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(57) Abstract: A set of current measurements may be transmitted from a remote Intelligent Electronic Device (IED) to a local IED.
The current measurements may comprise a timestamp and/or be associated with timestamp information to allow the local IED to time
align the local current measurement with the remote current measurement. The local IED may detect a fault within the power system
segment defined by the local and remote IEDs by comparing an operating current to a scaled restraint current. A fault may also be
& detected by comparing the operating current to a scaled nominal current. The operating and restraint currents may be derived from
the local and remote current measurements. The restraint current scale may be derived from the characteristics of the local and/or
remote [ED. The current measurements may correspond to a negative- sequence component and/or a zero-sequence component of
a three-phase current measurement set.
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TITLE

AMPLITUDE AND PHASE COMPARATORS FOR LINE PROTECTION

TECHNICAL FIELD
[0001] This disclosure relates generally to systems and methods for detecting faults in
power transmission systems and, more particularly, to a negative sequence current
amplitude comparator to detect a fault in an electric power system using time-stamped,
current measurements.

Brief Description of the Drawings

[0002] Additional aspects and advantages will be apparent from the following detailed
description of preferred embodiments, which proceeds with reference to the
accompanying drawings:

[0003]Figure 1 is a block diagram of one embodiment of a segment of an electrical
power transmission system;

[0004]Figure 2 depicts one embodiment of an a-plane defined by a ratio current

entering a power system segment, ]R, to current exiting the segment, [L ;

[0005] Figure 3 depicts one embodiment of an a-plane having a nominal, load condition
region and fault regions;

[0006] Figure 4 depicts one embodiment of an a-plane having an expanded fault region;
[0007]Figure 5a depicts one embodiment of an a-plane having expanded fault and
nominal, load condition regions;

[0008] Figure 5b depicts another embodiment of an a-plane having a restraint region;
[0009]Figure 6 is a flow diagram of one embodiment of a method to detect faults in an
electrical power transmission system;

[0010]Figure 7 is a block diagram of one embodiment of an electrical transmission
system segment defined by first and second intelligent electronic devices (IEDs);
[0011]Figure 8 depicts one embodiment of a time alignment system;

[0012]Figure 9 depicts a block diagram of one embodiment of a protection system for
an |IED; and

[0013]Figure 10 depicts a block diagram of another embodiment of a protection system
for an IED.
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Detailed Description of Preferred Embodiments

[0014] The embodiments of the disclosure will be best understood by reference to the
drawings, wherein like elements are designated by like numerals throughout. In the
following description, numerous specific details are provided for a thorough
understanding of the embodiments described herein. However, those of skill in the art
will recognize that one or more of the specific details may be omitted, or other methods,
components, or materials may be used. In some cases, operations are not shown or
described in detail.

[0015] Furthermore, the described features, operations, or characteristics may be
combined in any suitable manner in one or more embodiments. It will also be readily
understood that the order of the steps or actions of the methods described in connection
with the embodiments disclosed may be changed as would be apparent to those skilled
in the art. Thus, any order in the drawings or Detailed Description is for illustrative
purposes only and is not meant to imply a required order, unless specified to require an
order.

[0016] Embodiments may include various steps, which may be embodied in machine-
executable instructions to be executed by a general-purpose or special-purpose
computer (or other electronic device). Alternatively, the steps may be performed by
hardware components that include specific logic for performing the steps or by a
combination of hardware, software, and/or firmware.

[0017]Embodiments may also be provided as a computer program product including a
computer-readable medium having stored thereon instructions that may be used to
program a computer (or other electronic device) to perform processes described herein.
The computer-readable medium may include, but is not limited to, hard drives, floppy
diskettes, optical disks, CD-ROMs, DVD-ROMs, ROMs, RAMs, EPROMs, EEPROMs,
magnetic or optical cards, solid-state memory devices, or other types of media/machine-
readable medium suitable for storing electronic instructions.

[0018] Several aspects of the embodiments described will be illustrated as software
modules or components. As used herein, a software module or component may include
any type of computer instruction or computer executable code located within a memory
device and/or transmitted as electronic signals over a system bus or wired or wireless
network. A software module may, for instance, comprise one or more physical or logical

blocks of computer instructions, which may be organized as a routine, program, object,
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component, data structure, etc., that performs one or more tasks or implements

particular abstract data types.

[0019]In certain embodiments, a particular software module may comprise disparate
instructions stored in different locations of a memory device, which together implement
the described functionality of the module. Indeed, a module may comprise a single
instruction or many instructions, and may be distributed over several different code
segments, among different programs, and across several memory devices. Some
embodiments may be practiced in a distributed computing environment where tasks are
performed by a remote processing device linked through a communications network. In
a distributed computing environment, software modules may be located in local and/or
remote memory storage devices. In addition, data being tied or rendered together in a
database record may be resident in the same memory device, or across several
memory devices, and may be linked together in fields of a record in a database across a
network.

[0020] Turning now to Figure 1, a block diagram is depicted of a segment 100 of an

electrical power transmission system comprising two terminals 101 and 121. In the
Figure 1 embodiment, a current ]Line117 may flow between terminal one 101 and
terminal two 121. The current entering terminal one 101 may be denoted [L 112, and

the current exiting terminal two 121 may be denoted 1" 122. The designated currents,

1

comprise any electrical conductor and/or transmitter known in the art.

L R : S :
rine» I, and I, may flow over an electrical transmission line 115 which may

[0021] Current ]L 117 may be a set of three phase currents, namely A-phase (]A )s

ine
B-phase (]B ), and C-phase (IC) currents, each having a sine wave signal with
substantially the same magnitude ‘¥ and a phase offset of substantially 120° or %n

between each phase during balanced operating conditions. The phase components of

the current ]L112 may be expressed as shown in Equations 1.1-1.4, where f may

represent the frequency of the current signal, { may represent time, and [, may

represent a zero-sequence current, a symmetrical component of three-phase current:

[0022] 1 j may be expressed as r esin(27ft) Eq. 1.1
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[0023] Ié may be expressed as r osin(2;;ft+§;r) ,and Eq. 1.2
[0024] 1 (L; may be expressed as r osin(27y‘t+§ﬂ') Eqg. 1.3
[0025] Iy=15+15+1I; Eq. 1.4

[0026] Each of the currents ]j, Ié and Ié may alternatively be expressed in phasor

notation. Phasor notation comprises a magnitude and phase offset. Accordingly, the
currents ]j, 1%, and ](L; of line current I* 117 may be expressed as shown in

Equations 1.5-1.7:

[0027] 1 j may be expressed as 20 Eq. 1.5
[0028] Ié may be expressed as ré%;z or /120 Eq. 1.6
[0029] 1 é may be expressed as M%;z or r/240 Eq. 1.7

[0030] The electrical power system segment 100 may comprise a current ]L 112

entering terminal one 101 and a current [R 122 exiting terminal two 121 via power
transmission line 115. In detecting fault conditions on transmission line 115, it may be
advantageous to analyze current entering and exiting the power system segment 100

as a complex ratio of 1" 122 (the current exiting power system segment 100) and &

112 (the current entering power system segment 100).
[0031]Referring now to Figure 2, an a-plane 200 defined by a ratio of current ]R

exiting an electrical power system segment and [L entering the electrical power
system segment is shown. The a-plane 200 may comprise an ‘a’ axis 220 and ‘b’ axis

]R
230. The ‘a’ axis 220 may comprise the real portion of the complex ratio ]_L as shown
in Equation 1.8 and Figure 2, element 225.
]R
[0032] a= Re(—L) Eq. 1.8
1
Page 4 of 29

SUBSTITUTE SHEET (RULE 26)



WO 2009/042964 PCT/US2008/078016
[0033] The a-plane 200 may comprise a ‘b’ axis 230 comprising the complex portion of

IR
the complex ratio ]_L as shown in Equation 1.9 and Figure 2, element 235.
1
[0034] b= Im(]—R) Eqg. 1.9

[0035]A point may be mapped to the a-plane 200 by calculating its magnitude ‘r' and
angle offset 8 as shown in Equations 2.0 and 2.1 and Figure 2 elements 240 and 245,

respectively.

IR

[0036] r=z Eq. 2.0
R

[0037] 0= LG—LJ Eq. 2.1

[0038]Referring again to Figure 1, on an ideal transmission line, neglecting line-
charging current, in a through-load condition, the magnitude of [L 112 entering the
power system segment and ]R 122 exiting the power system segment are equal.
However, I* 112 and I% 122 may be out of phase by 180° or 1r radians. Accordingly,
the complex ratio of I® 122 over I* 112 may be -1 as shown in Eq. 2.2.

IR
[0039] I_L =1/180° = -1 Eq. 2.2
[0040] This point may correspond to [-1, 0] on the a-plane 200. As discussed above,

[L 112 and ]R 122 may be comprised of three separate phase currents ]j, Ié and
L R R R . . . .
IC and ]A , ]B and IC , respectively. The relationship of Equation 2.2 may apply to

each component of I* 112 and I 122.
[0041] Turning now to Figure 3, one embodiment of an a-plane 300 having points
overlaid thereon is depicted. Point 310 may correspond to the condition of Equation 2.2

where current [L entering a power system segment and ]R the current exiting the
segment are substantially equal in magnitude, and out of phase by 180° or m radians.
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Point 310 (and equation 2.2) may correspond to a nominal, load, and/or no-fault

condition of an electrical power transmission system segment.

[0042] Faults occurring within the power system segment (along transmission line 115
of Figure 1) may be referred to as “internal faults” and may be represented on a-plane
300. Points in the a-plane diverging from [-1, 0] may represent such a fault condition on
the power system segment. For example, an internal fault with infeed current at both
line terminals may fall in a range defined by [a > 0, b] on a-plane 300. Accordingly,

such internal faults may be detected by points falling within region 320 of Figure 3.

Internal faults with outfeed at the left terminal ([L 112 in Figure 1), may fall in a range

of [a < -1, b] as shown in region 330 of Figure 3. Internal faults with outfeed at the right

terminal (]R 122 in Figure 1) may fall within the range [-1 < a < 0, b] as shown in region
340 of Figure 3.

[0043] Turning now to Figure 4, an a-plane 400 having a modified internal fault with
infeed current at both line terminals (]L and ]R) is depicted. In the event of a fault in

the transmission line, the angles of the phase currents [L and [R may diverge from
their ideal operating condition — the equal magnitude and 180° out-of-phase state of
Equation 2.2. As discussed above, such faults may be mapped to a region in the a-

plane along the a axis at points having a > 0. However, for internal faults, the angles of

the phase currents ]L and ]R may depend on the angles of the corresponding source
voltages and on the angles of the impedances from the corresponding source to the

fault point. As such, the currents ([L and [R) at both line ends may not be in phase
for an internal fault. The internal fault region 420 corresponding to infeed current ]L,

]R at both power system segment terminals may be expanded to allow for this phase
difference. In one embodiment, internal fault region 420 may be expanded by 30° or 1/6
7 radians to account for this possible phase difference. In the Figure 4 embodiment,
the fault regions for internal faults 430 and 440 and nominal/load condition region 410
may not be affected.

[0044] Turning now to Figure 5a, an a-plane having expanded nominal, load condition
region 510 and outfeed internal fault regions 530, 540 is depicted. Detecting faults
within a power system segment may require phase current readings from both sides or

ends of the segment. Referring back to Figure 1, such current readings could be
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performed at terminal one 101 and terminal two 121. The current readings made at

terminal one 101 may be transmitted to terminal two 121 where they may be compared
to current readings of terminal two 121. Similarly, the phase current readings acquired
at terminal two 121 may be transmitted to terminal one 101 where they may be
compared to the current readings of terminal one 101. Such comparison may be
performed as part of a protective system comprising both terminals 101 and 121. The
protective system may include various monitoring devices, control devices, metering
devices, and protective devices (e.g., protective relays). In most cases, these devices
are microprocessor-based or “intelligent” electronic devices (IEDs), such as protective
relays, communications processors, phasor measurement units, digital fault recorders,
and the like.

[0045]An asymmetrical and/or variable communication delay may be introduced into
the system as the readings are communicated between IED terminals. As such, the
readings obtained at terminal one 101 and transmitted to terminal two may be offset in
time from the comparison readings obtained at terminal two. The offset in time may
create a phase offset between the current signals. The phase offset may be
proportional to the frequency of the signal measured as shown in Equations 2.3 and 2.4

[0046] 15 = resin(2aft + 0) Eq. 2.3
[0047] 15 = resinQ2aft + 6 + 2f7) Eq. 2.4
[0048]In Equation 2.3, t may represent time and f may represent the frequency of the A-

phase current of three-phase current ]j. Theta, 8 may be the phase of the A-phase

current. Equation 2.4 may represent a measurement of [L transmitted over a
communications channel having a delay ‘z.” As discussed above, the delay r may

introduce a phase error into the measurement that may be proportional to the frequency

of the measured current ” .

[0049] Although various techniques have been employed to reduce and/or compensate
for the delay 7 in the communications channel, such techniques are not completely
effective and some unaccounted-for delay may remain. For example, a “ping-pong”
technique may be used to estimate the communications delay between terminals. In

this technique, the roundtrip communications delay is measured, and the corresponding

one-way communications delay is estimated as % the total roundtrip delay. However,
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this technique is not effective in systems having an asymmetrical and/or variable

communications delay since the one-way delay may not consistently be % the total

delay. For example, Synchronous Optical Networking (SONET) systems in common
use may introduce an asymmetrical communication delay. As such, the one-way
estimate may not be accurate. In addition, communications systems having variable
routing channels, such as Internet Protocol (IP) routing and/or systems transmitting
other communications traffic, may be subject to variable communications delays that
are impossible to determine and/or predict.

[0050] The asymmetrical and/or variable delay & in communication may introduce an
error into the fault detection scheme. The effect of this error may be to rotate the
current ratio about the origin of the a-plane. For example, a 1 millisecond error may
rotate the current ratio 21.6° in an electrical power system operating at 60 Hz (i.e., the
frequency of the current and/or voltage signals transmitted on the line is 60Hz).

[0051] The communications delay error may require expansion of the nominal, load
condition region 510. This expansion may be required to avoid registering
misoperations caused by the communications delay. Region 510 shows one
embodiment of an expansion of region 510 due to the communications delay.
[0052]Figure 5 shows that the outfeed fault regions 530 and 540 may be similarly

affected. For example, internal fault region having outfeed current at [L may be
expanded as shown in region 530, and internal fault region having outfeed current at

IR may be expanded as shown in region 540.

[0053]Due to the expanded regions 510, 530, and 540, detecting a fault in a system
having asymmetrical and/or variable communications delay using current
measurements only may be ineffective, or impossible. This may preclude the use of a
number of simple and effective fault detection techniques, including, but not limited to,
current differential characteristics analysis, including negative-sequence current
amplitude comparison.

[0054] Differential current comparison elements, such as negative-sequence current
comparison, may detect a fault in a power transmission segment using current
measurements. Current measurements may be in the form of current data, symmetrical
component (positive-sequence current, negative-sequence current, and/or zero-
sequence current) alpha-clarke components, and the like. This is in contrast to other

more complex techniques requiring additional measurements, such as phase voltage.
Page 8 of 29
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Despite their increased complexity, these other methods may not be as effective as

properly synchronized negative-sequence current amplitude comparison in detecting
high impedance faults in the power system segment.

[0055]A current differential comparison element may compare an operating current
value (also referred to as the differential current) with a restraint current value. The

operating current, IOP may be the magnitude of the phasor sum of the currents
entering the protected power system segment as shown in Equation 2.5:

[0056] 197 =‘IL +IR‘ Eq. 2.5
[0057] IOP may be proportional to the fault current for internal faults and may approach
zero for nominal and/or load conditions (e.g., point [-1, 0] on the a-plane of Figures 2-5).

[0058] The restraint current ]RT may be obtained in a number of different ways,
including, those shown in Equation 2.6(a)-2.6(d)

[0059] IR = k‘] L_p R‘ Eq. 2.6(a)
[0060] & =k(][L‘+‘IR‘) Eq. 2.6(b)
[0061] & :MaxQIL,[R‘) Eq. 2.6(c)
[0062] IR = ‘IL oIR‘cose Eq. 2.6(d)

[0063]In Equations 2.6(a)-2.6(b) kK may be a constant coefficient usually between 1 and

0.5, and # may be the phase angle between It and IR

[0064]In a two-terminal power transmission segment, such as that shown in Figure 1,
the operating and restraint currents IOP and ]RT may be calculated using Equations

2.5 and 2.6(b), respectively. In this case, IY and I may be the line currents at
terminal one 112 and terminal two 122.

[0065] An operating condition of the power segment may be defined by the inequality of
Equations 2.7 and 2.8

[0066]K may be a constant coefficient representing the slope of the relay characteristic,

and Ko*/yoy may be the minimum pickup current. The value used for KO may

determine a sensitivity of the differential element. Accordingly, the operating condition

may be as shown in Equations 2.7 and 2.8:
Page 9 of 29
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[0067] 197 > KI®T Eq.2.7
[0068] 197 > Ko Iyous Eq. 2.8

[0069] The operational conditions of Equations 2.7 and 2.8 may be mapped into the a-
plane of Figures 2-5b. This mapping shows that the operational characteristics defined
by Equations 2.7 and 2.8 may be affected by asynchronous and/or variable
communications delay between IEDs.

[0070]The use of negative sequence component analysis may improve the
performance of the operational condition equations 2.7 and 2.8. For example, applying
negative sequence component currents to equations 2.7 and 2.8 may reduce the effects
of standing current unbalance previous to the fault.

[0071] A negative sequence component of a three-phase signal may be calculated from
the set of three phase currents. As discussed above, a three-phase electrical signal

used in an electrical power transmission system (e.g., ]L and ]R of Figure 1) may be
comprised of three sinusoidal voltage/current signals having a substantially equal

magnitudes with a phase offset of substantially 120° or %7; .

[0072] Turning now to Figure 5a, an a-plane having a restraint region 570
corresponding to Equations 2.5, 2.6 and/or variations thereof is depicted. Since the
restraint characterization equations may comprise time stamped measurements,
restraint region 570 may not be affected by asynchronous and/or variable
communication delays.

[0073]However, fault conditions in the power transmission system may create an
unbalanced condition between phases. Symmetrical component analysis may be used
to analyze and detect such conditions. Under symmetrical component analysis, an
unsymmetrical set of three phasors (such as an unbalanced three-phase power system)
may be represented as three symmetrical component sets: a zero sequence set, a
positive sequence set, and a negative sequence set. These sets may be denoted as ‘0’
for the zero sequence, ‘1’ for the positive sequence, and ‘2’ for the negative sequence.
[0074] The symmetrical components may be formed by applying a transform to the
three-phase system. For instance, the transformation matrix shown in Equation 3.0 may
be applied to a three-phase system to determine symmetrical components ‘0,” “1,” and

‘2’ from a three-phase current comprised of phase currents ]A, I% and I€. In
Page 10 of 29
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equation 3.0, a may be a constant value 1£120° corresponding to the phase offset

between phase currents ]A, 1% and 1€

1 o I’
[0075] I, =3 1 a a’|I® Eq. 3.0
1, 1 o a /€

[0076] From Equation 3.0, a negative sequence current ]2 may be calculated as shown

in Equation 3.1:

[0077] I, =%(]A +a’l®8 +a]c) Eq. 3.1
[0078] The negative phase current of Equation 3.1 may be applied to the operating and
scaled restraint current inequality of Equations 2.7 and 2.8. Using negative phase
current in this way may eliminate the errors introduced into the system by standing
current unbalance.

[0079] Mapping negative sequence current values into 2.7 and 2.8 may vyield operating
conditions expressed as Equations 3.2(a) and 3.2(b):

[0080] 19F > KIRT Eq. 3.2(a)
[0081] 197 > Kol yvou Eq. 3.2(b)
[0082] Values for 120P and IfT may be obtained from a set of three-phase currents

[L and ]R using Equations 2.5, one of 2.6(a) through 2.6(d) as shown in Equations
3.3(a) through 3.3(e), and Equation 3.1:

[0083] 197 = ‘IZL +12R‘ Eq 3.3(a)
[0084] LT = k‘]zL —IZR‘ Eq. 3.3(b)
[0085] L =k(][§‘+‘l§‘) Eq. 3.3(c)
[0086] LT = MaxQIf , IZR‘) Eq. 3.3(d)
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[0087] Another fault detection scheme may compare the angle of current I* entering

the power system segment to the angle of the current ]R exiting the segment. A fault

may be detected according to Equation 3.4:

[0088] Re[]zL . (Iéa )*J >0 Eq. 3.4

[0089]In Equation 3.4, ]ZL may represent a local negative-sequence current phasor

and ]2R may represent a negative-sequence current phasor obtained at a remote relay.

A fault may be detected if the real component of the product of local negative-sequence
phase current and the complex conjugate of remote negative-sequence current is
greater than zero.

[0090]However, as discussed above, asynchronous and/or variable communications
delay between terminal IEDs may preclude the use of Equations 3.2, 3.3, and 3.4 in
practice. This is because, as shown in Figures 2-5, the asynchronous and/or variable
communications delay between local and remote IEDs may introduce significant error
into Equations 3.2, 3.3, and 3.4. As discussed above, this error may be visualized via
the a-plane rotations of Figures 3-5b.

[0091] Time-stamped, phase current measurements may allow a protection system to
compensate for this communications channel delay. This may allow the relatively
simple and effective operational Equations 3.2, 3.3, and 3.4 to be used in practice. This
may be advantageous since Equations 3.2, 3.3, and 3.4 may detect power system faults
using only phase current measurements (as opposed to systems requiring phase
current and phase voltage measurements) and may be computationally less complex
than other detection methods, allowing the system to be more reliable and economical
as compared with the systems relying on more complex phase current/voltage
relationships.

[0092] Turning now to Figure 6, one embodiment of a process flow diagram 600 for
detecting a fault within a power system segment defined by a first IED and second IED
at the first IED is depicted.

[0093] At step 610 a phase current measurement at a first IED may be obtained. The
first IED may be configured to obtain phase current measurements periodically. Since
the phase current measurement of step 610 may be obtained locally at the first IED,
there may be little or no delay in communicating the measurement to process 600.
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However, any such delay may be measurable and/or relatively constant such to allow

process 600 to compensate for it.

[0094] At step 620, a phase current measurement from a second, remote, IED may be
received at the first IED. The measurement of step 620 may have been transmitted
over a communications interface, such as a SONET network, and IP network, or the
like. As discussed above, the communication interface may introduce an asynchronous
and/or variable communications delay into process 600 such that it may be impossible
to determine when the measurement of step 620 was obtained and/or transmitted.
[0095] At step 630, a timestamp associated with the measurement of step 620 may be
acquired. The timestamp may be included in the message received at 620 or may be
received in a separate message. The timestamp may allow process 600 to determine
the time the current phase measurement of step 620 was obtained at the second IED.
[0096] At step 640, the phase current measurement obtained at step 620 may be time-
aligned with the current phase measurement of step 610. As used herein, time
alignment may refer to modifying the phase and/or magnitude of phase current
measurements of steps 610 and 620. Additionally, time alignment may refer to delaying
one of the measurements of steps 610 and/or 620 relative to the other.

[0097] Time alignment may comprise delaying a locally obtained measurement relative
to a remote measurement. In this case, each measurement may be time-stamped
relative to a common time reference standard (i.e., a time standard shared by the local
and remote IEDs). The common time reference can be any time reference shared by
the local and remote relays, such as, for example, an absolute time that can be
provided by a global positioning system (GPS); a common time provided by a GPS;
NIST time signals carried on radio waves, such as, for example, WWV or WWVB,;
common time provided by a high-accuracy clock, such as, for example, a cesium clock
or atomic clock, and the like. The time alignment may comprise delaying and/or
buffering a phase current measurement to align measurements having the same
timestamp. One embodiment of such an alignment technique is depicted in Figure 8.
[0098] Time alignment may comprise modifying a phase and/or magnitude of the phase
current measurements of 610 and/or 620 to conform to a common time reference. In
this embodiment, the measurements of 610 and 620 may comprise a synchrophasor
according to the teachings of United States Patent Application Pub. No. 2007/0086134,
entitled “Apparatus and Method for Estimating Synchronized Phasors at Predetermined

Times Referenced to an Absolute Time Standard in an Electrical System” to Zweigle et
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al., which is herein incorporated in its entirety. In this embodiment, phase current

measurements may be made according to a common time reference. The phase angle
and/or magnitude of the measurements may be modified to conform to a sampling time
defined on the common time reference. As such, time alignment may comprise
generating synchrophasor measurements at step 610, 620 and time aligning the
measurements as described in Zweigle et al.

[0099]In another embodiment, the measurements of the first and second IEDs may be
obtained according to a measurement interval defined on a common time reference.
Each phase current measurement may comprise a reference to a measurement
sequence number and/or a measurement offset from the measurement interval. As
such, time alignment may comprise matching current measurements having the same
measurement interval sequence number and/or offset. Such matching may comprise
buffering the phase current measurement and/or referencing the phase current
measurements in a random or sequential access memory storage location. In another
embodiment, symmetrical components of the measured currents (such as a negative-
sequence) may be sent directly instead of the separate current measurements being
sent.

[00100] At step 650, process 600 may determine whether the system is operating in
a restraint region indicating nonminal and/or a no-fault operating condition. The
operating condition may correspond to Equations 2.7 and 2.8 using phase current
measurement, 3.2 and 3.3 using negative sequence phase currents, and/or Equation
3.4 as described above. The phase current measurement of step 610 and 620 may be
in analog or digital format. If in digital format, step 640 may be performed in a digital
processor, such as a general purpose processor, an application specific integrated
circuit (ASIC), ROM, field programmable gate array (FPGA), or the like. Measurements
in analog form may be converted to digital using an analog to digital converter (AD), or,
alternatively, may be processed in their analog form using an analog comparator.
[00101] If the operating conditions are not satisfied, the flow may continue to step 610
where process 600 may continue monitoring the system. Otherwise, the flow may
continue to step 660.

[00102] At step 660, process 600 may assert a trip signal indicating that a fault
condition has been detected on the power system segment between the first and
second IEDs. Additional actions may be taken at 660 including, but not limited to,
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disconnecting the power system segment from the rest of the power network, taking

protective actions to prevent damage to the first and second IEDs, and the like.
[00103] Turning now to Figure 7, one embodiment of a power system segment 700

defined by a first IED 740 and second IED 750 is depicted. A power transmission

medium 715 may allow a current ]Line 717 to flow within the segment defined by IEDs

740, 750. The current ]L 717 may be driven by a source 710 and consumed and/or

ine

transmitted by a load/transmitter 720. As discussed above, current [/ 717 may

Line
comprise a three-phase current/voltage signal.
[00104] IED one 740 may be communicatively coupled to a current sensor 741.

Current sensor 741 may obtain phase current measurements corresponding to a current

[L entering segment 715. Current sensor 741 may be a current transformer 741
coupled to power transmission medium 715. |ED two 750 may be communicatively

coupled to current sensor 751. Current sensor 751 may obtain phase current

corresponding to a current ]R exiting segment 715. Current sensor 751 may be a a
current transformer 751 coupled to power transmission medium 715. As discussed
above, the current measurements obtained by 741, 751 may comprise a set of three-
phase currents 717, and/or a symmetrical component of the set of three phase currents
717 (e.g., a negative sequence of current 717).

[00105] IED one 740 may be configured to transmit phase current measurements
obtained by sensor 741 to IED two 750 via communications channel 745.
Communications channel 745 may comprise any communications transmission system
known in the art including, but not limited to: an IP network, a SONET network, a
wireless network, a radio network, a cellular network, or the like.

[00106] The measurements from IED one 740 to IED two 750 may comprise a
timestamp generated by clock 743. Clock 743 may be in communication to a common
time reference signal source 763. Common time reference source 763 may allow clock
743 of IED one 740 to be synchronized with clock 753 of IED two 750. The timestamp
may be generated in any form known in the art, including a Universal Coordinated
Timestamp (UTC), Unix timestamp, an offset time, or the like. Alternatively, IED one
740 may be configured to conform its measurement time and/or the phase and/or
magnitude of phase current measurements to a measurement time determined by clock
743.
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[00107] In a similar embodiment, the common time signal reference may be provided

by one of the IEDs. For example, IED one 740 may include a clock 743 that generates
a common time reference signal to IED two 750. In this embodiment, the clock 743 may
comprise a high-accuracy clock, such as a cesium clock. In this embodiment,
interruption of communication with the common time reference source 763 would not
affect the accuracy of the time stamps applied by IEDs one or two 740, 750.

[00108] Similarly, IED two 750 may be configured to transmit phase current
measurements obtained via sensor 751 to IED one 740 via communications channel
745. |ED two 750 may be configured to include a timestamp with the measurements
transmitted to IED one 740 using clock 753 coordinated to common time reference 763.
Alternatively, IED two 750 may be configured to conform its measurement time and/or
the phase and/or magnitude of phase current measurements to a measurement time
determined by clock 753.

[00109] Since the current measurements transmitted between IED one 740 and IED
two 750 may comprise a timestamp corresponding to a common time reference 763,
IED one 740 may be able to time align current measurements received from IED two
750 over communications channel 745 and vice versa. This may allow IED one 740
and IED two 750 to use a negative sequence current amplitude comparator protection
function to detect faults internal to power system segment 700 on power transmission
line 715.

[00110] Turning now to Figure 8, one embodiment of system 800 for time aligning
phase current measurements made on a local IED with measurements transmitted from
a remote |IED is depicted. Phase current measurements made locally may be received
by time alignment system 800 via connection 811. As discussed above, the phase
current measurement 813 received on connection 811 may comprise a set of three
phase current measurements, a single phase of a set of three phase current
measurements, and/or a component of a symmetrical component derived from a three-
phase current set (e.g., negative sequence current measurement). The local current
measurement 813 received via connection 811 may comprise a timestamp referenced
to a common time reference.

[00111] The local current measurement 813 received on connection 811 may be
stored in memory storage 810. Memory storage 810 may comprise a random access
memory, shift register, first-in-first-out (FIFO) or any other data storage and/or buffering
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mechanism known in the art. In the embodiment of Figure 8, the memory storage

comprises a random access FIFO.

[00112] Local phase current measurements may be stored in memory storage 810 in
the order they were obtained. For example, a measurement obtained at the current
time t may be stored in memory storage location 812. Measurements occurring earlier
in time may be shifted to the right within memory storage 810. For example, the
memory storage location directly to the right of 812 may contain the proceeding
measurement obtained at 1. Memory storage location 810 may comprise as many
memory storage locations as needed to time align local and remote phase current

measurements. As such, if current measurements are obtained at a measurement
frequency fs, and the communications delay between the local and remote IED varies

with a maximum delay of A, memory storage 710 should accommodate for the local and
remote samples according to A.
[00113] System 800 may comprise a memory storage location 820 to buffer incoming
current measurements 823 received from a remote IED (not shown). These remote
current measurements 823 may have been obtained at a remote |IED in communication
with the local IED over a communications interface 821. Communications interface 821
may comprise any communications interface known in the art including, but not limited
to: a SONET network, an IP network, a cellular network, a radio network, or the like.
Since the remote current measurements 823 may be delayed relative to the local
current measurements 813 of memory storage 810, no buffer 820 may be needed.
[00114] The current measurements obtained at the local IED may comprise a
timestamp corresponding to a common time reference 830. Time standard 830 may
allow the local and remote IED to generate synchronized timestamp information. In the
embodiment of Figure 8, time standard 830 may be used to timestamp local current
measurement 813 as it is stored in memory storage 810.
[00115] Comparator 840 may determine a time differential between a local current
measurement 813 stored in storage location 812 of memory storage 810 and a remote
current measurement stored in storage location 824 of memory storage 820. For
example, in the depiction of Figure 8, the time differential is seventeen (17)
measurement samples.
[00116] The output of comparator 840 may be passed to selector 850. Selector 850
may comprise a multiplexer, addressor, or any other component capable of determining
an offset and/or address into memory storage 810 given a measurement offset
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calculated by comparator 840. In the example depicted in Figure 8, selector may select

the local current measurement stored in memory storage 814 having a measurement
offset of seventeen (17).

[00117] The output 860 of selector 850 may be passed to a local protective function
as a local current measurement, and the output 862 of memory storage 820 may be
passed to a local protective function as a remote current measurement. The current
measurements of 860 and 862 may be time aligned, allowing the protective function to
operate properly.

[00118] Turning now to Figure 9, a block diagram of one embodiment of a protective
IED 900 having a current amplitude comparator protection block 902 comprising a
negative sequence calculator 920 according to the teachings of this disclosure is
depicted. IED 900 may comprise current amplitude comparator protection block 902 as
part of IED 900 in a power system segment. Current amplitude protection block 902
may be communicatively coupled to a local phase current sensor (not shown) of IED
900 to obtain a local current measurement 912 via a current transformer (not shown)
coupled to power transmission media (not shown). Current amplitude protection block
902 may be communicatively coupled through IED 900 to a remote IED (not shown)
through a communications interface 922 which may provide a remote phase current
measurement 923 to protection block 902. As discussed above, local and remote
current measurements may comprise set of phase current measurements, one or more
phases of set of phase current measurements, and/or a symmetric component of a set
of phase currents (e.g., a negative, positive, or zero component of a three-phase
current).

[00119] A time alignment block 910 may be used to time align a phase current
measurement 913 obtained at IED 900 via connection 912 with a remote phase current
measurement 923 obtained via communications interface 922. As discussed above, the
time alignment may comprise delaying the local phase current measurement 913 and/or
remote phase current measurement 923 relative to the other. Alternatively, the time
alignment may comprise modifying a phase and/or magnitude of the local 913 or remote
923 current measurements. The phase and/or magnitude of remote phase current
measurement 923 may have been synchronized to a common time reference
associated with clock 953. This synchronization may comprise modifying a phase
and/or magnitude of the current measurement. Also as discussed above, the local 913

and remote 923 current measurements may comprise a timestamp and/or a reference
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to a measurement interval defined against a common time reference. In this

embodiment, time alignment function 910 may use the timestamp, measurement
interval, and/or measurement interval offset to time align the measurements. Similarly,
the remote phase current measurement 923 and/or the local phase current
measurement 913 may comprise a synchrophasor. In this embodiment, the time
alignment mechanism may be that disclosed in Zweigle et al. The time alignment
technique and/or methodology used by time alignment function 910 may use clock 953.
Clock 953 may comprise and/or be synchronized to a common time reference. Clock
953 may be a separate component in communication with IED 900, as shown in Figure
9, or may be an internal component of IED 900.

[00120] The output of the time alignment function 910 may comprise time aligned

phase current measurements 914 and 924. As discussed above, the time aligned
values for I* 914 and I* 924 may be used to derive an operating current 197 and

restraint current / RT . The operating and restraint current values may correspond to a
three-phase current, a phase of a three-phase current, and/or a symmetric component
of a three-phase current (e.g., negative, positive, and/or zero).

[00121] Negative sequence calculator and amplitude comparator 920 may apply
Equations 2.7 and 2.8, Equations 3.2(a) and 3.2(b) (using equations 3.3(a) through
3.3(d)), and/or equivalents thereof to determine an operating condition of the power
system segment. Accordingly, negative sequence calculator and amplitude comparator
920 may comprise and/or make use of a general purpose processor, an ASIC, FPGA,
and/or any other digital processor capable of computing Equations 2.7, 2.8, Equations
3.2, 3.3 or derivatives thereof. Negative sequence calculator and amplitude comparator
920 may compare the amplitude of the operating current to a scaled restraint current

and a scaled nominal current. In the Figure 9 embodiment, if the amplitude of the

. . orP . .
negative sequence operating current 12 is greater than a scaled negative sequence

restraint current KlfT and the scaled pick-up current K7y, the current amplitude

protective function may assert output 925. Output 925 may indicate a fault in the power
system segment.

[00122] The output 925 of negative sequence calculator and amplitude comparator
920 may flow to an input of three-input AND gate 950. Three-input AND gate 950 may

also receive input from Communications, Data Integrity, and Time Synchronization OK
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functional block 930. Functional block 930 may determine whether the inputs to

protection block 902 are valid. Functional block 930 may receive an input 932 from IED
900 indicating the status of a communications interface 922 used to receive remote
current measurements. Functional block 930 may receive a data integrity check from
the communications interface 922 used to communicate with the remote IED (not
shown). Some communications interfaces comprise fault detection systems, such as
message hash-values, check bits, and the like. Accordingly, the communications
interface may detect communication errors thereon. These errors may be passed to
functional block 930. Functional block 930 also may receive an input from time
alignment function 910 and/or clock 953 to indicate the status of the time alignment
system. For instance, an unexpected delay in the communications system may cause
the time alignment function to fail (e.g., the delay is greater than the memory capacity of
the time alignment system). If any of the communications integrity, data integrity, and/or
time synchronization inputs indicate an error, functional block 930 may de-assert output
933 to nullify any fault detected by negative sequence calculator and amplitude
comparator 920. This may prevent negative sequence calculator 920 from registering a
fault condition based upon bad measurement and/or timing data. If each of the
communications integrity, data integrity, and time synchronization inputs indicate
nominal operation, functional block 930 may assert output 933 to enable the fault
detection function output of negative sequence calculator 920.

[00123] AND gate 950 may receive an input 943 from enable current amplitude
comparator protection function 940. Enable protection function 940 may be
communicatively coupled to the outputs of time alignment block 910 such that
symmetrical components of the local and remote samples can be computed and
compared with a threshold to enable the protection function. Enable protection function
940 may further receive the local phase current measurement 913 obtained at IED 900

via connection 912. For example, the absolute values of the negative sequence

components of the local and remote samples (‘IZL‘ and ‘15‘, respectively) may be
computed and cause the enable protection 940 to assert when ‘IZL‘ and ‘15‘ exceed
the element sensitivity threshold and when the absolute value of the local negative
sequence component ‘IZL‘ is greater than a factor of the absolute value of local
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positive-sequence current ‘IIL‘ (such as, for example, O.OS-‘[IL‘). The element
sensitivity threshold may be a factor of the absolute value of the nominal current. such
as, for example, O.OS-‘[NOM‘. If the criteria are not met, output 943 may be de-

asserted to nullify the other inputs to AND gate 950.

[00124] The output 951 of AND gate 950 may be asserted if all of the inputs 925, 933,
and 943 are asserted. Output 951 of AND gate 950 may be passed to a security
counter 960. Counter 960 may only assert its output 961 if its input 951 is asserted for
a pre-determined number of samples and/or clock cycles. For example, counter 960
may only assert output 961 if the fault condition input 951 has been asserted for two (2)
measurement samples and/or clock cycles. This may prevent so-called false element
assertions due to glitching and/or temporary abnormalities on the power system
segment.

[00125] Output 961 may indicate that negative sequence calculator 920 has detected
a fault in the power system segment. Accordingly, output 961 may be communicatively
coupled to a user interface of IED 900 and/or further protective functions to send a trip
signal to trip the line breakers, alert a user, such as an engineer, of the fault and/or
disconnect the power system segment from the rest of a power grid or otherwise protect
the power system from the detected fault. In one embodiment, IED 900 may be
communicatively coupled to a communications network (not shown). Upon detecting a
fault via output 961 of protection block 902, IED 900 may transmit a message via the
communications network to effect a trip, alert an engineer of the fault and/or remove the
power system segment from the power system grid.

[00126] Turning now to Figure 10, a block diagram of one embodiment of a protective
IED 1000 having a protection block such as a negative sequence directional calculator
and phase comparator 1002 according to the teachings of this disclosure is depicted.
IED 1000 may comprise protection block 1002 as part of IED 1000 in a power system
segment. Protection block 1002 may be communicatively coupled to a local phase
current sensor (not shown) of IED 1000 to obtain a local current measurement 1012
through a current transformer (not shown) coupled to a power transmission media (not
shown). Current amplitude protection block 1002 may be communicatively coupled
through IED 1000 to a remote IED (not shown) through a communications interface
1022 which may provide a remote phase current measurement 1023 to protection block

1002. As discussed above, local and remote current measurements may comprise a
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set of phase current measurements, one or more phases of a set of phase current

measurements, and/or a symmetric component of a set of phase currents (e.g., a
negative, positive, or zero component of a set of three phase currents).

[00127] A time alignment block 1010 may be used to time align a phase current
measurement 1013 obtained at IED 1000 via connection 1012 with a remote phase
current measurement 1023 obtained via communications interface 1022. As discussed
above, the time alignment may comprise any number of various time alignment
techniques and/or methodologies including, but not limited to: delaying the phase
current measurements, modifying a phase and/or magnitude to the phase current
measurements, generating a timestamped phase current measurement, generating a
synchrophasor, and the like.

[00128] The output of the time alignment function 1010 may comprise time aligned
phase current measurements 1014 and 1024. As discussed above, the time aligned

values for 1% 1014 and X 1024 may be used to derive negative, zero, and/or positive

sequence components corresponding to the phase current values of the three-phase

sets 1° 1014 and 1™ 1024.

[00129] Negative sequence calculator and phase comparator 1020 may apply
Equation 3.4 and/or an equivalent thereof (e.g., an equation like Eq. 3.4 utilizing phase
current, zero sequence, and/or positive sequence values). Negative sequence
calculator and phase comparator 1020 may apply Equation 3.4 to make a trip decision
(i.e., detect a fault condition) is the real portion of the product of local negative
sequence current and remote negative sequence current is greater than zero. When
this condition exists (a greater than zero product is calculated at 1020), output 1025
may be asserted.

[00130] Negative sequence calculator and phase comparator 1020 may comprise
and/or make use of a general purpose processor, an ASIC, FPGA, and/or any other
digital processor capable of computing Equation 3.4 and/or a variant thereof.

[00131] The output 1025 of negative sequence calculator 1020 may flow to an input of
three-input AND gate 1050. Three-input AND gate 1050 may also receive input from
Communications, Data Integrity, and Time Synchronization OK functional block 1030.
As described above, Functional block 1030 may determine whether the inputs to
protection block 1002 are valid. If any of the communications integrity, data integrity,

and/or time synchronization inputs indicate an error, functional block 1030 may de-
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assert output 1033 to nullify any fault detected by negative sequence calculator and

phase comparator 1020. This may prevent the system from registering a fault condition
based upon bad measurement and/or timing data. Otherwise, functional block 1030
may assert output 1033 to enable the fault detection function output of negative
sequence calculator and phase comparator 1020.

[00132] AND gate 1050 may receive an input 1043 from enable protection function
1040. Enable protection function 1040 may be communicatively coupled to the outputs
of time align block 1010 such that symmetrical components of the local and remote
samples can be computed and compared with a threshold to enable the protection
function. Enable protection function 1040 may further receive the local phase current
measurement 1013 obtained at IED 1000 via connection 1012. For example, the

absolute values of the negative sequence components of the local and remote samples

(‘]ZL‘ and ‘15‘, respectively), may be computed and cause the enable protection 1040
to assert when ‘]ZL‘ and ‘15‘ exceed the element sensitivity threshold and when the
absolute value of the local negative sequence component ‘IZL‘ is greater than a factor
of the absolute value of local positive-sequence current ‘IIL‘ (such as, for example,
0.05 -‘IIL‘). The element sensitivity threshold may be a factor of the absolute value of

the nominal current such as, for example, O.OS-‘]NOM‘. If the criteria are not met,

output 1043 may be de-asserted to nullify the other inputs to AND gate 1050.

[00133] The output 1051 of AND gate 1050 may be asserted if all of the inputs 1025,
1033, and 1043 are asserted. Output 1051 of AND gate 1050 may be passed to a
security counter 1060. Counter 1060 may only assert its output 1061 if its input 1051 is
asserted for a pre-determined number of samples and/or clock cycles. For example,
counter 1060 may only assert output 1061 if the fault condition input 1051 has been
asserted for two (2) consecutive measurement samples and/or clock cycles. This may
prevent so-called false element assertions due to glitching and/or temporary
abnormalities on the power system segment.

[00134] Output 1061 may indicate that negative sequence calculator and phase

comparator 1020 has detected a fault in the power system segment. Accordingly,
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output 1061 may be communicatively coupled to a user interface of IED 1000 and/or

further protective functions such as to send a trip signal resulting in tripping of a circuit
breaker, to alert a user and/or disconnect the power system segment from the rest of a
power grid or otherwise protect the power system from the detected fault. In one
embodiment, IED 1000 may be communicatively coupled to a communications network
(not shown). Upon detecting a fault via output 1061 of protection block 1002, IED 1000
may send a trip signal, transmit a message via the communications network alerting an
engineer and/or removing the power system segment from the power system grid.
[00135] It will be obvious to those having skill in the art that many changes may be
made to the details of the above-described embodiments without departing from the
underlying principles disclosed herein. The scope of the disclosure should, therefore,
be determined only by the following claims.

[00136] | claim:
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Claims

1. A method for detecting a fault on a conductor by a first intelligent
electronic device (IED) monitoring a power system segment having a first IED and a
second IED, comprising:

obtaining a first set of current measurements;

receiving a second set of current measurements from the second IED;

time aligning the first set of current measurements and the second set of current
measurements using a timestamp associated with the second set of current
measurements;

calculating a first symmetrical component from the time aligned first set of current
measurements;

calculating a second symmetrical component from the time aligned second set of
current measurements; and

detecting a fault in the power system segment using the first and second

symmetrical components.

2. The method of claim 1, wherein the detecting comprises comparing an
operating current to a scaled restraint current, wherein the operating current and

restraint current are derived from the time aligned current measurements.

3. The method of claim 1, wherein the detecting further comprises comparing

an operating current to a scaled nominal current.

4. The method of claim 3, wherein the first and second symmetrical

components comprise negative sequence components.

5. The method of claim 3, wherein the first and second symmetrical

components comprise zero sequence components.

6. The method of claim 4, wherein the operating current corresponds to a

sum of the time aligned current measurements.

7. The method of claim 4, wherein the restraint current corresponds to a

difference of the time aligned current measurements.
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8. The method of claim 2, further comprising triggering an output in the
segment if the operating current is greater than the scaled restraint current.

9. The method of claim 3, wherein the detecting triggers an output in the

segment if the operating current is greater than the scaled nominal current.

10. The method of claim 2, wherein the scale of the restraint current

corresponds to an IED characteristic of the first and second IEDs.

11.  The method of claim 1, wherein the detecting comprises comparing a real
part of the dot product of the first symmetrical current component and a complex

conjugate of the second symmetrical current component to zero.

12.  The method of claim 1, wherein the timestamp is referenced to an

common time reference.

13. The method of claim 1, wherein the second set of current measurements

comprises a set of synchrophasors.

14.  An apparatus for detecting a fault on a conductor by a first IED in a
segment of a power system monitored by the first IED and a second |IED, comprising:

a current sensor to obtain a first set of current measurements at the first
IED;

a communications interface to receive a second set of current
measurements from the second IED, the second set of current measurements
comprising a timestamp;

a comparator to detect a fault in the segment using only a first set of time
aligned current measurements derived from the first set of current measurements
and a second set of time aligned current measurements derived from the second

set of current measurements.

15.  The apparatus of claim 14, wherein the comparator is configured to time

align the first set of current measurements to produce the first set of time aligned
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current measurements and to time align the second set of current measurements to

produce a second set of time aligned current measurements.

16.  The apparatus of claim 15, wherein the time aligning comprises modifying

a and a magnitude of the second set of current measurements.

17. The apparatus of claim 16, wherein the first current measurement
comprises a timestamp, and wherein the time aligning comprises modifying a and a

magnitude of the first set of current measurements.

18. The apparatus of claim 16, wherein the time aligning comprises delaying
the first set of current measurements relative to the set of second current

measurements.

19.  The apparatus of claim 15, wherein the second IED is configured to time
align the second set of current measurements received at the first IED to a

measurement interval based on a common time reference.

20. The apparatus of claim 19, wherein the current sensor is configured to
obtain a current measurement comprising the first set of current measurements on a

measurement interval based on the common time reference.

21.  The apparatus of claim 15, wherein the comparator detects a fault in the
segment by comparing an operating current to a scaled restraint current, and wherein
the operating current and scaled restraint current are derived from the first and second

set of time aligned current measurements.

22.  The apparatus of claim 21, wherein the comparator is configured to trigger
a fault in the segment if an amplitude of the operating current is greater than an
amplitude of the restraint current scaled by a restraint scale factor.

23. The apparatus of claim 20, wherein the restraint scale factor corresponds
to a characteristic of the first IED and the second IED.
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24. The apparatus of claim 15, where in the comparator detects a fault in the

segment by comparing a dot product of the first time aligned current measurement and

the complex conjugate of the second time aligned current measurement to zero.

25. The apparatus of claim 14, wherein first and second sets of current
measurements each correspond to one selected from the group consisting of a negative
sequence component of a three-phase current, a positive sequence of three-phase

current, and a zero component of three-phase current.

26. The apparatus of claim 14, wherein the second set of current

measurements comprise a set of a synchrophasors.
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