PCT WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification © : (11) International Publication Number: WO 99/40662
HO2H 3/00, 3/18 Al i

(43) International Publication Date: 12 August 1999 (12.08.99)

(21) International Application Number: PCT/US99/01447 | (81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR,

BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, F], GB, GD,

(22) International Filing Date: 25 January 1999 (25.01.99) GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP,

KR, KZ, LC, LK, LR, LS, LT, LU, LV, MD, MG, MK,
MN, MW, MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG,
(30) Priority Data: SI, SK, SL, TI, T™M, TR, TT, UA, UG, UZ, VN, YU, ZW,

09/019,321 5 February 1998 (05.02.98) US ARIPO patent (GH, GM, KE, LS, MW, SD, §Z, UG, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR,

(71) Applicant: ABB POWER T & D COMPANY INC. [US/US); GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent (BF,
1021 Main Campus Drive, Raleigh, NC 27606 (US). BJ, CF, CG, CI, CM, GA, GN, GW, ML, MR, NE, SN,
TD, TG).

(72) Inventors: NOVOSEL, Damir; 107 East Skyhawk Drive, Cary,
NC 27606 (US). HU, Yi; 300 Fairfax Lane, Cary, NC
27513 (US). SAHA, Murari, M.; Virmlandsv. 11, $-722 Published
44 Visteris (SE). With international search report.

(74) Agents: NORRIS, Norman, L. et al; Woodcock Washburn
Kurtz Mackiewicz & Norris LLP, 46th floor, One Liberty
Place, Philadelphia, PA 19103 (US).

(54) Title: ADAPTIVE DISTANCE PROTECTION SYSTEM

LINE LINE
CURRENTS  VOLTAGES /1
S E———— ~

| |
CURRENT | [VoLTAGe || DISPLAY & POMER | RELAY
: SENSORS | | SENSORS mt:m || suppLy :

CONNUNICATION OTHER RELAYS, MAIN
SKRPLEZHOLD &
[, CHANNELS <;:;:1> CONPUTERS, EXC.
¢ 1 r |

OUTPUY LINE BREARERS,

| MAIN PROCESSING SYSTEN COMTAGTS ™= ALARNS, ETC. '

wP)

INPUT RENOTE SIGNALS,

! CONTACTS [<et—— 0PERATING STATUS, ETC.

et e e e e e e e e e e e e e e e —

(57) Abstract

An adaptive distance relaying system (1) provides improved performance for parallel circuit distance protection. The system utilizes
the parallel circuit’s current, when available, in conjunction with measurements of voltage and current on the protected line to compensate
for the zero sequence current mutual coupling effect. The sequence current ratio (zero or negative sequence) is used to avoid incorrect
compensation for relays on the healthy circuit. If the parallel circuit current is not available and the line operating status is, the best zero
sequence current compensation factors are selected accordingly as a next level adaptation. If both the parallel circuit current and line
operating status are unavailable, a fallback scheme that offers better results than classical distance protection schemes is employed.
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ADAPTIVE DISTANCE PROTECTION SYSTEM

FIELD OF THE INVENTION
The present invention relates generally to the
field of protective relaying, and more particularly to an

adaptive distance protection system.

BACKGROUND OF THE INVENTION

The well-known principles underlying distance
relaying are that the impedance measured by a relay is
proportional to the distance between the relay and a fault
on the protected line segment, and that, by measuring the
impedance, one can determine whether or not the line is
faulted. Distance protection systems have been applied
extensively because (a) they can work with only local
voltage and current measurements; (b) they can be used in
various pilot protection schemes when a communication
channel is available; and (c) they can provide coordinated
backup protection for adjacent lines. The estimated fault
location can be distorted, however, by inaccurate measuring
devices and line parameter settings, and by zone settings
that become inappropriate due to the dynamic nature of the
power system (e.g., the original zone settings may need to
be adjusted in view of changes in the load, generator and
system topology) .

Mutual Coupling in Parallel Circuits

The successful use of distance protection systems
in connection with parallel circuits is limited by mutual
coupling effects associated with, e.g., a double-circuit

line. Known distance protection systems are designed to
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protect single transmission lines using only a fixed setting
for each zone, which means that they only measure the
voltage and current of one line, or circuit, and they do not
correctly compensate for mutual coupling under all operating
conditions. One reason for the difficulty in correctly
compensating for mutual coupling is that the amount of such
coupling will depend on the configuration of the two
circuits, i.e., whether they are switched on or off and
whether they are grounded or not. (Of course, there would
be no mutual coupling if both lines are switched off.)

The mutual coupling effect is a function of the
impedance parameters of the parallel circuits, the fault
location, the outside network configuration, and any changes
in the load and generator impedances. If the fault current
and parallel circuit current flow in the same direction, the
apparent impedance will be overestimated and the distance
relay will underreach. On the other hand, if the fault
current and the parallel circuit current flow in opposite
directions, the apparent impedance will be underestimated
and the distance relay will overreach. The common practice
is to set each relay’s reach on the basis of the predicted
worst case system conditions for the particular pilot or
non-pilot protection scheme in use. However, during other
system operating conditions, these settings may degrade the
selectivity, security, dependability, and effective speed of
the distance protection system.

For example, to avoid overreach for "Zone 1" (Zone
1 typically covers less than 100% of the line and is used
for fast tripping of the fault with no time delay), the
selected zone setting must be based on the worst case
condition, i.e., the parallel circuit switched off and
grounded at both ends. This results in reduced Zone 1
coverage under other parallel circuit operating conditions,
particularly when both lines are operating. The problem is
illustrated in A.G. Jongepier and L. van der Sluis, Adaptive
Protection of a Double-Circuit Line, IEEE Summer Meeting,
paper 93 SM 381-4 PWRD, Vancouver, Canada, July 1993. If an
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85% single line protection Zone 1 setting is used, the
existing distance protection system will protect only 75% of
the circuit when both parallel circuits are in service,
while it will cover more than 100% of the circuit when one
circuit is switched off and grounded at both ends. A
setting much less than 85% must be used to avoid overreach
under the "one circuit switched off and grounded at both
ends" condition, but this setting will result in much less
than 75% of the circuit being protected by the Zone 1
setting of the relay when both circuits are in operation.

On the other hand, to avoid underreach for Zone 2
or Zone 3 settings, the zone settings must be selected based
on a different worst case condition, i.e., both lines in
operation. This results in a much extended Zone 2 or Zone 3
coverage under other parallel circuit operating conditions,
particularly when one parallel circuit is switched off and
grounded at both ends, which in turn may cause problems in
proper relay coordination. (Overreaching extends Zones 2
and 3 beyond their intended reach, which causes problems
with coordination among relays of adjacent lines.)

In view of the problems discussed above, there is
a recognized, long-felt need for an adaptive distance
protection system that provides improved power system
protection. One attempt at providing an adaptive distance
protection scheme for parallel circuits is illustrated by
Jongepier and van der Sluis in Adaptive Protection of a
Double-Circuit Line, cited above. This scheme employs a
correction factor to compensate for the mutual coupling of
the two circuits at the desired setting boundary. The paper
suggests computing the correction factor with a substation
computer of a "Hierarchical Integrated Protection and
Control System." The disclosed scheme requires the use of
communication means to link the distance relays to the
substation computer. When the link is lost, the worst -
settings are used as a fallback solution, and therefc
substation computer must remain available for this

to work. If the substation computer is not avai’
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cost of installing a dedicated system for this purpose will
be prohibitive. Moreover, the paper does not consider
whether the application of such a scheme will pose problems

in connection with the healthy circuit.

SUMMARY OF THE INVENTION

The present invention provides an adaptive
solution to overcome the problems described above. The
invention correctly compensates for mutual coupling effects
and avoids incorrect compensation for faults that are not on
the protected circuit whenever the parallel circuit's
current is accessible. A compensation factor "k," is
automatically adjusted to accommodate the mutual coupling
effect when the parallel circuit's current is not accessible
but its operating status is known. The system employs a
built-in fallback scheme when both the parallel circuit's
current and operating status are unknown.

One embodiment of the present invention provides
an adaptive distance protection method for use with an
underreaching relay in a power system comprising a protected
circuit and a parallel circuit. The protected and parallel
circuits are connected in parallel between a first bus (G)
and a second bus (H), and the underreaching relay comprises
current and voltage measuring devices for measuring currents
and voltages on the protected circuit. One presently
preferred embodiment of the method comprises the steps of:

(A) determining whether a measurement of current
in the parallel circuit is available and, if so:

(Al) calculating a blocking criterion (o, or
A,) ;

(A2) determining whether the blocking
criterion (o, or o,) is less than a predefined
default value;

(A3) if the blocking criterion is less than
the default value, computing a compensated fault
current using the zero sequence current (I,,,) in

the parallel circuit;
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(A4) 1f the blocking criterion is not less
than the default value, computing the compensated
fault current using a first zero sequence current
compensation factor;

(B) if the current measurement in the parallel
circuit is unavailable:

(Bl) determining whether an operating status
of the parallel circuit is available and, if so,
whether the protected and parallel circuits are in
operation;

(B2) if the parallel circuit’s operating
status is available and both circuits are in
operation, calculating a compensated fault current
using a second zero sequence current compensation
factor;

(B3) 1f the parallel circuit’s operating
status 1is unavailable, calculating the compensated
fault current using a third zero sequence
compensation factor;

(B4) 1f the parallel circuit’s operating
status is available and one line is not in
operation, calculating the compensated fault
current using a fourth zero sequence compensation
factor; and
(C) calculating an apparent impedance value

Zapparent *

Another embodiment of the present invention
provides an adaptive distance protection method for use with
an overreaching relay. A preferred embodiment of this
method comprises the steps of:

(A) determining whether a measurement of current
in the parallel circuit is available and, if so:

(Al) calculating a blocking criterion (o, or
a,) ;

(A2) determining whether the blocking
criterion (a, or a,) is less than a predefined

default value;
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(A3) if the blocking criterion is less than
the predefined default value, computing a
compensated fault current using the zero sequence
current (I,,,) in the parallel circuit;

(A4) 1if the blocking criterion is not less
than the predefined default value, calculating a
compensated fault current using a first zero
sequence current compensation factor;

(B) if the current measurement is unavailable:

(Bl) determining whether an operating status
of the parallel circuit is available and, if so,
whether the protected and parallel circuits are in
operation;

(B2) 1f the parallel circuit’s operating
status is available and both circuits are in
operation, calculating a compensated fault current
using a second zero sequence current compensation
factor;

(B3) if the parallel circuit’s operating
status 1s unavailable, calculating the compensated
fault current using a third zero sequence
compensation factor;

(B4) if the parallel circuit’s operating
status 1s available and at least one line is not
in operation, calculating the compensated fault
current using a fourth zero sequence compensation
factor; and
(C) calculating an apparent impedance wvalue

Zapparent *

In either of the above-summarized embodiments of
the invention, the first, second, third and fourth
compensation factors may be different from one another or,
alternatively, at least two of them may be the same as one
another.

Other features of the present invention are

disclosed below.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 schematically illustrates a preferred
application of an adaptive distance relay.

Figure 2 schematically depicts the principal
elements of an adaptive relay that is programmable to
operate in accordance with the present invention.

Figure 3 is a single line diagram illustrating the
influence of mutual coupling on parallel circuits.

Figure 4 illustrates the connection of positive,
negative and zero sequence networks for parallel circuits.

Figure 5 illustrates a zero sequence network for
the case of the parallel circuit being switched off and
grounded at both ends.

Figure 6 is a flowchart of a presently preferred
implementation of an adaptive distance protection system for
Zone 1, or underreaching, schemes in accordance with the
present invention.

Figure 7 is a flowchart of a presently preferred
implementation of an adaptive distance protection scheme for
Zones 2/3, or overreaching, schemes in accordance with the

present invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

As discussed above, parallel circuits introduce
mutual coupling into the distance protection impedance
calculation. The effect of such mutual coupling depends on
a number of factors, such as fault location, remote infeed
(i.e., contributions of lines connected to a substation
bus), and fault resistance. The discussion below analyzes
the effect of mutual coupling under various circuit
conditions, and then describes presently preferred
embodiments of inventive solutions for overcoming the mutual
coupling problem. In the following discussion, the
expression "protected circuit" refers to the 3-phase circuit
13 (see Fig. 1), since the analysis is being done from the
perspective of the relay 1 protecting that circuit, and

"parallel circuit" refers to circuit 15.
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Figure 1 depicts the general environment in which
the present invention is intended to operate. As shown, the
overall system includes relays 1 and 3; a communications
link 5 between the two relays; a circuit breaker 7 coupled
to relay 1 (other circuit breakers are also present in the
system); and a current transformer 9 and a voltage
transformer 11 for use by relay 1 in obtaining current and
voltage measurements for the protected line segment. Relay
1 is employed to protect 3-phase circuit 13, and relay 3 is
used to protect parallel circuit 15. Typically, the relays
and circuit breakers are 3-phase devices in that each one is
used for all three phases (phases a, b and c¢) of the circuit
to which it is connected. As shown in Figure 1, each of the
3-phase circuits is connected at one end to a first bus 17
(also referred to as bus "G") and at the other end to a
second bus 19 (bus "H").

Figure 2 depicts one presently preferred
embodiment of a microprocessor-based protective relay. As
shown, the relay comprises current and voltage sensors,
sample and hold and analog-to-digital conversion circuitry,
a main processing system (preferably microprocessor and/or
DSP-based), a display and keypad, a power supply,
communication channel (s) and input and output contacts. The
circuitry is generally well known. It is mainly the manner
in which it is programmed that distinguishes the present
invention from the prior art. Those skilled in the art will
recognize that the output of the analog-to-digital converter
circuitry is fed to the main processor, which employs a
cosine filter, Fourier transform, and the like, to produce
phasor data for each of the sampled lines. The main
processing system preferably includes a microprocessor,
random access memory (RAM), and read only memory (ROM), the
latter containing program code for controlling the
microprocessor in performing fault detection (including
fault type determination and fault direction and fault
distance determination), fault location, reporting, and

other protective relaying, monitoring and control functions.
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The RAM may include segments of memory for pre-fault data
and post-fault data, which may be employed in performing
various protective relaying functions. The relay may output
fault data to a protection/alarming system (not shown) that
performs protection and alarming functions such as tripping
a circuit breaker or sounding an alarm as appropriate.
A single-line diagram of a system with a fault
(with a fault resistance R;) on one of the parallel circuits,
between buses G and H is shown in Figure 3. The parts of
the system behind the local and remote busses (G and H) have
been replaced with their Thévénin equivalents. The table
below provides definitions for the various terms used in the
following discussion.
I, Compensated post-fault phase current
Ve : Measured post-fault voltage at bus G
Measured post-fault voltage at bus H
Source voltage at bus G
Source voltage at bus H
of : Measured post-fault current at bus G
Measured post-fault, parallel circuit
current at bus G
I, : Measured post-fault current at bus H
Z, : Line impedance per unit length in
protected circuit 13
Zoy : Zero sequence mutual coupling between
protected circuit 13 and parallel
circuit 15
Znp : Line impedance in parallel circuit 15
Source impedance at bus G

Zs

Z, Source impedance at bus H

R, : Fault resistance

m Relay-to-fault reach (distance) on a
scale of 0-1.

In general, the subscripts 1, 2, and 0 refer to positive,
negative and zero sequence components, respectively, in
accordance with conventional notation. In addition, the

subscript a, b and ¢ refer to the three phases of the
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transmission lines. For example, I° refers to the

sfa
compensated fault current in phase a at the sending or "s"
side of the circuit.

For a three-conductor circuit, an additional zero
sequence term is used in the typical impedance calculation
for ground faults. If compensation for mutual coupling has
not been taken into consideration, the fault current at the
relay location is compensated with the zero sequence current
for the single line-to-ground fault (e.g., a-g fault) as

follows:

1. =1

sfa

+ ky * I, (1)

sfa

The zero sequence current compensation factor k, is:
Ko = (294 - 244) /2y, (2)

where Z,, and Z,, are zero and positive sequence line
impedances, respectively. The apparent impedance to the

fault is determined as:

Z = VGf/ICsfa (3)

apparent

where V., is the voltage at relay 1 (i.e., the voltage at bus
G). The above equations are used in distance relays for
three phase, single circuit applications.

We now consider the impact of mutual coupling on
the impedance calculation when the fault is on the parallel
circuit 15. From Figure 3, we see that the relay 1 at bus G

underreaches (current I flows in the same direction as

pPsfo0
current I_,) and the relay 2 at bus H overreaches (current
I,.;, flows in the opposite direction to current I, . The
adaptive method is based on current compensation with the

zero sequence current in the parallel circuit, I Thus,

Psfo *
in phase a, the compensated fault current at relay 1 (for a

single-line-to-ground, a-g, fault) is:

IfF .. =1

sfa

ot t 20y = Z03) /20,1 * I + [Z/Z1,] % Tog (4)

where Z,, is the total uniform zero sequence mutual impedance
between the parallel circuits 13, 15. However, the current
I, may not always be accessible and may adversely affect

the impedance measurement if the fault is on the parallel
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circuit 15. The value of the apparent impedance measured by
relay 1 at terminal G, for the phase a-to-ground (a-g) fault

and with fully compensated current, is:
ZGl = VGfa/Ista = (mzll*Ista+Rf*If) /Ista = lel+Rf* (If/Ista) (5)

The distance protection system on the healthy
parallel circuit may operate incorrectly if inappropriate
mutual coupling compensation has been implemented. If the
distance protection system at relay 3 in Figure 3 has been
compensated with the zero sequence current in the parallel
circuit as in equation (4), false overreaches may occur for
the faults close to terminal G. How far from G (toward H)
false overreach may occur depends on the actual network
conditions and relay settings. Misoperation of the relay on
the healthy circuit will occur for the case of compensation
with the zero sequence current in the parallel circuit. If
no compensation for mutual coupling is used, the distance
relay will underreach, but the underreach will not cause
relay misoperation. Thus, compensation with the zero
sequence current in the parallel circuit should be blocked,
and no compensation is needed for the relay on the healthy
circuit.

With the fault on the adjacent circuit, remote
substation infeed and parallel circuit current introduce
errors in the impedance calculation even if the compensation
for mutual coupling is correct. When the fault is on the
protected circuit, apparent impedance can be calculated
correctly if mutual coupling compensation with the zero
sequence current in the parallel circuit is applied. This
current, i1f not accessible, can be calculated from the zero
sequence current in the faulted line if the zero sequence
source impedance is available. However, since the zero
sequence source impedance is not reliable, other means for
compensating for this current are needed.

The following discussion explains how the zero
sequence current in the parallel circuit may be calculated
and then related to the zero sequence current in the faulted

circuit for various system conditions. A ratio of the
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sequence currents in the parallel circuit is later used for
blocking of the compensation when the protected circuit 11
is healthy. Appropriate means for compensating for the
mutual coupling are also examined. Adaptive protection
schemes can utilize the different compensation factors for
various system conditions to improve the accuracy of the
impedance calculation.

For a typical three-conductor circuit, a zero

sequence term k;, (equation 2) is used in the impedance

calculation. If the zero sequence current in the parallel

circuit is not available, the correction for mutual coupling

may be compensated for in a similar manner. This is done

either by adjusting the compensation factor k, or by changing
the relay settings.

The connection of positive, negative and zero

sequence networks, when both circuits are in operation, is

shown in Figure 4. From Figure 4, it can be seen that the

zero sequence current distribution factor d,, is:

dg, = Isfo/IfO = ([ZroM + (1-m) ZlOM] ZABOM+(ZSOM + ZroM) ZloM(l'

M M M M M M M
m) ) / ( (Zso +Zy0 +215 ) Zpgy  + Zyg (Zgy + Zy )) (6)
where:
M
Zyy = Zgy + My,
Z.o = Z, + (1 - m)Z,, (7)
M
Zpgo = Zpgo =~ Do
M
Zyo = 2y, Z oy

If we assume Z,,, = Z,, and by using equation (6) it
follows that:

Aoy = I/ Ig = (ZroM+ (1-m) (ZsoM"‘ZroM"'ZloM) )/ (2 (ZsoM“’ZroM)"'ZloM) (8)
From Figure 4:
Toeo * leoM = I * (1-m) ZlOM + IPst*ZIOM ' (9)
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By using equations (8) and (9), and I, = Ig
I, the equation for the zero sequence current in the

parallel circuit may be derived as:
Ipero = L[(MZo- (1-m)Z,) / ((2-m) Z, o+ (1-m) (Z0+Z1+Zgy) ) ] *Iogo (10)

Thug, the zero sequence current in the parallel circuit
depends on the fault location and Thévénin source
= 7

impedances. The equation for I,.,, if Z, can be

0 1o/

easily derived.

When both circuits are in operation and the fault
is on the adjacent circuit (i.e., an immediately neighboring
line), underreach is most severe since the fault current and
the parallel circuit current flow in the game direction
throughout the whole line length. When the fault is on the
protected line, the direction of the parallel circuit’s zero
sequence current depends on the zero sequence source
impedances and fault location. In any case, the distance
relay may not be able to detect faults that are inside the
protected zone and may fail to operate if the fault current
and the parallel circuit current flow in the same direction.
It is clear that critical cases are where the fault is just
inside the zone boundary. Thus, if mutual coupling
compensation is not performed, the mutual coupling effect
reduces the reach of the distance relay.

The zero sequence current in the parallel circuit,
I,.;o: 18 available at the substation and can be compensated
for by equation (4). If this current is not accessible, the
relays can be set by adjusting the compensation factor k,.
If the parallel circuits have equal parameters and the fault
is at or beyond the remote terminal, by using equation (4)
and assuming I, = I,,, 1t follows that a compensation
factor including compensation for mutual coupling may be

calculated as:
ko' = <Zlo - 2y + ZOM)/le (11)

The approximate compensation factor k,' has been used instead
of k, in equation (2) to compensate for the underreach effect

of mutual coupling for Zone 2 of distance relays (or
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overreaching schemesg). However, if the effect of mutual
coupling is to cause overreach (e.g., parallel circuit
switched-off and grounded), this compensation will increase
overreach. In this’case, excessive overreach may cause
selectivity problems.

The following discussion explains how to calculate
the zero sequence current in the parallel circuit and to
relate this current to the zero sequence current in the
faulted circuit where one line is switched-off and grounded.
The appropriate compensation factor for this case is also
derived.

A zero sequence network for the case of where the
parallel circuit is switched-off and grounded is shown in
Figure 5. This drawing depicts a model used to represent
the zero sequence current in the parallel circuit with the
zero sequence current in the faulted line.

If we assume Z,,,= Z,,, it follows that:

Lesto Zyg = Mg, * I + (1-m) Zow * Iigo (12)
Ieeo * (2 + (1-m) 2] = (mZy, + Zg) * I + Zoy * Ipgeo (13)
Combining equations (12) and (13), the zero

sequence current in the parallel circuit is:
Togro = [ (ZOM[ (1-m) Zso-ero] )/ (Zlo [1-m) Zyot2yg~ (1-m) Z20M) ] *Leeo (14)

Again, the zero sequence current in the parallel circuit
depends on the fault location and Thévénin source

impedances. The equation for I,,,, if Z,, * Z,,, can be

ABO
easily derived.

The current I, ., can be measured only if the
current transformers are on the line side of the point at
which the ground is made, but this may not be desirable due
to security reasons. In this case, the relays can be set by
adjusting the compensation factor k,. An appropriate
compensation factor for this case is derived below.

From equation (14), for the fault at (m=1l) or

beyond the remote terminal, it follows that

Tpeso = - (ZOM/ZAEO) *Toeo-
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The compensated fault current (for an a-g fault) should be:

F

I sfa Isfa + ((Zlo B le) /le - Z20M/(le * ZABO)) * Isfo (15)

From equation (15), it follows that a compensation factor
k,", that includes mutual coupling compensation, for the case
of the parallel circuit being switched-off and grounded at

both ends, is:
k" = ((Z10-201) /201-2° 0/ (21, % Zge) ) = (2% Zyno= 2By * Zongo ™
2%l (Z1,% Zyno) ) (16)

The approximate compensation factor k," has been
used instead of k, to compensate for the overreach effect of
mutual coupling for Zone 1 of distance relays or
underreaching schemes. Using compensation for this case,
selectivity of the distance protection system will be
achieved for any other system conditions because the relay
will underreach. However, if the effect of mutual coupling
is to cause underreach (e.g., both lines in operation), this
compensation will further increase underreach and a
considerably smaller part of the line may be covered.

In conclusion, the distance relay operation is
suboptimal if compensation with the factor k," is used
without adapting to the actual system conditions.

If the fault is not very close to the remote end,
accurate mutual compensation will be a function of the fault
location and the remote infeed current. Thus, in addition
to the fault location, either accurate values of the source
impedances or the remote infeed current are needed for
accurate compensation.

Flowcharts for Underreaching and Overreaching Zones

Figures 6 and 7 are exemplary flowcharts for the
adaptive distance measurement system disclosed herein. The
flowchart in Figure 6 is for Zone 1, or underreach zones, of
distance relays, while the flow-chart in Figure 7 is for
Zone 2/3, or overreach zones of distance relays. Various
adaptive distance measurement levels are embedded in the

system. The first adaptive level is to use the parallel
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circuit's current in conjunction with the protected line's
voltage and current to correctly compensate for the mutual
coupling effect. The problem of the healthy relay
overreaching when the fault is on the parallel circuit has
been solved by calculation of a blocking criterion «o. The
blocking criterion is the ratio of the negative or zero
sequence currents in the parallel circuits. This criterion
is defined and analyzed in greater detail below.

The next adaptive level is to automatically
accommodate the mutual coupling effect for the actual system
state by the appropriate faulted current compensation
factor, k,, in the current calculation for different relay
settings for different distance protection zones and pilot
schemes. The methods embodied in the flowcharts of Figure 6
and 7 use an appropriate faulted current compensation factor
k, in the current calculation. No high-speed communications
and/or SCADA data are required for this level. The only
information communicated should be that the parallel circuit
is switched-off and grounded at both ends.

If information on the state of the remote ground
of the switched-off, serviced parallel circuit is not
available or reliable, a fallback position is implemented.

The fallback position is achieved by compensation with the

-factor k," for Zone 1 and underreaching schemes of the

distance relays. Zones 2 and 3 and overreaching schemes
need to use k, for dependability reasons. For example, Zone
2 or overreaching schemes have to cover the remote terminal
in any case, and undesired mutual coupling compensation with
k," (if the parallel circuit is not switched-off and grounded
at both ends) will reduce the reach considerably. The relay
may therefore fail to operate, which must be avoided.

Thus, if any of the information that will allow
for adaptive protection is not available, the fallback
position is still better than the classical distance
protection method, since Zone 1 and Zone 2 use different

faulted current compensation factors.
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Referring to Figure 6, the presently preferred
process for use with Zone 1 or underreaching schemes begins
at step S1, where the relay determines whether the current
in the parallel circuit is available. If so, o, or o, is
calculated at step S2. Next, at step S3, the relay
determines whether o, or o, is less than a predefined default
value (e.g., 2.0); and, if so, the relay compensates for
mutual coupling at step S4 with the parallel circuit’s zero
sequence current. Finally, at step S5, the apparent
impedance is calculated.

If, at step S1, the relay finds that the parallel
circuit current is unavailable, it determines at step S6
whether the parallel circuit’s operating status is
available, and at step S7 whether both circuits are in
operation. If the answer to both queries is yes, the
compensated fault current is calculated in step S8’ using kg,
which may be the same as or different from the k, used in
step S8, and then the apparent impedance is calculated at
step S85. Alternatively, if the parallel circuit’s operating
status is unavailable or both lines are not in operation,
the compensated fault current is calculated in step S9 or
S9’, respectively, using k,". Again, the values of k," used
in steps S9 and S9’ may be the same or different, depending
on the particular system in which the invention is employed.

As illustrated in Figure 7, a similar process is
employed in connection with Zone 2/3 or overreaching
schemes. As shown, the process begins at step S10, where
the relay determines whether the current in the parallel
circuit is available, and, if so, proceeds to S11 where o, or
o, is calculated. At step S12, the relay determines whether
®, or a, is less than a predefined default value, and if so
compensates for mutual coupling at step S13 with the
parallel circuit’s zero sequence current. If o, or o, is not
less than the default wvalue, the compensated fault current
is calculated in step S17 using k,. The apparent impedance
is then calculated at step S14. If the parallel circuit

current is unavailable, as determined at S10, the relay
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determines whether the parallel circuit’s operating status
is available (S15), and whether both circuits are in
operation (S16). The compensated fault current is
calculated using k,, step S17’, if the parallel circuit’s
operating status is available and both circuits are
operating. The apparent impedance is then calculated at
step S14. If the parallel circuit’s operating status is not
available or at least one line is not in operation (per
steps S15 and S16), the compensated fault current is
calculated using k,’ (S18 or S18’). Again, the values of k;’
used in steps S18 and S18’' may be the same or different,
depending on the particular system in which the invention is
employed.

The blocking criterion o will now be defined.

Blocking Criterion «

The possibility that the relay on the healthy
circuit may trip undesirably is one of the reasons why
compensation with the zero sequence current in the parallel
circuit is not often used in practice. The adaptive
protection scheme should block compensation for a fault on
the other line. This may be accomplished by comparing the
currents in the parallel circuits.

The ratio of zero and negative sequence currents
in parallel circuits can be used as a criterion for blocking
of mutual coupling compensation. From Figure 4 and equation

(10) this ratio in zero sequence is as follows:
Kp= I IPst/Isfo | =| (ero— (1-m) Zso/ (2-m) Z o+ (1-m) (Zgo+2Z14+2Z0y) ) | (17)

From Figure 4, the ratio in positive or negative

sequence is as follows:

O‘1,2=| IPsfl,Z/Isfl,Z | =l (er1'2— (1-m) Zsl,2) /
(2-m) Z,; ,+(1-m) (Z, ,+Z), ,) | (18)

The problem of healthy relay overreach if the
fault is on the parallel circuit has been solved by
calculation of the blocking criteria o, and a,. The blocking

criterion o, (equation 18) is the ratio between the negative
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sequence current in the healthy circuit and the negative
sequence current in the faulted line. The blocking
criterion «, (equation 17) is the ratio between zero sequence
current in the healthy circuit and the zero sequence current
in the faulted line. This ratio has been calculated for
terminals G and H.

The value of o approaches unity if the fault is
close to terminal H. For faults close to G, the value of «
is large (with the absolute value much greater than 1),
which could be positive or negative, on the healthy circuit.
The relay on the healthy circuit has a larger overreach for
faults on the other line closer to the relay terminal
(substation G). Thus, preferably, o takes large absolute
values for the cases of larger overreach.

In conclusion, an appropriate threshold value of
either the ratio «a, of the zero sequence currents in the
parallel circuits, the ratio o, of the negative sequence
currents in parallel circuits, or the ratio «, of the
positive sequence currents in parallel circuits can be used
as a criterion to block undesirable compensation. This
value may be selected by default in the system to avoid any
additional relay settings. However, the negative (or
positive sequence) blocking criterion a, is more reliable
than the zero sequence blocking criterion «,. Therefore, q,
should be used if available.

In sum, the performance of prior art distance
relays, which were designed for single line protection, when
used to protect parallel circuits, is adversely affected by
the zero sequence current mutual coupling effect, which
varies with line operating conditions. The inventive system
disclosed herein offers an adaptive approach to provide
improved performance for parallel circuit distance
protection. The adaptive distance protection system
utilizes the parallel circuit's current (when available) in
conjunction with measurements of voltage and current on the
protected line to compensate for the zero sequence current

mutual coupling effect. The invention achieves accurate



10

15

20

WO 99/40662 PCT/US99/01447
- 20 -

distance measurements for the faulted line. The sequence
current ratio (zero or negative sequence) is used to avoid
incorrect compensation for relays on the healthy circuit.
If the parallel circuit current is not available and the
line operating status is, the best zeroc sequence current
compensation factors are selected accordingly as a next
level adaptation. In the event that both the parallel
circuit current and line operating status are not available,
a fallback scheme embedded in the system is used. The
fallback scheme offers better results than the classical
distance protection scheme.

The above description of preferred embodiments is
not intended to limit the scope of protection of the
following claims. Thus, for example, except where they are
expressly so limited, the following claims are not limited
to applications involving three-phase power systems or power
systems employing a 60 Hz fundamental frequency. Moreover,
the claims are not limited to protective relays or fault
location systems associated with any particular part (i.e.,
transformer, feeder, high power transmission line, etc.) of

a power distribution system.
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We claim:

1. An adaptive distance protection method for
use with an underreaching relay in a power system comprising
a protected circuit and a parallel circuit, wherein said
protected and parallel circuits are connected in parallel
between a first bus (G) and a second bus (H), and wherein
said underreaching relay comprises current and voltage
measuring devices for measuring currents and voltages on
said protected circuit, comprising the steps of:

(A) determining whether a measurement of current
in said parallel circuit is available and, if so:

(Al) calculating a blocking criterion (a, or
Q) ;

(A2) determining whether said blocking
criterion (o, or «,) is less than a predefined
default value;

(A3) if said blocking criterion is less than
said default value, computing a compensated fault
current using the zero sequence current (I, ,) in
said parallel circuit;

(A4) if said blocking criterion is not less
than said default value, computing the compensated
fault current using a first zero sequence current
compensation factor;

(B) if said current measurement is unavailable:

(Bl) determining whether an operating status
of said parallel circuit is available and, if so,
whether said protected and parallel circuits are
in operation;

(B2) if the parallel circuit’s operating
status 1s available and both circuits are in
operation, calculating a compensated fault current
using a second zero sequence current compensation
factor;

(B3) if the parallel circuit’s operating

status 1s unavailable, calculating the compensated



10

15

20

25

30

WO 99/40662 PCT/US99/01447
- 22 -

fault current using a third zero sequence
compensation factor;

(B4) if the parallel circuit’s operating
status is available and one line is not in
operation, calculating the compensated fault
current using a fourth zero sequence compensation
factor; and
(C) calculating an apparent impedance value

Z

apparent *

2. A method as recited in claim 1, wherein:

k, is determined by, k, = (Z,, - Z,,) /Z,,, where Z,
and Z,, are zero and positive sequence line impedances,
respectively, in said protected circuit;

k," is determined by,

k" = ZlO*ZABO—le*ZABO_ZZOM/(le* Zzno) )

a, is a ratio of zero sequence currents in the
first and second circuits; and

¢, is a ratio of negative sequence currents in the
first and second circuits;

wherein Z;, 1s a zero sequence mutual coupling
between the protected circuit and the parallel circuit; and
Z,5o 18 a zero sequence line impedance for the parallel

circuit.

3. A method as recited in claim 2, wherein «, and
a, are determined by:

Ay = | IPst/Isf0|

A2 = | IPsfl,Z/Isf1,2| i

wherein I, is a zero sequence current at bus G;
I, 1is a positive sequence current at bus G; I_, is negative
sequence current at but G; I, ., is a parallel circuit zero
sequence current at bus G; I, is a parallel circuit
positive sequence current at bus G; and I,,, is a parallel

circuit negative sequence current at bus G.
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4., A method as recited in claim 3, wherein

Z is determined by Z

C ' c s
apparent = Vu/I ., wherein I°, is

apparent a

compensated post-fault phase current and V, is a measured

post-fault voltage at bus G.

5. A method as recited in claim 4, wherein said
first, second, third and fourth compensation factors are

different from one another.

6. A method as recited in claim 4, wherein at
least two of said first, second, third and fourth

compensation factors are the same as one another.

7. An adaptive distance protection method for
use with an overreaching relay in a power system comprising
a protected circuit and a parallel circuit, wherein said
protected and parallel circuits are connected in parallel
between a first bus (G) and a second bus (H), and wherein
said overreaching relay comprises current and voltage
measuring devices for measuring currents and voltages on
said protected circuit, comprising the steps of:

(A) determining whether a measurement of current
in said parallel circuit is available and, if so:

(A1) calculating a blocking criterion (o, or
a,) ;

(A2) determining whether said blocking
criterion (o, or o,) is less than a predefined
default value;

(A3) if said blocking criterion is less than
said predefined default value, computing a
compensated fault current using the zero sequence
current (I,,,) in said parallel circuit;

(A4) 1f said blocking criterion is not less
than said predefined default value, calculating a
compensated fault current using a first zero
sequence current compensation factor;

(B) if said current measurement is unavailable:
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(Bl) determining whether an operating status
of said parallel circuit is available and, if so,
whether said protected and parallel circuits are
in operation;

(B2) if the parallel circuit'’s operating
status is available and both circuits are in
operation, calculating a compensated fault current
using a second zero seguence current compensation
factor;

(B3) if the parallel circuit’s operating
status is unavailable, calculating the compensated
fault current using a third zero seguence
compensation factor;

(B4) if the parallel circuit’s operating
status is available and at least one line is not
in operation, calculating the compensated fault
current using a fourth zero sequence compensation
factor; and

(C) calculating an apparent impedance value

8. A method as recited in claim 7, wherein:

k, is determined by, k, = (Z,, - Z,,) /Z,,, where Z,,

and Z,, are zero and positive sequence line impedances,

respectively, in said protected circuit;

first and

first and

k,'" is determined by,

ko' = (Zyg - Zyy + Zogy) /24y

o, is a ratio of zero sequence currents in the
gsecond circuits; and

a, is a ratio of negative sequence currents in the

second circuits;

wherein Z, is a zero sequence mutual coupling

between the protected circuit and the parallel circuit; and

Z

circuit.

aso 1S @ zero sequence line impedance for the parallel
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9. A method as recited in claim 8, wherein «, and
o, are determined by:

Ay = l IPst/Isfo | 1

Ay = I IPsfl,z/Isf1,2| i

wherein I, is a zero sequence current at bus G;
I, is a positive sequence current at bus G; I,, is negative
sequence current at but G; I,,, is a parallel circuit zero
sequence current at bus G; I, 1s a parallel circuit
positive sequence current at bus G; and I,., is a parallel

circuit negative sequence current at bus G.

10. A methed as recited in claim 9, wherein
Zppparene 1S determined by Z,..ene = Vo /IS, wherein IS, is a

compensated post-fault phase current and V., is a measured

post-fault voltage at bus G.

11. A method as recited in claim 10, wherein said
first, second, third and fourth compensation factors are

different from one another.

12. A method as recited in claim 10, wherein at
least two of said first, second, third and fourth

compensation factors are the same as one another.



WO 99/40662 PCT/US99/01447

1/6
3
o LR Y
\ | lé? 3-PHASE 9 o
| i CIRCUIT / |9
I ' 5 L
o 4 0
1 9 | 3-PHASE 13
[ | CIRCUIT /
—Tl' | " ﬁ'j'_
y
RELAY 4+—
Fig.1
Ipst 1 15
v 3 AB 4y
Gf oy - o Hf
Z




PCT/US99/01447

WO 99/40662

o

2/

013 ‘SLVLS INILV¥IdO
STVNOIS 10W3Y

.13 ‘SHYV Y
SY3Nv3ye INN

013 ‘SY3LNJH0)
NIV “SAY13Y ¥3HL0

SLIVINOD
1ndNI

|
A SLIVINGD

| 1nd1n0
_

(d7)
W3LSAS INISSII0Ud NIV

H

STINNVH)

|

AH“HV NOILYDINANN0)
_
|

_><4um

A1ddNS
4IMod

A ﬁ %

- NOISH3ANOD /v
T 010H/31dWVS

|

|

\ 4
Tiaxan 1| SuosKas
9 Ay1dSI0 | 3VLI0A

SYOSNIS
IN384N)

S3IVLI0A
NN

1

SINIYYNI

NN



WO 99/40662 PCT/US99/01447

3/6
nly (. If1=I12=110=1¢/3
Ls Ist4 Irst 1o
p s i b

VG] IPsf 1 1 AB1

1o st ] It 4,
I —
——
VGZ Ipst2 ZABZ

mZio-Lom) | 1-mi(Zi0-1om) 3Rf§

mZOM Ist IrfO (1'm)ZOM

Lo L
Veo Ipsf0  (Zago-lom) Lyo

POSITIVE, NEGATIVE AND ZERO SEQUENCE NETWORKS
CONNECTION FOR THE PARALLEL LINES

Fig.4



WO 99/40662

PCT/US99/01447

4/6

If1=I¢2=1f0=1¢/3

Isfo mlio (1-m)Z|o I 50
+ > T
Lso )'“ZOM )“‘N)ZOM Lro
Vco > .
Ipsto LaBo

1 Ito

ZERO SEQUENCE NETWORK FOR THE CASE OF THE PARALLEL LINE
SWITCHED-OFF AND GROUNDED AT BOTH ENDS

Fig.5



PCT/US99/01447

WO 99/40662

5/6

@

\.wozé.&z_ IN3¥YddV 3LVINITVY
GS

*

O 9NIS LNI¥YNI 1INV
031VSN3dW09 3LVINITV)

A
Y

1

O% 9INISN IN3¥YNI 11nV4
03LYSNIdW0D 3LYINI V)

% 9NISN LNIYYND 10V4
03LVSNIJWO0I 3LV NI V)

O1S,3INIT 131TV4Yd HLIM LNIYYND
b 1INV4 0ILVSNIAWO0I 31NdWOD

7
65

_cw\ A ew\
Oy ONISN IN3¥YND L1NV4
031¥SN3dW0) 31NdH09
7 SIA
Sl B a /~ ZIMvA LIv330
0N\, S3NIT HL08 s t
157 P 23 40 %0 ILVINIVI
S 2 ST

/ ¢ TNVTIVAY SNLYIS

N\ ONILY¥3d0 NI
95/

/ ENBYIYAY NI
ON'\ 1371vivd NI INIYYNI

Y4
(s>




PCT/US99/01447

WO 99/40662

6/6

(>

JINVOIdWI INIYVAdY 3LVINIIVY

©76,3NIT 131TVYVd HLIM LNIYYEND
170v4 03LYSNIJWOD ILNdWOI

/S INVA 11NV430

ON \, NVHL §537 (2> Y40) 0

Z b4
pI5~"
* 4 % [ 3
21 9NISN INTYYND 1INV ¥ INISN LN3YHND 1INy
03LYSN3JH0D 3LV NIV 03LVSNIEWO0) 31¥IN9 W) s A
wa\ | . LA
| Oy 9NISN IN3UUND LNV %N INISN IN3HYND 11V
03LVSNIAH0 3LYINITVI 03LYSN3dH0) 31NdH09
7 :w\ ﬁ SIA
8IS Sk
S INILYY3dO
ON'\ S3NIT HL08 x5 t
a1s”

S3A

S

ON'\ , INILVH34O INI

/ ¢ T18VTIVAY SNLYIS

A 3 40 %0 31¥In91V9

sl
/ E8YVIVAY NI

g5”

ON'\ 13TIv4d NI LNIUyn)
01

/

(s




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US99/01447

A.  CLASSIFICATION OF SUBJECT MATTER

IPC(6) :HO2H 3/00, 3/18
US CL :361/62,63,64,65,78,80,115

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

U.S. : 361/62,63,64,65,78,80,115

Documentation searched other than minimum documentation to the extent that such documents are included in the fields scarched

NONE

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

NONE

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

AP US 5,796,258 A (YANG) 18 August 1998 (18/08/98) see entire| 1-12

document

D Further documents are listed in the continuation of Box C.

D See patent family annex.

. Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier document published on or after the international filing date

‘L* document which may throw doubts on priority claim(s) or which is

cited to establish the publication date of another citation or other

special reason (as specified)

"o" document referring to an oral disclosure, use, exhibition or other
means

*p* document published prior to the international filing date but later than

the priority date claimed

oo

Y

gt

later document published after the international filing dute or priority
date and not in conflict with the application but cited 1 understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an nventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

03 MARCH 1999

Date of mailing of the international search report

19 MAR 1399

Name and mailing address of the ISA/US
Commissioner of Patents and Trademarks
Box PCT
Washington, D.C. 20231

Facsimile No.  (703) 305-3230

Authonzed Ofﬁ“ﬁ D
. \IGAFFIN /ﬂul et Cg

\Telephone No. (703) 308-0089

Form PCT/ISA/210 (second sheet)(July 1992)x




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

