fault at a particular fault

resiétance threshbld ;

[00108] Similarly, when plotted on an alpha plane, it can be seen tha’:t the
. L 2L : . .
negative-sequence current ratio trajectory 3R of equation (63), with varying

fault resistances, becomes insensitive to the A-phase fault at a particular fault
resistance threshold. For example, FIG. 9 is yet another alpha plane 260 that
may be ﬁsed to plot the negative-sequence current ratio trajectory of the
transmission line of FIG. 5 under the conditions of FIG. 8. As illustrated in FIG.
9, the alpha plane 260 includes the stability area 242. For a fault distance d of
33 percent from the left bus 158, and for increasing fault resistances (i.e., 0 to

100 ohms in 10 ohm increments), the negative-sequenée current ratio trajectory
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%— enters the stability area 242 at about 27 ohms. Thus, like the A-, B-, and

C-phase e_[efnents 111-113, the negative-sequence element 115 loses it -

sensitivity at a particular fault resistance R, under conditions of an pole open

and a concurrent phase-to-ground fault.
Summary of Equations (1) through (63)

[00109] In summary, as illustrated by a comparison of equations (21), (22) and
(23) to equations (28) and (29), unlike the A-, B~, and C-phase elements 111-
113 that do not operate properly at higher fault resistances during a single-
phase-to-ground fault, neither of the zero-sequence and negative- sequence

elements 114, 115 is dependar'\t. on the fault resistance R, and t.herefore can

operate properly at higher fault resistances to detect any faults. As illustrated
by equation (30) however, removal of the load current existing prior to the fault
(see, equation (21)) removes the dependency of the A-, B-, and C-phase
elements 111-113 on the fault resistance, thereby restoring their ability to
operate properly at higher fault resistances. During a three-phase fault , the A-,
B-, and C-phase elements 111-113 operate. prope‘rly to detect a fault while the
zero-sequence and negative- sequence elements 114, 115 do not operate due

to the “balanced” conditions.

[00110] Further, as illustrated by FIG. 9.and equations (62) and (63), under

conditions of single pole-tripping applications with one phase open (e.g., a B-
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phase pole-open) and a concurrent single-phase-to-ground fault (e.g., an A-
phase-to-ground fault), all of the A-, B-, and C-phase elements 111-113 and the
zero- and negativé—sequence elements 114, 115 are at risk of becoming

insensitive to a fault at higher fault resistances R,. Therefore, while not a

common occurrence, a pole-open condition with a concurrent single-phase-to-
ground fault may cause detrimental consequences to the power system 10

when the fault goes undetected.

Referring again to equations (32) through (40) and FIG. 5, during a B-
phase pole-open condition, it should be noted that there are negative-sequence
currents and zero-sequence currents flowing in the transmission line 152.
Accordingly, the zero-sequence eIeAme'nt‘1 14 énd the negative—seque'n.ce
element 115 respectively process the negative-sequence currents and zero-
sequence currents flowing in the transmission line 152 as if they resulted from
an external fault. Consequently, either the zero-sequence element 114 and/or
the negative-sequence element 115 may not pick-up, or operate, even during
an occurrence of a fault. Again, detrimental consequences may result to the

power system 10 if the fault goes undetected.

As described below in multiple embodiments of the invention, when each
of the pre-fault sequence currents calculated during the B-phase pole open

condition, 12L ., I0L,., I2R, . IOR,, (see, equations (36) through (38)) is

preflt, preflt, preflt,

removed from corresponding zero-sequence current ratio calculations 70L/I0R
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and corresponding negative-sequence current ratio calculations I2L/I2R, the

ratios become independent of the current flowing into the fault and

consequently, independent from the fault resistancé R, and the two sources

voltages as illustrated by equations (64) and (65). Accordingly, during any
single-pole open condition with a concurrent single-phase-to-ground fault, the
zero-sequence element 114 and the negative-sequence element 115 will pick-

up, or properly operate, for any fault resistance values.

_my+2n 11

I0L—10L,y _ m+2n _—(m, +2n)) ©4)
IOR - IOR,,, pP+t2q ;1p p+2q

m+2n

a’ m+2n m (I-a)
I2L-12L,y 2 m+2n 2m ©5)
I2R~I2R g, @’ my+2m m, (1-a)

2 m+2n 2m
[00113] The zero- and negative-sequence current ratios that include removal of

their corresponding pre-fault sequence currents are referred to heréin as
“compensated” sequence current ratios. Thus, equation (64) represents a
compensated zero-sequence current ratio formed from the compensated local
and remote zero-sequence current, and equation (65) represents a
compensated negative-sequence current ratio formed from the compensated

local and remote negative-sequence current.
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[00114] FIG. 10 is yet a further alpha plane 280 illustrating the compensated vs.
non-compensated negative-sequence current ratio trajectories during a single-
pole op'en‘condition and concurrent single—phase-to—ground fault, according to
an embodiment of the invention. As illustrated in FIG. 10, despite the
occurrence of the A-phase-to-ground fault, a first trajectory 282 representative

“of the non-éompensated negative-sequence current ratio falls within the
stability area 242. Accordingly, the A-phase-to-ground fault remains
undetected by the negative-sequence current element 115; the negative-

sequence current element 115 is insensitive to the fault.

[00115] Conversely, a second trajectory 284, representative of the compensated
negative-sequencé current ratio where the 'pre‘-fault sequence current“is‘ o
removed, does not fall within the stability area 242. Rather, it falls in the trip
area. Accordingly, the A-phase-to-ground fault is detected by the negative-
sequence current element 115 during the pole open condition; the negative-
sequence current element 115 is sensitive to the fault and operates properly.
Thus, as shown above, removal of the pre-fault sequence currents during a
phase-to-ground fault with a concurrent pole-open condition renders both of the
negative-sequence element 115 and the zero-sequence element 114

independent of the fault resistance R, and therefore restores their sensitivity

to properly detect faults.
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Impact of Transmission Line Length on the Pickup Settings for the Phase and

[00116]

Sequence Elements

Referring again to FIG. 1 and FIG. 3, in addition to a load current
component, a long transmission line typically includes a shunt or charging
current component. Thus, unlike the short transmission line of FIG. 5, at the
extremities of a long transmission line, each of the A-, B- and C-phase currents
will include a shunt component representing the current drawn by the shunt
capacitance, and a load current component representing the current flowing in
the transmission line. Because at a low load, corresponding local and remote

shunt currents will have a phase difference close to zero degrees, each of the

- Jocal and remote shunt currents is perce_ivéd by the A-phase element 111, the

[00117]

B-phase element 112 and the C-phase element 113 as an internal fault. Thus,
the pickup current setting for each of the A-phase element 111, the B-phase
element 112 and the C-phase element 113 is preferably selected to be equal to
a value that is twice the maximum shunt current to avoid erroneous relay

operation.

For the zero-seduence element 114 and the negative-sequence element
115, under conditions of three-pole tripping practice, the shunt components of
the A-phase, B-phase and C-phase currents are balanced, yielding an almost
zero negative-sequence and zero-sequence current and rendering the impact
of shunt currents on the zero-sequence element 114 and the negative-

sequence element 115 negligible. Under conditions of a single-pole tripping
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practice however, the shunt components of the A-phase, B-phase and C-phase
currents are unbalanced. As a result, the shunt components are seen by the |
zero-sequeh'ce‘and the negative-éequencé elements 114, 115 as an internal -
fault. Thus, the pickup current setting for each of the zero-sequence and the
negative-sequence elements 114, 115 is preferably equal to twice the
maximum phase shunt current (where the zero-sequence and the negative-
sequence shunt current at each extremity is equal to one-third of the magnitude

of each shunt phase current).

Implementing Removal of the Pre-fault Current from the Current Ratios Utilized by

the Sequence Elements

[00118]

Implementiﬁg removal of the pre—fauylt'sequence current may be
accomplished in one of any number of ways. For example, FIG. 11 is an
exemplary logic circuit diagram 300 for compensating the sensitivity of a
negative-sequence element scheme of the local line current differential relay
50, according to an embodiment of the invention. The remote line current
differential relay 52 may be identically configured and operable. Although
illustrated'using the negative-sequence element 115, it should be understood
that the logic of FIG. 11 is equally applicable to the zero-sequence element 114
as well as to all three phase elements 111, 112 and 113 of the local line current
differential relay 50. Further, the logic of FIG. 11 is also applicable to phase

and sequence elements of other suitable protective relays.
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FIG. 11 shows first and second negative-sequence elements 302, 304,
similarly configured and oper'ablen as described in connection with FIGs. 3 and
4. Unlike FIG. 3 however where only one negative-sequence element is
included in the relay logic, inclusion of the second negative-sequence element
304 enables the local differential relay 50 to respond to additional power
system conditions. As described below, the first negative-sequence élement
302 utilizes conventional phasor inputs while the second negative-sequence

element 304 utilizes compensated inputs.

Also included are first and second delta filters 306 and 308. The first
delta filter 306 includes a first phasor input configured to receive a local
negative-sequence current phasor 509 I2L,anda firstoufput configured to
provide a local delta filter output signal 311, in this case a compensated local
negative sequence current phasor, to the second negative-sequence element
304. Similarly, the second delta filter 308 includes a second phasor input
configured to receive a remote negative-sequence current phasor 313 I2R,
and a second output configured to provide a remote delta filter output signal
315, in this case a compensated remote negative-sequence current phasor, to

the second negative-sequence element 304.

Logic circuit diagram 300 also includes first and second timers 310 and
312, first and second AND-gates 314 and 316, and first and second OR-gates
318 and 320. In general, such timers are used to delay issuance of a trip signal

to an associated breaker in the event of a fault where a magnitude of digitized
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current signal (representative of a measured secondary current) is greater than
or equal to a,predetermined pickup value. More specifically, in addition to
being used to deléy issuance of a trip signal, under certain conditions the first
and second timers 310, 312 are independently used to delay operation of the

first and second negative sequence elements 302, 304.

For example, when enabled via an occurrence of a single pole-open
condition (occurring subsequent to the clearing of a phase-to-ground fault), the
first timer 310 prevents the second negative-sequence element 304 from
operating for a number of power cycles, for example, four power cycles. This
delay provides the time necessary to ensure that constant shunt current
present in the protec;ted line is fembved from the local and remote delta filter
output signals 311, 315 received by the second negative-sequence element
304. While described as preferably having a four power cycle time-out period,
it is contemplated that the first and second timers 310 and 312 may have other
time-out periods, such as five power cycles or three power cycles, depending

on the parameter settings of the associated protective relay.

~ Similarly, when the poles are closed upon conclusion of a three-phase
pole-open condition (e.g., the conclusion of a maintenance event or an
automatic reclosing), a binary low value at the inverting input of the second
timer 312 initiates a second timer countdown. During the second timer
countdown, a binary high value for the second AND-gate output signal 337

temporarily prevents the second negative-sequence element 304 from
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operating for a number of power cycles of the second timer countdown, for
example, five power cycles. Upon expiration of the second timer 312, operation

of the éecohd negative-sequence element 304 resumes.

The first AND-gate 314 includes one inverting input configured to receive
a first timer output, one non-inverting input configured to receive a first inhibit
logic signal 330 upon an occurrence of a single pole-open condition and an
output configured to provide a first AND-gate output signal 333 to the second
OR-gate 320. The second AND-gate 316 includes two inverting inputs, one
configured to receive a second timer output signal and one configured to

receive a three open-pole logic signal, and an output configured to provide a

- second AND-gate output signal 337 to the second OR:gate 320. The first OR-

gate 318 includes an input configured to receive an 87L2_A output signal, or a
first negative-sequence element output signal 341, and an input configured to
receive an 87L.2_B output signal, or a second negative-sequence element
output signal 343. The first OR-gate also includes an output configured to
provide an 8712 output signal, or a final negative-sequence output signal 332.
A binary logic high value for the final negative—sequence output signal 332

indicates a trip condition (e.g., one of the negative-sequence current ratios

I 2%2 I has a trajectory in the trip area of the associated alpha plane), while a

binary logic low value for the final negative-sequence output signal 332
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indicates no trip condition (e.g., both of the negative-sequence current ratios

I 21%2 7 have a trajectory in the stabillty area of the associated alpha plane).

As mathematically explained above, removal of the pre-fault sequence
currents during a phase-to-ground fault occurring during a concurrent pole-
open condition renders operation of the associated sequence element

independent from the fault resistance R, and therefore restores the sensitivity

of the associated element. One of a number of suitable schemes to remove
pre-fault sequence currents, inclusion of the first and second delta filters 306

and 308 enables removal of the pre-fault negative sequence current from the

negative-sequence current ratio 2%2 1 » according to an embodiment of the

invention.

FIG. 12 is a more detailed diagram of the first delta filter 306. The
second delta filter 308 is identically configured and operable to the first delta
filter 306. Referring to FIG. 12, the first delta filter 306 includes a delay filter
322 and an adder 326. The delay filter 322 includes an input to receive a time-
inVa’riant form of the local negative-sequence current phasor 309 I2L. An
output of the delay filter 322 provides a local reference signal 323 to an adder
326. The local reference signal 323 ié a delayed phasor provided by the delay
filter 322 as a delayed version of the local negative-sequence current phasor
309 I2L. The delay is equal to a predetermined number of power cycles

determined by a delay timer interval DT . For example, if the delay time

57



[00127]

[00128]

WO 2007/086944 PCT/US2006/035175

interval is two, then two power cycles after it is received by the delay filter 322,
the local negative-sequence current phasor is provided to the adder 326 as the

local reference sighal 323.

When received by the adder 326, the local reference signal 323 is
subtracted from the local negative-sequence current phasor 309 2L to form
the local delta filter output signal 311. Accordingly, the local delta filter output
signal 311 is equal to the time-invariant form of the local negative-sequence
current phasor 309 2L minus the same time-invariant form of the Iécal
negative-sequence current phasor /2L, delayed by the delay time interval DT .

Thus, upon a phase-to-ground fault, the local delta filter output 311 is equal to

‘the negative-sequence current minus the negative sequence pre-fault current,

but only during the subsequent delay time interval DT . It should be noted that
although some operational aspects of the delta filter 306 are included herein, a
more detailed description of the delta filter is provided by U. S. Patent No.
6,417,791, entitled “Delta Filter with an Adaptive Time Window for Protective
Relays”, issued on July 9, 2002, to Benmouyal et al., the contents of which are

hereby incorporated by reference.

Referring again }to FIG. 11, operation of each of the first and second
negative-sequence elements 302 and 304 is determined by the conditions and
configuration of the power system 10. In general, both of the first and second
negative-sequence elements 302, 304 operate simultaneously. It should be

noted however, that when no poles are open and no fault is occurring, the
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power system 10 is “balanced”. Asa result, each of the local and remote Qelta
filter output signals 311, 315 is almost zero, yielding a binary logic low value for
the second negative-sequence élemenf output sighal 343. .Othe'r operation
conditions of the logic of FIG. 11 include:

« When not enabled in the reléy by way of an operator-entered setting, an
enable single-pole tripping signal 335 prevents operation of the second
negative-sequence element 304 via a binary logic high value for the second
inhibit logic signal 339 provided by the second OR-gate 320.

« During normal power system operation with the enable single-pole tripping
signal 335 enabled, both the first and second negative-sequence elements
302 and 304 operate simultaneously.

« When nd singie-pole open condition ié detected, neither of the first nor
second inhibit logic signals 330, 339 is enabled and consequently both of
the first and second negative-sequence elements 302 and 304 are allowed
to operate. Upon conclusion of the three pole-open condition (i.e., closing
of the transmission line) however, a binary logic high value for the second
AND-gate output signal 337 temporarily prevents operation of the second
'n,egative-sequence element 304 for a number power cycles determined by
the second timer 316. In other words, upon conclusion of the three pole-
open condition, the second inhibit logic signal 339 has the binary logic high
value for the predetermined number of power cycles. During that time

however, the first negative-sequence element 302 continues to operate.
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« Upon an occurrence of a single-phase pole-open condition, the first inhibit
logic signal 330 has fthe binary logic high value as long as the single-phase
pale-open condition pérsists; the first negative-sequence element 302 is
disabled. Concurrently, the second negative-sequence element 304 is
temporarily disabled for a number of power cycles determined by the first
timer 310. Upon expiration of the first timer 310, operétion of the second
negative-sequence element 302 resumes. As will be described below,
temporary disabling of the second negative-sequence element 304 enables
shunt current components to be removed from the local and remote delta
filter output signals 311, 315 utilized by the second negative-sequence

element 304.

More specifically, referring to the first negative-sequence element 302,
during normal operation, when the first inhibit logic signal 330 is, for example, a
binary low value (e.g., a logic 0), indicating the absence of a pole-open
condition on the monitored line, the first negative-sequence element 302
utilizes the local negative-sequence current phasor 72L 309 and the remote
negative-sequence current phasor I2R 313 to determine the (binary) value of
first negative-sequence element outbut signal 341 as described in connection
with FIG. 3. If the first negative-sequence element output signal 341 has a

binary low value, then the trajectory of the corresponding negative-sequence

current ratio £ 21%2 I is in the stability area of the alpha plane, indicating that

no internal fault exists in the monitored single-phase line. If the first negative-
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sequence element output signal 341 has a binary high value, then the trajectory

. of the corresponding negative-sequence current ratio I 2%2 I is in the trip area

of the alpha plane, indicating that an internal fault does exist in the monitored -

line.

Although continuously receiving the local and remote delta filter output
signal ‘311, 315, operation of the second negative-sequence element 304 is
“transparent” in the absence of a pole-open condition on the monitored line, as
the second negative-sequence element output signal 343 is a binary low signal.
When a single pole-open condition is detected however, a binary high value of
the first inhibit logic signal 330 inhibits/blocks operation of the first element 302
during the time period of the single pole'—openA condition. In éddition, fora
number of power cycles determined by the first timer 310, a binary high value of
the first AND-gate output signal 333 and consequently the second inhibit logic
signal 339 temporarily prevents the second negative-sequence element 304
from operating. Upon expiration of the first timer 310, a binary low value of the
first AND-gate output signal 333 and the second inhibit logic signal 339 enable

resumption of second negative-sequence element operation.

Temporarily inhibiting operation of the second negative-sequence
element 304 for a period of a few power cycles prbvides the time necessary to
remove any undesirable shunt current effects appearing in the local and remote

delta filter output signal 311, 315. As discussed above, such shunt current
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components are included in the local and remote negative-sequence current
phasors 309, 313 (and the zero-sequence currents) upon an occurrence of the
single open-pole condition as the power system 10 transitions from a balanced

state to an “unbalanced” state.

As described in connection with FIG. 12, the local reference signal 323 is
equivalent to the local negative-sequence current phasor 309 delayed by the
delay time interval DT . Although the time delay interval DT is preferably less
than the countdown period of both the first and second timers 310 and 312, it is
contemplated that the time delay interval DT may be equal to the countdown

period of one or more of the first and second timers 310 and 312.

Implementation of bre-fault sequencé current removal via use of thé
delta filter has a limitation. That is, upon a phase-to-ground fault, the local and
remote delta filter output signals 311, 315 provide the compensated negative-
sequence current for only the time period of the delay time interval DT ; in the '

instant case, for the two power cycles of the time delay interval DT . This

limitation is the result of a constantly changing local and remote reference'

signal 323, 325.

For example, referring again to FIG.12, assuming a delta filter delay of 2
cycles, upon an occurrence of a fault at t=0, the local delta filter output signal
311 is equal to the fault local negative-sequence current phasor occurring at

t=0 minus the local negative-sequence current phasor existing two power
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cycles before the fault (i.e., t=-2). Similarly, at t=1, the local delta filter output
signal 311 is equal to the fault Ioca‘I negative—seﬂquence current phasor
occurring at t-¥1 minus the local negative-séquehce current phasor existing one
power cycle before the fault (i.e., t= -1). During the time period occurring
between t=0 and t= 2 power cycles, the local delta filter output signal 311
remains equal to the fault sequence current phasor minus the sequence current
phasor existing before the fault occurrence. At t= 2 power cycles however,
the local delta filter output signal 311 becomes zero because two power cycles
after t=0, the local delta filter output signal 311 equals the fault sequence

current phasor 309 minus the same fault sequence current 323. Accordingly,

_upon an occurrence-of a fault, the local delta filter output signal 311 will be

equal to the fault negative- (or zero-) sequence current phasor minus the pre-
fault negative- (or zero-) sequence current phasor; but only for a time interval

equal to the delay time interval DT . -

In some cases, it may be desirable prevent the limitation resulting from |
the delay time interval DT and instead maintain the local and remote reference
signals 323, 325 that reflected the pre-fault negative sequence current just prior
toan occurrénce of the fault for a ti’me period longer thén the delay time
interval DT . FIG. 13 is a latching delta filter system 350 that may be used to
maintain the local and remote reference signal 323, 325 for a time period

longer than the delay time interval DT .
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Referring to FIG. 13,'the fatching filter system 350 includes a local
latching delta filter 352 a,ndv a remote latching filter 354 operatively coupled to a
létc'hing and toggle control cir;:uit 356. Alfhough only the local latching delta
filter 352 is shown is shown in detall, it should be understood that the remote
latching delta filter 354 is configured and operable as described in connection

with the local latching delta filter 352.

The local latching delta filter 352 includes a first input configured to
receive the local negative-sequence current phasor 309, a second input
configured to receive a latching signal 351, a third input configured to receive a
toggle control signal 353, and a output qonfigured to provide local latching delta
filter output signal-355 to the sédond negative-sequence element 304. The |
local latching delta filter 352 also includes the delay filter 322, the adder 326, a
latched memory register 358, and a toggle switch 360 operatively coupled to
the delay filter 320, the adder 326 and the latched memory register 358. The
latched memory register 358 includes an input for receiving the local reference

signal 323, and an output configured to provide a latched local reference signal

371,

In general, upon an occurrence of a fault, the local reference signal 323
associated with the fault (i.e., the reference signal that reflected the current just
prior to the occurrence of the fault) is latched into the latched memory register
358 via receipt of the latching signal 351. As a result, the latched local

reference signal 323 is constant and non-changing and can be used over a
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time interval beyond the delay time interval DT , thus extending the fault
detection interval during an open pole condition. In addition, due to the
extended fault detection interval, the delay time inteNalDT of the délay filter

320 may be reduced to one power cycle.

The latching and toggle control circuit 356 includes a rising-edge
triggered mono-stable pulse generator, or pulse generator 362, having an input
configured to receive a latching condition signal 363 and an output configured
to provide an edge-triggered pulse 365 to the latched memory register 358
when the latching condition signal 363 has a binary high value. Also included is
a‘control timer 366 havi‘ng an input configured to receive the latching condition
signal 363, and toggle control AND-gate 364 having a first input configured to
receive the latching condition signal 363, a second inverting input configured to
receive a control timer output signal 367, and an output configured to provide a

toggle control signal 353 to the toggle switch 360.

During operation of the local latching delta filter 352 when no fault is
detected, the toggle switch 360 is configured in a first position to route the local
reference signal4323 directly Vto‘the adder 326 for operation as described aboVe '
in connection with FIGs. 11 and 12. Upon detection of a fault condition, the
latching condition signal 363 transitions from a binary low value to a binary high
value. In response, a latching signal 351 provided by the pulse generator 362
céuses the current local reference signal 323 to be latched into the latched

memory register 358. The binary high value for the latching condition signal
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363 also initiates a countdown timer period of the control timer 366. The value
-of time period of countdown is pre-selected ahd may therefore be one of any .
number 6f countdown timer periodé (e.g., five power cycles). During the
countdown timer period a binary high value of the toggle control signal 353
causes the toggle switch 360 to be configured in a second position such that
the latched local reference signal 371 is provided to the adder 326. Upon
ekpiration of the countdown time period, the toggle control signal 353
transitions to a binary low value and the toggle switch 360 reverts back to its
first position. As a result, the latched local reference signal 371 is provided for
use local negative-sequence element 115 for a time period equivalent to the
toggle switch countdown timer period rather than for the shorter the delay time
interval DT provided by the delay filter 322. |
[00141] As may be apparent from the foregoing discussion and accompanying
figures, a system, an apparatus and a method disclosed herein enables current
differential protection during a single-phase pole-open condition via
compensating, or adjusting the sensitivity of, the negative- and zero-sequence
elements of the protective device in order to ensure their proper operation
during a phase-to-ground fault with a high fault resistance. The compensation
is accomplished via the removal of pre-fault currents from the post-fault
currents utilized by the negative- and zero-sequence elements to provided the

differential protection.
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While this invention has been described With reference to certain
illustrative aspeqts, it will be understood that this desqription shall not be
construed in a limiting sense. Rather, various chahgeé and modiﬁcatiéns can
be made to the illustrative embodiments without departing from the true spirit,
central characteristics and scope of the invention, including those combinations
of features that are individually disclosed or claimed herein. Furthermore, it
will be appreciated that any such changes and modifications will be recognized
by those skilled in the art as an equivalent to one or more elements of the
following claims, and shall be covered by such claims to the fullest extent

permitted by law.
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Claims
What is claimed is:

[C1] 1. An apparatus for co‘mpensati'ng the sensitivity of a fine current
differential element of a first current differential relay providing differential
protection for a transmission line of a power system during a single-phase pole-
open condition, the apparatus comprising:

a first delta filter configured to remove a first pre-fault current from a
first fault current of the transmission line to form a compensated first current; and
a second delta filter configured to remove a second pre-fault current
- from a second fault current of the transmission line to form a compensated
~ second current, each of a first phasor representative of the compensated first
current and a second phasor representétive of the second compensated current
provided to the line current differential element to compensate the sensitivity of
the line current differential element.

iC2} 2. The apparatus of claim 1, wherein the line current differential element
is configured to calculate a compensated phasor ratio of the first and second
phasors, and compare the compensated phasor ratio to a stability area of an
alpha plane of the line current differential element to provide fhe differential
protection.

[C3] 3. The apparatus of claim 1, further comprising a countdown timer

configured to interrupt operation of the first line current differential element by a
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countdown time périod of a number of power cycles of the power system upon
detecting the single-phase pole—open condition.

‘[C4] 4. The apparatus of claim 1, wherein the first current differential relayis
operatively coupled to a first end of the transmission line and in communication
with a second current differential relay operatively coupled to a second end of
the transmission line.

[C5] 5. The apparatus of claim 4, wherein the first current differential relay is
further configured to:

derive a first pre-fault current phasor from instantaneous values of the
first pre-fault current measured by the first current differential relay and derive a
:first fault current phasor from instantaneous values of the first fault current
measured by the first current differential relay, subtraction of the first pré-fault
current phasor from the first fault current phasor forming the first phasor, and
derive a second pre-fault current phasor from instantaneous values of
the second pre-fault current measured by and received from the second current
differential relay and derive a second fault current phasor from instantaneous
values of the second fault current measured by and received from the second
current differential rélay, subtraction of the éecond pre-fault currént phasor from
the second fault current phasor forming the second phasor.
[Cé6] 6. The apparatus of claim 1, wherein the line current differential element
is selected from the group consisting of a zero-sequence current element and a

negative-sequence current element.
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[CT7] 7. The apparatus of claim 1, wherein the line current differential element
is selected from the group consisting of an A-phase current element, a B-phase.

current element and a C-phase current element.

[C8] 8. A method for compensating the sensitivity of a line current differential
element of a first current differential relay providing differential protection for a
transmission line of a power system during a single-phase pole-open condition,
the method comprising:

(a) removing a first pre-fault current from a first fault current of
the transmission line to form a compensated first current;

(b) removing a second pre-fault current from a second fault
current of the transmission line to form a co‘mpensated'
second current; and

(c) providing a first phasor representative of the compensated
first current and a second phasor representative of the
second compensated current to the line current differential
element to compensate the sensitivity of the line current
differential element.

[C9] 9. The method of claim 8, further comprising calculating a compensated
phasor ratio of the first phasor and the second phasor, and comparing the
compensated phasor ratio to a stability area of an alpha plane of the line

current differential element to provide the differential protection.
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10. The method of claim 8, wherein calculating the compensated phasor
ratio is performed upon conclusion of a countdown period of a nqmber of power
cYéles of the powér system beginning upon detection of the single-phasé pole-
open condition.

11. The method of claim 8, wherein the first current differential relay is
operatively coupléd to a first end of the transmission line and in communication
with a second current differential relay operatively coupled to a second end of
the transmission line.

12. The method of claim 11, further comprising:

deriving a first pre-fault current phasor from instantaneous values of
the ﬁrst pre-fault current measured by the first currenft differential relay and
deriving a'first fault éurrent phasor from instantaneous values of the first fault
current measured by the first current differential relay, subfraction of the first pre-
fault current phasor from the first fault current phasor forming the first phasor; and

derivihg a second pre-fault current phasor from instantaneous values
of the second pre-fault current measured by and received from the second current
differential relay and deriving a second fault current phasor from instantaneous
values of the second fault current measured by and received from the second
current differential relay, subtraction of the second pre-fault current phasor from

the second fault current phasor forming the second phasor.
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[C13] 13. The method of claim 8, whérein the line current differential element
is selected from the group consisting of a zero-sequence current element and a
-négative-sequence current elerﬁent. |

[C14] 14. The method of claim 8, wherein the line current differential element
is selected from the group consisting of an A-phase current element, a B-phase

current element and a C-phase current element.

[C15] 15. A system for compensating the sensitivity of a first line current
differential sequence element of a local current differential relay, the local
current differential relay operatively coupled to a first end of a transmission line
of :a'power system and in communiicat'ion with a remote current differential relay
operatively coupled to a second end of the traﬁsmiséion line, the system
comprising:

a first delta filter operatively coupled to the first line current differential
sequence element, the first delta filter comprising a first delay filter configured to .
receive a first local sequence current phasor at a first time and to generate a first

| delayed local sequence current phasor at a second time, and a first adder

configured to subtract the first delayed local sequence current phasor from a
second local sequence current phasor received at the second time to form a
compensated local sequence current phasor; and

a second delta filter operatively coupled to the first line current

differential sequence element, the first second filter comprising a second delay
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filter configured to receive a first remote sequence current phasor at the first time

.and to generate a first delayed remote sequence current phasor at the second

[C16]

[C17]

[C18]

time, and a secénd adder configured to subtract the first delayed remote
sequence current phasor from a second remote sequence current phasor
received at the second time to form a compensated remote sequence current
phasor, '

wherein the first line current differential element ié configured to
receive each of the compensated local and remote sequence current phasors to
compensate the sensitivity of the first line current differential element.

16. The system of claim 15, further comprising a first countdown timer
configured to interrupt operation of the first line current differential sequence -
element by a first predetermined nﬁmber of power cycles of the'power system
upon detecting a single-phase pole-open condition of the transmission line.

17. The system of claim 16, wherein upon expiration of the first
countdown timer, the first line current differential sequence element is
configured to calculate a compensated phasor ratio of the compensated local
and remote sequence current phasors, and compare the compensated phasor
ratio to a stability area of an alpha plane to provide différenﬁal prote'ction of the
transmission line.

18. The system of claim 16, further comprising a second line current
differential sequence element operable prior to detecting the single-phase pole-

open condition, the second line current differential sequence element
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configured to calculate a phasor ratio of at least the first local and remote
sequence current phasors, and compare the phasor ratio to the stability area to
providé differential protection of Kthe"trans'mission line.

19. The system of claim 16, further comprising a second countdown
timer configured to delay operation of the first line current differential sequence
element by a second predetermined number of power cycles upon detecting
cessation of a three-phase pole-open condition of the transmission line.

20. The system of claim 15, wherein the first line current differential
sequence element comprises a zero-sequence current element.

21. The system of claim 15, wherein the first line current differential

sequence element comprises a negéftive-‘sequence current element.

22. An apparatus for compensating the sensitivity of at least one line
current differential sequence element of a local current differential relay during
a single-phase pole-open condition of a transmission line of a power system,
the local current differential relay operatively coupled to a first end of the
transmission Iine and in communication with a remote current differential relay
operatively coupled to a second end of the traﬁsmission line, the apparatus
comprising:

a first delta filter configured to subtract a pre-fault local current phasor

from each of a plurality a local current phasors derived from instantaneous local

current values measured by the local current differential relay during a fault in the
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transmission line to form a plurality of compensated local current phasors, the pre-
fault local current phasor latched into a memory of the first delta filter; and
a second delte filter configured to su'btract a pre-fault remote current
phasor from each of a pluralify a remote current phasors derived from
instantaneous remote current values measured by the remote current differential
relay during the fault to form a plurality of compensated second current phasors,
the pre-fault remote current phasor latched into a memory of the second delta
filter,
wherein the at least one line current differential element is configured
to receive pairs of corresponding local and remote sequence current phasors of
the plurality of compensated local and remote sequence current phasors to
compensate the sensitivity of the at least one line current differential element.
[C23] 23. The apparatus of claim 22, wherein the at least one line current
differential sequence element is configured to calculate a plurality of
compensated phasor ratios of respective pairs of corresponding local and
remote sequence current phasors, and compare each of the plurality of
compensated phasor ratios to a stability area of an alpha plane of the at least
one line current differential sequeﬁce element to provide differential protection
for the transmission line.
[C24] 24. The apparatus of claim 22, further comprising a first countdown

timer configured to interrupt operation of the at least one line current differential
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sequence element by a first number of power cycles of the power system upon
detecting the si“ngle-'phase pole-open condition.

[C25] 25. The apparatus of claim 24, further cémprising a second countdown
timer associated with a second number of power cycles of the power system,
the pre-fault local and remote current contributions latched into respective delta
filter memories for the second number of power cycles upon detecting the
occurrence of the fault.

[C26] 26. The apparatus of claim 22, wherein the at least one line current
differential element is selected from the group consisting of a zero-sequence
current element and a negative-sequence current element.

'[C27] - 27. The apparatus of claim 22, wherein the at least one line current
differential element is selected from the group consistihg of an A-phase current

element, a B-phase current element and a C-phase current element.

[C28] 28. A method for compensating the sensitivity of a line current
differential sequence element of a local current differential relay during a single-
phase pole-open condition of a transmission line of a power system, the local
current differential‘reléy-operatively coupled to a first end of the transmission
line and in communication with a remote current differential relay operatively
coupled to a second end of the transmission line, the method comprising:

subtracting a pre-fault local current phasor from each of a plurality of

local current phasors derived from instantaneous local current values measured
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by the local current differential relay during a fault in the transmission line to form
a plurality of compensated local current phasors, the pre-fault local current phasor
stéred in a first memory location of the local current differentiél relay; and
subtracting a pre-fault remote current phasor from each of a plurality
of remote current phasors derived from instantaneous remote current values
measured by the remote current differential relay during the fault to form a plurality
of compensated second current phasors, the pre-fault remote current phasor
stored in a second memory location of the local current differential relay,
wherein pairs of corresponding local and remote sequence current
phasors of the plurality of compensated local and remote sequence current
,Pha‘sors‘ are provided to theAIine current differential element to compensate the
sensftivity of the I‘ine cﬁrrent differential elerﬁent. |
[C29] 29. The method of claim 28, further comprising:
calculating a plurality of compensated phasor ratios of respective
pairs of corresponding local and remote sequence current phasors; and
comparing each of the plurality of compensated phasor ratios to a
stability area of an alpha plane of the line current differential sequence elément to
provide differential protection of the transmission line.
[C30] 30. The method of claim 28, further comprising interrupting operation of
the line current differential sequence element by a first number of power cycles

of the power system upon detecting the single-phase pole-open condition.
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31. The method of claim 28, further comprising storing the pre-fault local

and remote current phasors into respective first and second memories for a

~ second number of power cycles of the power system.

32. The method of claim 28, wherein the line current differential
sequence element is selected from the group consisting of a zero-sequence
current element and a negative-sequence current element.

33. The method of claim 28, wherein the line current differential
sequence element is selected from the group consisting of an A-phase current

element, a B-phase current element and a C-phase current element.

s 34. A system for compensating the sensitivity of a first line current
differential sequence eiemen{ of a local current differential reléy, the local
current differential relay operatively coupled to a first end of the transmission
line and in communication with a remote current differential relay operatively
coupled to a second end of the transmission line, the system comprising:

a first adder, a first memory register and a first delay filter operatively

coupled to the first adder and first memory register, the first delay filter configured
to delay a‘lbcal sequence current phasor calculated prior‘ to detecting a fault in the
transmission line, the first memory register configured to store the delayed local
sequence current phasor to form a stored local sequence current phasor in
response to receipt of a latching signal indicating the fault, the first adder

configured to subtract one of the delayed local sequence current phasor and the
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stored local sequence current phasor from each of a plurality of local sequence
current phasors calcuAIated after detecting thAe fault to form a pllurality of
compenéated local sequence current phasors; ahd |
a second adder, a second memory register and a second delay filter
operatively coupled to the second adder and the second memory register, the
second delay filter configured to delay a remote sequence current phasor
calculated prior to detecting the fault, the second memory register configured to
store the delayed remote sequence current phasor to form a stored remote
sequence current phasor in response to receipt of the latching signal, the second
adder configured to subtract one of the delayed remote sequence current phasor
and the stored remote sequence current phasor from eac.h, of a plp'rality of remote
sequence current phasors calculated after detecting the fault to form a plurality of
compensated remote sequence current phasors,
wherein the first line current differential element is configured to
receive pairs of corresponding compensated local and remote sequence current
phasors of the plurality of compensated local and remote sequence current
phasors to compensate the sensitivity of the first line current differential element.
[C35] 35. The system of claim 34, further.comprising a first countdown timer
configured to interrupt operation of the first line current differential sequence
element by a first countdown time period upon detecting a single-phase pole-

open condition of the transmission line to prevent inclusion of unwanted

79



[C36] -

[C37]

[C38]

WO 2007/086944 PCT/US2006/035175

currents in the pairs of corresponding compensated local and remote sequence
current phasors provided to the first line current differential element. |

36. The system of claim éé,‘wherein upon expifation of the ﬁ.rst'
countdown timer, the first line cqrrent differential sequence element is
configured to calculate a plurality of compensated phasor ratios of respective
pairs of corresponding compensated local and remote sequence current
phasors, and compare the plurality of compensated phasor ratios to a stability
area of an alpha plane of the first line current differential sequence element to
provide the differential protection.

37. The system of claim 35, further comprising a second line current
differential sequence elAement operable prior to detectin’g the single-phase pole-
open 'condition, the second Iihé current differential‘ sequence element |
configured to compare a phasor ratio of each pair of respective local and
remote sequence current phasors to a stability area of an alpha plane of the
first line current differential sequence elemént to provide differential protection
for the transmission line.

38. The system of claim 35, further comprising:

a first toggle switch operatively coupled to the first adder, the first

latched memory register and the first delay filter; and

a second toggle switch operatively coupled to the second adder, the

second latched memory register and the second delay filter.
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39. The system of claim 38, wherein a first position of the first toggle
switch enables receipt of the delayed local sequence current phasor by the firét
adder in response to a toggle control signal ind4icating no fault in the
transmission line, and a second .position of the first toggle switch enables
receipt of the stored local sequence current phasor by the first adder in
response to a toggle control signal indicating the fault in the transmission line,
and wherein the first position of the second toggle switch enables receipt of the
delayed remote sequence cur.rent phasor by the second adder in response to
the toggle control signal indicating no fault in the transmission line, and the

second position of the second toggle switch enables receipt of the stored

- remote sequence current phasor by the second adder in response to the toggle

control signal indicating no fault in the transmission line. .

40. The system of claim 39, further comprising a second countdown
timer configured cause the toggle switch to operate in the second position fora
second predetermined number of power cycles upon receipt of the latching -
signal indicating the fault, and cause the toggle switch to operate in the first
position upon completion of the second predetermined number of power cycles.

41. The system of claim 40, further comprisihg a third countdown timer
configured to delay operation of the first line current differential sequence
element by a third countdown time period upon detecting cessation of a three-

phase pole-open condition of the transmission line.
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[C42] 42. The system of claim 34, further comprising an edge-triggered pulse
generator configured to generate the latching signal.

[C43] 43. The system of claifn 34, whérein the firét line current differential
sequence element comprises a zero-sequence current element.

[C44] 44. The system of 6laim 34, wherein the first line current differential

sequence element comprises a negative-sequence current element.

[C45] 45. An apparatus for compensating the sensitivity of a line current
differential element of a protective relay providing differential protection for a
transmission line of a power system, the apparatus comprising:

a delta filter 'arrangerﬁent configured to form compensated first and
second current phasors based upon corresponding first and second pre-fault and
fault current phasors.

[C46] 46. The apparatus of claim 45, wherein the delta filter arrangement
comprises:

a first delta filter coupled to receive the first pre-fault and fault current

| phasors and to generate the compensated first current phasor; and

a second delta filter coupled to receive the second pre-fault and fault
current phasors and to generate the compensated second current phasor.

[C47] 47. The apparatus of claim 45, wherein the line current differential

element is coupled to receive the compensated first and second current
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phasors thereby compensating the sensitivity of a line current differential
element.

48, The épparafus of claim 47, wherein the line current differential
element is configured to calculate a compensated phasor ratio using the
compensated first and second current phasors, and to compare the
compensated phasor ratio to a predefined value range to provide the
differential protection.

49. The apparatus of claim 45, wherein each of the first and second pre-
fault and fault current phasors is derived from corresponding measured

currents at first and second locations of the transmission line.

50. A method for compensating the sensitivity of a line current}
differential element of a protective re!ay providing differential protection for a
transmission line of a power system, the method comprising:

forming a compensated first signal based on a first pre-fault current
and a first fault current measured at é first end of the transmission line;

forming a compensated second signal based on a‘second pre-fault
current and a second fault current measured at a second end of the transmission
line; and

providing compensated first and second current phasors to the current

differential element thereby compensating the line current differential element,
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each of the compensated first and second current phasors derived from
corresponding compensated first and second signals.

[c51] | 51 .' The method of claim 50, wherein the forming steps comprisé
removing the first pre-fault current from the first fault current and removing the
second pre-fault current from the second fault current.

[C52] 52. The method of claim 50, wherein the line current differential element
is configured to calculate a compensated phasor ratio using the compensated
first and second current phasors, and to compare the compensated phasor

ratio to a predefined value range to provide the differential protection.
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