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element for distinguishing between single-phase-to-ground faults and double-phase-to-ground faults. Single-phase-to- ground faults

g are distinguished from double-phase-to-ground faults through either a derivative or integration element.
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TITLE OF THE INVENTION'

SYSTEM FOR MAINTAINING FAULT-TYPE SELECTION DURING AN OUT-OF-STEP

CONDITION

BACKGROUND OF THE INVENTION

[001] The present invention generally relates to a system for maintaining fault-type
selection during an out-of-step condition. More specifically, a system for maintaining fault-type
selection during an out-of-step condition is provided which compares a calculated fault distance
m value to the element reach M; selects fault type; detects and blqcks out-of-step conditions; and
vdistinguishes between single-phase-to-grpund faults _g@é;}ble-phase;to-ground' faults.___l_
[Odé] Protective relays are generally devices for protecting, monitoring, controlling,
metering and/or automating electric power systems and the power transmission lines
incorporated therein. In transmission line protective relays, fault-type selection is required
particularly in single-pole tripping applications. For single-pole tripping applications, it is
necessary to detect a single-phase-to-ground fault without any ambiguity in order to remove the
faulted phase Afrom the power network. In situations where protective relays detéct a multi-phase
fault (e.g. double-phase-to-ground faults) instead of the single-phase fault, three-pole tripping
occurs and may jeopardize the single-pole tripping requirement.

[003] A power swing is one situation in which protective relays detect multi-phase

faults and which may thereupon jeopardize the single-pole tripping requirement. A power swing
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on a power network is a balanced condition whereupon the angle between two equivalent sources
behind transmission liné extremities undergoes a slow variation.

[004] Therefore, it is an aspect :and object of this invention to provide a Asystemlfor'

.rr‘i;cllintéining proper fal'llt' type selécﬁon during an out-ofésteﬁ coﬁdition. | |

[005] It is further an object of this invention to provide a system for maintaining proper
fault type selection during a power swing.

[006] It is further an object of this invention to provide a system for maintaining proper
fault type selection even when the angle between two equivalent sources behind transmission
line extremities undergoes a slow variation. |

[007] These and other desired benefits of the preferred embodiments, including
combinations of features thereof, of the invention will become apparent from the following
description.. It will be understood, however, that a process or arrangement could still appropriate

Athé cléimed iﬁvention without accompliﬁi@a_@l and every.one of ‘these desired benefits, - -
including those gleaned from the following description. The appended claims, not these desired
benefits, define the subject matter of the invention. Any and all benefits are derived from the

multiple embodiments of the invention, not necessarily the invention in general.

SUMMARY OF THE INVENTION

t008] In view of the desired goals of the invention specified herein, a system for
maintaining fault-type selection during an out-of-step condition is provided which compares a
calculated fault distance m value to the element reach M; selects fault type; detects and blocks
out-of-step conditions; and distinguishes between single-phase-to-ground faults and double-

phase-to-ground faults.



WO 2006/076578 PCT/US2006/001239

[009] More specifically, the system compares a calculated fault distance m value to the
element reach M. In yet another embodiment, the system may ascertain M values for more than
one zone. In the multiple zone embodiment, the signals from zone 1 and zone 2 are “ORed” to
latch proper m vahies. | |

[0010] Blocking signals which block the subsequent mho detector tripping signal are
further detected. If there are no out-of-step blocking signals detected, the fault-type selection
element then determines the resulting faulted phase(s). If there are out-of-step blocking signals
detected, the fault-type selection element then determines the phase angle plane of the resultant
signal. The system then distinguishes the resulting outputs provided by the fault-type selection
eleraent.

[0011] In distinguishing between single-phase-to-ground faults and double-phase-to-
_ground faults, an element is prov1ded which monitors the rate of change of the apparent
1mpedance and the faulted 1mpedance loop having the least rate of change may be 1solated The
time-derivative or the rate- of—cpanzazﬂe apparent impedance in the complex plane is
computed.

[0012] In yet another embodiment for distinguishing between single-phase-to-ground
faults and double-phase-to-ground faults, an element is provided which determines and integrates
the difference between the calculated fault distance m value and a latched m value for each loop.
The difference between tlaese two integrals output values is then compared to a selected negative
threshold and a selected positive threshold. A single-phase-to-ground fault is asserted if the
difference between the two integrals output values reaches the negative threshold, whereas a

double-phase-to-ground fault occurs if the difference between the two integrals output values

reaches a positive threshold.
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[0013] It should be understood that the present invention includes a number of different
aspects or features which may have utility alone and/or in combination with other aspects or
features. Accordingly, this summary is not exhaustivqidentiﬁca’;ion of each such aspect or

B featuré that is now or may ‘he'reaf't‘er Be claimed, But repfesenté an overview of certain aépécts of
the present invention to assist in understanding the more detailed description that follows. The
scope of the invention is not limited to the specific embodiments described below, but is set forth

in the claims now or hereafter filed.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0014] FIG. 1 illustrates a circuit diagram of a power system comprising three-phase
voltage source.

[0015] FIG. 2 is a:graphical representation of an out-of-step detection and blocking
element of thé one of the various embodiments in accordance with the teéchings of the present .
invention.

[0016] FIG. 3 is a graphical representation of the characteristics of the m values for an
mbg and meaf trajectory used in the system element for discriminating between single-phase-to-
ground faults and double-phase-to-ground faults in accordance with the teachings of the present
invention.

[0017] FIG. 4 is a graphical re;presentation of the integration of the FIG. 3 m values for
use in the system element for distinguishing between single-phase-to-ground faults and double-
phase-to-ground faults in accordance with the teachings of the present invention.

[0018] FIG. 5 illustrates a general logic diagram for using conventional methods and

elements for comparing a calculated fault distance m value to the element reach M; selecting
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fault type; and detecting and blockihg out-of-step conditions with the present invention system .
for distinguishing between single-phase-to-ground faults and double-phase-to-ground faulis.
' [0019] FIG. 6 illustrates a schematic diagram Qf one embodiment of the present jnvgntion
fauit-type selec;tion:dufing power sﬁiﬁg eiemen;c 6f Fig. S'I;or distinguiéhing between ‘a phase A;
to-ground fault and a phase B-to-C fault for corresponding zone 1 mho elements using a
derivative element. )

[0020] FIG. 7 illustrates schematic diagram of yet another embodiment of the present
invention fault-type selection during power swing element of Fig. 5 for distinguishing between a
phase A-to-ground fault and a phase B-to-C fault for corresponding zone 1 mho elements using
an integrator.

[0021] FIG. 8 illustrates a schematic diagram of yet another embodiment of the present
invention fault-type selgction during power swing element of Fig. 5 for distinguishing between
rpul_tip}_e zone mho elements using“an intégrator aﬁd a fault detector.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0022] Generally, system control or protective devices are used for protecting,
monitoring, controlling, métering and/or automating electric power systems and associated
transmission lines. These system control or protective devices may include protective relays,
RTUs, PLCs, bay controllers, SCADA systems, general computer systems, meters, and any '
other comparable devices used for protecting, monitoring, controlling, metering and/or

automating electric power systems and their associated transmission lines.
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[0023] Although embodiments described herein are preferably implemented in protective
relays, it is contemplated that the embodiments may also be implemented in any suitable system
control or protective devices such as those described above.
' [0024] | The va.rious embodirﬁents of fhe invention géhérally comprises fouf eleinents
which respectively compares a calculated fault distance m value to the element reach M; selects
fault type; detects and blocks out-of-step conditions; and distinguishes between singl—e-phase-to-
ground faults and double-phase-to-ground faults. In comparing a calculated fault distance m
value to the element reach M; selecting fault type; and detecting and blocking out-of-step
conditions, conventional methods and/or elements known in the art havé been described herein.
Nevertheless, other conventional methods known in the art for comparing a calculated faplt
distance m value to the element reach M; selecting fault type; and detecting and blocking out-of-

_step conditions may be used in accordance with the present invention as described herein.

A. Comparison of the Calculated Fault Distance m Value to the Element Reach M -
[0025] Figure 1 illustrates a circuit diagram of a power system 12 comprising a three-
phase voltage source. In measuring various circuit values for the power system 12, a
transmission line distance based relay is typically associated with all three phases A 14, B 16, C
18. For example, the relay may measure the current (Ia) 20 and the voltage (V) 22 of phase A
- 14. Moreover, the relay may measure the current (Ig) 24 and the voltage (Vg) 26 of i)hase B 16 |
and the current (Ic) 28 and the voltage (V¢) 30 of phase C 18. An example of such a
transmission line distance based relay includes the SEL-421 High-Speed Line Protection,

Automation, and Control System manufactured by Schweitzer Engineering Laboratories, Inc.
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[0026] This power system 12 further includes various fault types including phase A-to-
ground (AG) 32; phase”B—to—ground (BG) 34; phase C-to-ground (CG) 36; phase A-to-B 38 or
A-to-B-tp-gropnd (both AB); pha.se B-to-C 40 or B-tQ-C.-'to-ground' (both BC); and phase C-to-A
42 c’>‘r C—to:A-to-gfound (b‘oth CA)- A o |
[0027] In order to cover all possible faults in a power system 12 as shown in Figure 1, the
relay comprises six mho element, each covering a particular impedance loop. Each of these
mho measurement loops are defined by an operating and polarizing vector derived from

Equation 1 and 2.

Equation 1: Sop=M-Zrr'Ir — Vr

Equation 2: Spot = Vol
[0028] In equation 1, Sp represents the operating vector. M represents the mho element:_

reach in per unit value of the iine length. This M va—h-le is also c'or.rtlrill(;nly referred to as the zone
of protection. In Equation 1, Z; further represents the impedance of the line. Ir represents the
current supplied to the mho element for a particular impedance loop; and Vg represents the
voltage supplied to the mho element for a particular impedance loop. In this case, Zy; may be a

‘ positive_ sequence value, and Vg and Ir may be phasor values. In equation 2, Spo represents the
polarizing vector, and Vi repi'esents the polarizing voltage phasor. -

[0029] Referring specifically to the Vr and Ir expressions of Equation 1, Table 1 shows
the expressions of Vg and Ig for the six impedance loops in accordance with Equation 1. In this
table, 1a 20, I 24, and Ic 28 represent phase currents at each relay location, whereas V422, Vg -

26, and V¢ 30 represents phase voltages at each relay location. K in Table 1 represents the zero
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sequence line compensating factor and may be defined by Equation 4. In equation 4, Z1o further
represents zero sequence line impedance and Zy1 represents positive sequence line impedance.

Io represents the zero sequence current af the relay location and may be defined by Equation 3.

Equation 3: Ip= % (Ia+1Ig+1g)
~Z
Equation 4: KoL= 1o =2y
3Z,

AB -. Va—Vp = A Io-1p.

BC : - Ve=Ve. - - Ip—lemnme—
CA Vc-Va Ic—-1Ia

Table 1: Impedance loops supplied voltages and currents

[0030] With the expressions of Vr and Ir as derived in Table 1, the apparent impedance,

Zap, of a particular impedance loop may be defined as shown in Equation 5.

Equation 5: Z,= Va

ap 7;
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[0031] Now referring specifically to the M expression from Equation 1, this element
reach M expression is further known as the zone of protection. For example, where M =0.8 to
'0.9,'a pgrticular zone (i.e. ane 1) may cover 80% to 90% of the line. In this same example,

Zone 2 may cover 110% to 130% of the line where M = 1.1 to 1.3, With this in mind, in 011der to.
establish whether a fault exists within an element reach M from the relay, the inequality
represented by Equation 6¢, which is derived from Equations 6a and 6b, is tested for a particular

impedance loop. In Equations 6a, 6b, and 6¢c, Vpo* represents the complex conjugate of the

vector quantity Vil
Equation 6: real ( MeZy oIz - V5 ) oVpol*) >0 (a)
real ( MeZyeIzeVpol*) - real (Vg #Vpol*) =0 )]
Mereal ( Zy,#IgeVpol*) > real (Vi #Vpol*) (c)
[0032] From Equation 6, the element reach M may be derived as expressed in two

conditions as shown in Equations 7a and 7b. For example, Equation 7a may represent a forward
protection zone, wherein both inequalities of Equation 7a must be satisfied for forward
protection. On the other hand, Equation 7b may represent reverse protection, wherein both

inequalities of Equation 7b must be satisfied for reverse protection.

real(Vy o Vpo,*)

ifreal (Z, oI,V *)>0 (a
real(Zy oIy oV, %) i Zu oIz oVp™) (a)

Equation 7: M >

- real(Vy ® Vpo,*)
B real(Z, eIy o Vpo, *)

z'freal (ZLI o‘Z‘R ¢ /pol *) <0 (b)
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[0033] Equation & represents the m value. The m value is the calculated fault distance
for the particular impedance loop. The m value is compared to the element reach M inequalities
to determine faults in either the forward or reverse protection zones. For example, in order to

detect a fault in the forward prdtection zone set at 85 %, m < 0.85 and real(Z; 11 Viors) > 0.

real(Vy oV 1)
real(Zy oIy oV ,.)

Equation 8: m=

[0034] In the remainder of the specification, mag, mbg, mcg, mab, mbc, and mca will
designate the calculated phase distance m value with respect to the six conventional loops.
Moreover, MAG1, MAG2, and MAG3 will respectively designate zone 1, zone 2, and zone 3

- mho impedance element logic state (“0” or “1”) relative to the Phase A-to-ground impedance
loop, wherein “0” represents n';) fault while “1” répresenfs é fault. The same_wili be'ap_plica‘b_lle t;)
the five other impedance Ioops. In the various embodiments of the present invention, tElese
values are determined by fault detectors which include distance value computation elements as

discussed in detail below although other equivalent means may be used.

B. Fault-Type Selection

. [0035.] ) Fault type selection is based upon the phase angle difference between negative-
sequence and zero-sequence currents. For example, distance relays may achieve fault-type
selection through phase angle differences. More specifically, in determining phase angle
difference between negative-sequence and zero-sequence currents, the protective relay divides

the phase angle plane into three regions. For example, the protective relay may divide the phase

5 10
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angle plane from -60° to 60° for the A-phase region, 60° to 180° for the B-phase region, and —60°
to —186° for the C-phase angle.

[0036] The proteqtive relay further geperally comprises a fault-type selection logic which
aésert:s a particular ~'.fault type 6§rrespdnding with the regibn in'vx-/hich the phase angle differéncé
between negative-sequence and zero-sequence currents lies. For example, if the phase angle
difference lies in the -60° and 60° region, the fault-type selection logic would indicate the
selection of the A-phasé region. For example, the fault-type selection logic may assert a logic
function such as “FSA” if an A-phase region is detected. Alternatively, “FSB” or “FSC” may be
asserted for detection of a phase B-to-ground or a phase-C-to ground fault respectively.

[0037] Nevertheless, during a normal condition, it is important to note that an FSA
assertion may represent not only an A-phase ground fault but also a BC-two-phase ground fault.

» With,this in mind, logic for distinguishing between these two possibilities may be implemented '
by processing both A-phase-to—gfound distahce and BC phase distance elements. In this ‘case, for
a fault in normal condifions where a system is not out-of-step, only one of the distance elements
will give an output and allow the relay to trip correctly. It is also important to note that FSB and
FSC assertions may also represent corresponding double-phase-to-ground faults. More
specifically, FSB may represent a phase C-to-A double phase-to-ground fault and FSC may
represent a phase A-to-B double phase-to-ground fault. In the various embodiments Qf the
present invention, these assertions are determined by phase detection fault-type selection

elements as discussed in detail below although other equivalent means may be used.

11
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C. Power Swing Detector for Out-of-Step Detection and Blocking
[0038] During power swings, the positive sequence impedance computed on the
transmission .l'irlle relays installed at the two extremities of the line will travel in a comple)e plane,
as shown in Figure 2. Where this positive sequence impedance trajectory 44 crosses different
zones (i.e. Zone 1 designated by 46 or Zone 2designated by 48), conditions develop where the
impedance (mho) detectors associated with the phase faults detect a fault and cause the relay to
issue a tripping signal.
[0039] In order to detect a power swing or out-of-step condition, the time it takes for the
positive sequence impedance to cross the distance between two blinders may be monitored.
When the interval of time is greater than a pre-set delay, an out-of step condition is detected. For
example, a power swing is detected by monitoring the time for the posi_tive sequence impedance
| ) 'fo cross from outer blinder 50 to inner blinder 52. If this time interval is greater than'a selected
- time delay, an out-of-step condition is detected. In the various embodiments of the present
invention, out-of-step conditions are determined by out-of-step detection elements as discussed
in detail below although other equivalent means may be used.

[0040] When an out-of-step condition is detected, the subsequent phase mho detector
tripping signal is blocked by supervising these same tripping signals by a blocking signal.
Generally, this blocking signal may be associated with each of the zones implemented in the
transmission line protection scheme.

[0041] In the remainder of the specification, OSB1, OSB2, OSB3 will be used to
represent the blocking signal associated with zone 1, zone 2, and zone 3 detectors, respectively.

In the various embodiments of the present invention, blocking signals are determined by out-of-
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step blocking elements as discussed in detail below although other equivalent means may be

used.

- D Distingﬁishing between Sing'lé;phase-té-Grouﬁd Faults ahd' DAouble-phase-’fo.- :
ground faults
[0042] While using conventional relays during an out-of-step condition or a p})wer swing
condition, the fault-type selection could become inoperative if a single-phase-to-ground occurs.
For example, in a normal situation, the fault-type selection logic of conventional relays will
assert FSA for a zone 1 phase A-to-ground fault. Moreover, the mho logic element will assert
MAGI for zone 1 while the MBC1 will stay at logical state “0”. In this manner, only single-pole
tripping of phase A will normally occur if required. During a power swing situation, for the
example above, FSA and MAG1 will assert but MBC'l will assert also, thereby causing a
pos's.ible three;pole trip. In this case, only single-pole tripping is required. This problem may
further arise with zone 2 or even zone 3 elements. | TI;erefore, sor;le conventional relays cannot
maintain proper fault type selection during an out-of-step ‘condition.
[0043] A first embodiment system is contemplated for maintaining proper fault type
selection during an out-of-step condition. During out-of step conditions, the apparent impedance
(Z4p) as provided by each of the six impedance loops trayels in the complex plane at a rate
dépendent on the out-of-step characteriétics. This apparent impedance (Z,p,) value is represented
by Equation 5 as discussed in more detail above. In this case, if a fault occurs during the out-of-
step condition, the corresponding apparent trajectory becomes still in the complex plane. The
rate of change of the apparent impedance is monitored, and the faulted impedance loop having

the least rate of change is isolated. The derivative of the calculated distance m traveled by the

13
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impedance in a complex plane is then computed to distinguish between single-phase-to-ground
faults and double-phase-to-ground faults. This m trajectory may also be referred to as a fault
~ distance traj ectory. Nevertheless? it is important to note that computing the derivative of the
fﬁnétion ‘re‘presentin'g the distancé‘tra{}ele'd by the ifnﬁedance in the complei plane arﬁpliﬁeé the
noise associated therewith. Therefore, this noise is compensated for before measuring the rate of
change.
[0044] A second embodiment using an integrator is further contemplated as shown in
Figures 3 through 5. Figure 3 illustrates the m values for a phase B-to-ground fault loop and a
phase C-to-A loop during an out-of-step situation. The corresponding m value for the phase B-
to-ground fault loop is designated by mbg 54. As illustrated by Figure 3, during out-of-step
situations, mbg 54 settles to a generally constant value to which a small noise component could
be included. The corresp’ondipg m value for the phase C-to-A loop is as designated by mca 56.
As iliustrated by Figure 3,_:during oﬁt-of—step éituations, mca 56 keeps moving‘,y and'will cause
either the zone 1 or zone 2mI;o elénﬂents to pick up during a single—éhase—to-ground fault.
[0045] The characteristics of the m values as illustrated in Figure 3 may be further
utilized to eliminate the amplification of noise as discussed with the first embodiment.
Theoretically, the m trajectory corresponding to the faulted loop should ideally settle to a
constant value equal to the distance to the fault. This m trajectory may also be referred to as a
.fault distance trajectory. For instance, mb'g 54 in Figure 3 is settling to a constant average Vvalue
whereas mca 56 keeps moving. Therefore, the derivative as taught in the first embodiment may
be replaced with an integration whereupon, the area between the alleged constant m value and

the real m trajectory value of mbg is integrated. Because mbg 54 should settle to a constant

value, the result of the integration should be zero. As for mca 56, because it does not settle to a

14
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constant value, the result of the integration should take a significant magnitude. It is important to
note that this same rationale may be applied to the six impedance loops. If the level of the six
integ;als corresponding to the six impedance loops, the faulted phases should correspond to the
integral equaling to zero. - |

[0046] Because the m value or the distance to the fault is not known before the fault
occurs, the m value is latched at the moment the zone 1 or zone 2 corresponding mho element
picks up. This m value is further latched at the rising edge of the detected fault as shown in
Figure 3. It is important to latch the m value at the rising edge of the detected fault in order to
ensure that the zone 1 or zone 2 corresponding mho element picks up. For example, as shown in
Figure 3, the latched value for mea is designated at 58 whereas the latched value of mbg is
designated at 60 where the zone 2 mho element picks up. These values are used in an integration
as illustrated in Figure 4. As shown in Figure 4, the absolute value of the difference between the
calcuiated-mbg trajectory 54 and the mbg latched Value‘60 anc} the ébsolute value'of the
difference beﬁx;ee; the calculated mca trajectory 56 and the mca latched value 58 are integrated
as illustrated in Figure 4. As shown in Figure 4, the integration corresponding to the phase B-to-
ground (mbg) impedance loop 62 appears smaller than the integration corresponding to the phase
C-to-A (mca) impedance loop 64.

[0047] In order to ascertain a single-phase-to—g:round fault as compared to a double-
phase-to-ground fault, the difference of the two integrals corresponding to the two impedance
loops is compared to a selected negative and positive threshold. More specifically, a single-
phase-to-ground fault occurs if the difference between these two integrals reaches the negative

threshold, whereas a double-phase-to-ground fault occurs if the difference between these two

integrals reaches the positive threshold. For example, in Figure 4, the difference between the

15
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two integrals corresponding to the mca loop 64 and the mbg loop 62 is ascertained. Because the
difference between the two integrals is negative, as shown in Figure 4 at 66, it is determined that

a single-phase-to-ground fault has occurred.

E. General Logic Diagrams

[0048] Figure 5 illustrates a general logic diagram for using conventional methods and
elements for comparing a calculated fault distance m value to the element reach M; selecting
fault type; and detecting and blocking out-of-step conditions with the present invention system
for distinguishing between singlé~phase-to- ground faults and double-phase-to-ground faults.
This system logic may be hard wired into a protective device circuit board or even inputted or
programmed into the protective device using system software or other equivalent means. The
'protf::ctivc device is preferably a protective relay which may be connected to the system as
described above in conjunction .with Fig. 1. |

[004 9] More specifically, six mho type fault detectors 68 use input system voltage (Va
22, V26, and V30 from Fig.1) and current values (I4 20, Ig 24, and Ic 28 from Fig. 1),
collectively shown at 70 including a distance value computation element, to ascertain a
calculated fault distance m value and the element reach M. The resulting output values from the
six mho type fault detectors 68 are the element reach M values (MAG1, MAG2, MBGI, MBG2,
MCGI1, MCG2, MABI, MAB2, MBCI, MBC2, MCAI; MCAZ2, collectively shown at 72) and
the calculated fault distance m value mag, mbg, meg, mab, mbc, mea, collectively shown at 74)

as described in one of the methods above. The fault detectors 68 further detect whether a fault is

in either a forward or reverse protection zone.
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[0050] A phase detection fault-type selection element 76 is shown using input Ipand I,
values (collectively shown at 78) to ascertain FSA, FSB, or FSC (collectively shown at 80)fault
type assertions as described in one conve11tional method above., A power swing de;tector 82
4 iﬁcluding an éut-of-étep détécti‘on element and an o'ilt;of-step locking elerhént'for out-of-step
detection and blocking is further shown using an input Zy,; value 84 to provide blocking signals
(OSB1, OSB2), collectively shown at 86 as described in one conventional method above.

[0051] The output values from the mho type fault detectors 68, phase detection fault-type
selection element 76, and power swing detector 82 are used by the present invention power
swing fault-type selection element 88 for distinguishing between single-phase-to-ground faults
and double-phase-to-ground faults. More specifically, the power swing fault-type selection
element 88 provides output signals 90 to an associated relay for distinguishing between single-
phase-to-ground faults and double-phase-to-ground faults.

[0052] Figure 6 illustrates a géncral logic diagram for one embodiment for distinguishing

between a phase A-to-ground fault and a phase B-to-C fault for the corresponding zor;e 1 mho
elements using a derivative element 92. As shown in Figure 6, the MAG1 and MBC1 values for
zone 1 mho elements are ascertained at 94 through the teachings of Equation 7. Blocking signals
which block the subsequent mho detector tripping signal are detected as designated at 96 by an
out-of-step blocking element, such as in the power swing detector 82 as shown in Fig. 5.

[6053] If there are no out-éf—step blocking signals detected, whereupon OSB 1’—*—6, no
modification is brought up to the mho element outputs. If there are out-of-step blocking signals
detected, whereupon OSB1=1, a phase detection fault-type selection element then determines the
faulted phase. For example, as illustrated in Figure 6, the A-phase region is detected, thereby

causing an assertion of FSA as designated at 98. Nevertheless, as discussed above with regard to
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fault type selection, when FSA is asserted, it could further indicate that a BC two-phase ground
fault may be present as well. Accordingly, the system must then distinguish the resulting outputs
provided by the fault-type selgction element. |

.[ 0054] In order to aistinguish b'vetiween the fwo poésiﬁilitiés, a power swing :fault‘type '
selection element is provided including a distance value computation element for determining
mag 100 and mbc 102 values. The absolute value of the derivatives of mag 100 and ;nbc 102
values are taken over a determined time T as shown at block 92. The absolute value of the
derivative of mag 100 is then compared to the absolute Vaiue of the derivative of mbc 102 at
comparator 104. For example, a single-phase-to-ground fault signal is asserted if the absolute
value of the derivative of mag 100 is smaller than the absolute value of derivative of mbc 102 ,
whereas a double-phase-to-ground fault signal is asserted if the absolute value of the derivative
of mbe 102 is smaller than the absolute value of the derivative of mag 100.

[0055]  Inthis case, MAGF1_2 106 and MBCE1_2 108 represent the final state for the...

-

zone 1 mho elements after proper fault type has been sele(;teci
[0056] It should be understood that this same logic is applicable to other impedance
loops as well; for example, in the determination between phase B-to-ground and phase C-to-A
impedance loops and in the determination between phase C-to-ground and phase A-to-B
impedance loops.

[0057] Figure 7 illustrates a general logic diagram of another emb(;diment of the present
invention for distinguishing between a phase A-to-ground fault and a phase B-to-C fault for the
corresponding zone 1 mho elements using an integrator 110, 111.. As shown in Figure 7, the

MAGT1 and MBC1 values for zone 1 mho elements are ascertained at 112 through the teachings
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of Equation 7. Blocking signals which block the subsequent mho detector tripping signal are
detected as designated at 114 by an out-of-step blocking element.

[0 058] If there are no out-of—step blocking signals detected Whereupon OSB1=0, no
modiﬁcatlon is brought up to the mho element outputs If there are out-of-step blockmg 31gnals
detected, whereupon OSB1=1, a phase detection fault-type selection element then determines the
resulting signal from the phase angle between 10 and I2.

[0059] For example, as illustrated in Figure 7, the A-phase is detected, thereby causing
an assertion of FSA as designated at 116. Nevertheless, as discussed above with regard to fault
type selection, when FSA is asserted, it could further indicate that a BC two-phase ground fault
may be present as well. Accordingly, the system must then distinguish the resulting outputs
provided by the fault-type selection element.

[0060] In-order to distinguish between the two possibilities a power swing fault type
selection element is provided. Latched m values are d determmed as described m more detail with _
respect to Figures 3-4. In Figure 7, the latched mag and mbc values are determined at the rising
edge of the detected fault and as soon as one of the zone 1 mho elements picks up by a distance
value computation element such as that shown in Fig. 5. Tt is important to latch the m value at
the rising edge of the detected fault in order to ensure that the zone 1 mho element picks up. The
determination of latched value for mag or MAG LTCH is represented at 118 while the latched
value determination for mbc is represented by MBC_LTCH ‘at 120. The absolute value of the
difference between the mag trajectory and the MAG_LTCH value is integrated at 110 and the
difference between the mbc trajectory and the MBC_LTCH value is integrated at 111 using a

first and second integrator. The difference between the two integrals is calculated at 121 by a

subtraction element and then compared to a selected negative threshold 124 and a selected
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positive threshold 122. In this case, a threshold of 1.5 is selected. It is important to note that any
other positive or negative threshold may be utilized. Therefore, a single-phase-to-ground fault is
assgrted if the difference betwe;en the two integrals reaches —1.5, whereas a double-phase-to-
ground fault occurs if thé same dilt"ferehce' reaches +1.5, |

[0061] In this case, MAGF1_2 126 and MBCF1_2 128 represent the final state for the
zone 1 mho elements after proper fault type has been selected.

[0062] It should be understood that this same logic is applicable to other impedance
loops as well; for example, in the determination between phase B-to-ground and phase C-to-A
impedance loops and in the determination between phase C-to-ground and phase A-to-B
impedance loops.

[0063] Moreover, the same logic can cover more than one zone (e.g. both forward and
reverse protection zones). Figure 8 illustrates the consideration of both zone 1 and zone 2 by .

' using the same integrated values. In this ¢

se, the signals from;z_g{le 1 and zone 2 are “ORed” to

latch proper m values. In F lgure 8: MAGi ;ﬁd MBCI are “ORe(;;’::*cig;ignatéd at 130 while
MAG?2 and MBC2 are “ORed” as designated at 132.

[0064] After one of the two MAG and MBC is selected by a fault detector, blocking
signals which block the subsequent mho detector tripping signal are detected as designated at
134, 136 by an out-of-step blocking element. If there are no qut—of—step blocking signals
detected, whereupon OSB1=0, no modiﬁ;:ation“is brought up to the mho element dutputs. If
there are out-of-step blocking signals detected, whereupon OSB1=1, a phase detection fault-type
selection element then determines the resultant signal and and asserts FSA as designated at 138.
[0065] In order to distinguish between the two possibilities, a power swing fault type

selection element is provided. Latched m values are determined as described in more detail with
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respect to Figures 3-4. In Figure 8, the latched mag and mbc values are determined at the rising
edge of the detected fault and as soon as one of the mho elements picks up. It is important to
latch the m value at the rising edge of the detected fault in order to ensure that the mho element
i .picks up. The detefrﬁinatioh of latch Valué for"mag or MAG_LTCﬁ -is répresentéd at 140 while -
the latch value determination for mbc or MBC_LTCH is represented at 142.

[0066] The absolute value of the difference between the mag trajectory and MAG_LTCH
is integrated as shown at 144 by an integrator. The absolute value of the difference between the
mbc trajectory and MBC_LTCH is integrated as shown at 146 by another integrator. The
difference between the two integrals is calculated at 147 by a sub’;raction element and then
compared to a selected negative threshold 148 and a selected positive threshold 150. In this case,
a threshold of 1.5 is selected. It is important to note that any other positive or negative threshold
- may be utilized. Therefore, a singlg-phase-to-ground fault signal is asserted if the difference -

between the_twd integrals reaches -1.5, whereas a double-phase-to-ground fault signal is asserted

if the differer.l;:.é B;t\.v;:enAthe two integrals reaches +1 5.

[0067] In this case, MAG1_2 152, MBC1_2 154, MAG2_2 156, and MBC2_2 158
represent the final state for the mho elements after proper fault type has been selected.

[0068] Similar system logic to that of Figure 8 may be used for the consideration of both
zone 1 and zone 2 by using the derivative values as shown in Figure 6.

[0069] While';chis inventihon has been described with reference to certain illustrative
aspects, it will be understood that this description shall not be construed in a limiting sense.
Rather, various changes and modifications can be made to the illustrative embodiments without
departing from the true spirit, central characteristics and scope of the invention, including those

combinations of features that are individually disclosed or claimed herein. Furthermore, it will
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be appreciated that any such changes and modifications will be recognized by those skilled in the
art as an equivalent to one or more elements of the following claims, and shall be covered by

_such claims to the fullest extent permitted by law.
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Claims:
1. A system for distinguishing between a single-phase-to-ground fault and a double-phase-
to-ground fault, gomprising:

a distance value cofliputainn element for de’ie'rrniriing a first distance value for afirst
fault distance trajectory and a second distance value for a second fault distance trajectory,

a power swing fault-type selection element including a first integrator for determining an
integral value of the difference between a first latched value of the distance value and the first
fault distance trajectory, wherein the first latched value is determined at a rising edge of a
detected fault, and a second integrator for determining an integral value of the difference
between a second latched value of the distance value and the second fault distance trajectory,

wherein the second latched value is determined at a rising edge of a detected fault.

2. The system for distinguishing between a single—phase-to-groﬁnd fault and a dciuble-

phase-to-grounél' fault of claim 1, further comprising an out-of-step detection element in
communicating relation with the power swing fault-type selection element for detecting an out-

of-step condition.

3. The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 1, further comprising an out-of-step blocking element in
communicating relation with the power swing fault-type selection element for blocking a

tripping signal.
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4, The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 1, further comprising a fault detector in communicating relation
with said power swing fault-type selection element for detecting whether a fault is in cithera

forward or reverse protection zone.

5. The system for distinguishing between a single-phase-to-ground fault and a double-

phase-to-ground fault of claim 4, wherein the fault detector is a mho type fault detector.

6. The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 2, further comprising a fault detector in communicating relation
with said out-of-step detection element for detecting whether a fault is in either a forward or

reverse protection zone.

7. The system for distinguishing between a single-phase-to-ground fault and a double-

phase-to-ground fault of claim 6, wherein the fault detector is a mho type fault detector.

8. The system for distinguishing between a single-phase-to-ground fault and & double-
phase-to-ground fault of claim 1, further comprising a phase detection fault-type selection
element in communicating relation with the power swing fault-type selection element for

detecting a phase A-to-ground, phase B-to ground, or a phase C-to ground fault.

9. The system for distinguishing between a single-phase-to-ground fault and a double-

phase-to-ground fault of claim 1, further comprising a subtraction element for calculating the
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difference between integral values of the first and second integrator, wherein a power swing

fault-type signal is asserted based on the difference value.

10.  ‘The system for distinguisﬂiﬁg between a sihglé-ﬁhasé-to;ground faulf aﬁd a doubic-
phase-to-ground fault of claim 9, further comprising a first and second selected threshold,
wherein a power swing fault-type signal is asserted when the difference value reaches the first
threshold and another power swing fault-type signal is asserted when the difference value

reaches the second threshold.

11. A system for distinguishing between a single-phase-to-ground fault and a double-phase-
to-ground fault, comprising:

a distance value computation element for detgrmining a first distance value for a first
fault distance trajectory and a second distance value for a second fault distance trajectory, |

a power swing fault-type selection element in c_(;;ﬁmunicating relation with said distance
value computation element including a first integrator for determining an integral value of the
d?fference between a first latched value of the distance value and the first fault distance
trajectory, wherein the first latched value is determined at a rising edge of a detected fault, and a
second integrator for determining an integral value of the difference between a second latched
vélug of the distance value and‘the second fauﬁ distance traj ectofy, wherein the second latched
value is determined at a rising edge of a second detected fault, and

a fault detector in communicating relation with said fault-type selection element for

detecting both a forward and reverse protection zone.



WO 2006/076578 PCT/US2006/001239

26

12.  The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 11, further comprising an out-of-step detection element in
communicating relation with the power swing fault-type selection element for detecting an out-

of-step condition.

13. The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 11, further comprising an out-of-step blocking element in
communicating relation with the power swing fault-type selection element for blocking a

tripping signal.

14. The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 11, wherein the fault detector is a mho type fault detector.
15. The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 11, further comprising a phase detection fault-type selection
element in communicating relation with the power swing fault-type selection element for

detecting a phase A-to-ground, phase B-to ground, or a phase C-to ground fault.

16.  The system for dis;cinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 11, further comprising a subtraction element for calculating a
difference value between the integral values of the first and second integrator, wherein a power

swing fault-type signal is asserted based on the difference value.
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' 17. The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 16, further comprising a first and second selected threshold, a
power swing fault-type signal is asserted when the difference value reaches the first threshold
and aﬁother p'ower swing fault-type 'signal is assei'teci when the‘:‘ differenée value reaches the |

second threshold.

18. A method for distinguishing between a single-phase-to-ground fault and double-phase-to-
ground fault, comprising:

determining a first distance value for a first fault distance trajectory and a second
distance value for a second fault distance trajectory,

determining an integral value between the difference of a first latched value of the
distance value and the first fault distance trajectory, wherein the first latched value is determined
at arising edgé of a detected faultv, and

determining an integral value of the difference between a second latched value of the
distance value and the second fault distance trajectory, wherein the second latched value is

determined at a rising edge of a second detected fault.

19.  The method for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 18, further comprising calculating a difference value between
integral values of the first and second integrator, and asserting a power swing fault-type signal

based on the difference value.
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20.  The method for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 19, further comparing the difference value with a first and second
threshold, and asserting a power swing fault-type signal'when the difference value reaches th¢
ﬁrét threshold aﬁd asserting another i)O\;ver swing faﬁlt-type ;ignal when thie-difference value

reaches the second threshold.

21. A system for distinguishing between a single-phase-to-ground fault and a double-phase-
to-ground fault, comprising:

a-distance value computation element for determining a first distance value for a first
fault distance trajectory and a second distance value for a second fault distance trajectory,

a power swing fault-type selection element including a first derivative element for
determining a rate of change value for the first fault distance trajectory, and a second derivative

element for determining a rate of change value for the second fault distance trajectory.

22.  The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 21, further comprising an out-of-step detection element in
communicating relation with the power swing fault-type selection element for detecting an out-

of-step condition.

23.  The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 21, further comprising an out-of-step blocking element in
communicating relation with the power swing fault-type selection element for blocking a

tripping signal,
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24.  The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 21, further comprising a fault detector in communicating relation
with said power swing fault-type selection element for detecting whether a fault is in either a

forward or reverse protection zone.

25.  The system for distinguishing between a single-phase-to-ground fault and a double-

phase-to-ground fault of claim 24, wherein the fault detector is a mho type fault detector.

26.  The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 21, further comprising a phase detection fault-type selection
element in communicating relation with the power swing fault-type selection element for

detecting a phase A-to-ground, phase B-to ground, or a phase C-to ground fault.

27.  The system for distinguishing between a single-phase-to-ground fault and a double-
phase-to-ground fault of claim 21, further comprising a first and second selected threshold,
wherein a power swing fault-type signal is asserted when either rate of change value the first
threshold and another power swing fault-type signal is asserted when either rate of change value

reaches the second threshold.
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