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CHAPTER I

INTRODUCTION

1.1 Motivation

Ensuring security and reliability of the transmission‘System is very crucial from the system
operators’ viewpoints. In order todmprove the reliability.and security of power system, some
actual systems such as Electricity Generating JAuthority of Thailand (EGAT) and Electricity
of Vietnam (EVN) has already_installed Digital Fault Recorders (DFRs) units at various
locations in the systems to record esSeniially the voltages, currents, and various status of
digital signals relating to protecion /systems, when it suspects that some fault may occur
within the transmission systems. #That leads 0 a need to determine which equipment is
faulty one within a transmission'system using ﬁFR'7data when a short circuit fault occurs.

Fig.1.1 shows a transmission system n Wthh statlons of 230kV part has configuration
of breaker- and- half. When a fault occurs Wlthm thls system, it can be on busbar, transmis-
sion line, transformer or capacitor: 3 i

During the fault, the primary relay that protects faulty equipment responds to trip cir-
cuit breakers (CBs) so thatjust only that equlpment would be igolated from the system. If
primary relay operates incoirectiy-or-some-€Bs fail to-open; soiric healthy equipment may
be isolated due to back up retays. Therefore, the fault scenario {set of equipments are outage
due to fault) also needs to be'known so that the system restoration can be done as soon as
possible.

Fig.1.2 shows the situation in which primary protection operates correctly when one
transmission line has short circuit. In this, figure all CBs connecting to the faulty line are
opened to isolateithedine so thatonly the faulty line s isolated.

Fig.1.3 shows the situation in which‘one CB ‘connecting to-the faulty ‘line fail to open,
then back up protection work and isolate bus 1 of above station together with the faulty line.

However, the bus that is isolated is not a faulty bus. Then, it needs to be energized.
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1.2 Literature Revr = ——‘! “

1.2.1 Fault Section Identgﬁkatlon
Intelligent techniqu i agi? ati

research works. As eﬁ ij ﬁ %‘n&j Cﬁ (ﬁfﬁﬁrg
the conventional knov&ﬂedge representatlolkand inference procedures su%l}as rule based [1],

model base required thor-
ough knowl iﬁeﬁ Hj ﬁﬁﬁ%ﬂmﬁﬂﬁ:ﬁﬂﬂﬂﬁ ural Network
(ANN) model were also used [4]-

with the case of large power systems. This is mainly because Neural Net that was proposed

en proposed in many

been developed using

[5] for fault section location, but it is difficult to deal

need to learn the behavior of the whole network. G. Cardoso has proposed a method [6]
using ANN to model the protection system philosophy of busbar, transformer and transmis-
sion line instead of the configuration of the network so that it did not require information
of system configuration. This method can deal with the size of the power system network,

but it may be difficult to interpret the result obtained at ANN output, especially in cases
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of malfunction of protect‘i'/' ------' s/ historical data, including
complicated cases for trammg purpose, in which most actual systems can not supply.
Sagittal diagram - the \x)ord ’sagittal” here means pertaﬂnng to an arrow” - in which
fuzzy relation is embedded [7] pfovide a convenient means for modeling uncertainties in-
volving information avaiiable in proééssihg of relay énd bfeaker signals. In order to identify
faulty section (section can be a line or a bus), in [7], H J. Cho and J. K. Park have used
sagittal diagram to-represent protectionsscheme ofitransmission tine“and busbar. In the iden-
tification algbrithni, the ‘degree’ of membership of being fault set of each 'sagittal diagram
was calculated using Yager’s class for fuzzy function [8]. After that, the sagittal diagram
calculation has explored with some another model of fuzzy function in [9], as well as con-
sidered the change of system topology in case of multiple fault in [10]. The configuration
of system is also required and used to build the sagittal diagram. Besides, this method re-
quires each sagittal diagram for each individual line or busbar, subject to their connection
in transmission system. In other words, to apply this method to a transmission system that
has 1000 lines, the method required 1000 sagittal diagrams are build in advance to be put

in its database knowledge. Although the original sagittal diagram has not been applied for
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transmission system with,lgr}aker— and- a- half- sIa.tums,.aadﬁ&ynes thorough knowledge

of system configuration, i oncept has some consid ing with this kind of station
in condition of lacking of inf‘_of‘kmation about m conﬁ‘gjlration and alarm signal.

122 Fault Scenaﬁ wg’i’cﬁﬂ‘ﬂ bl ‘%Jw 2111 j

Fault scenario is a set'containing isolated equlpment by protection devices then fault occurs

RN WLy 06y N 12011

section 1dent1ﬁcat10n It can be obtained based on some means.

One of them is finding
the difference in system configuration before and after fault occurrence. G. Cardoso has
proposed an expert system called “configurator program” [11] to identify fault scenario.
This configurator program works based on some of rules that convert two objects that are
directly connected together to one object so that at the end separated part can be simplified.
Objects here are buses, lines, CBs in transmission system. In order to do that, it also requires
of information of system configuration such as connection between lines to stations and

switching diagrams of each stations.



1.3

Objectives

The specific aims of this thesis is to apply an intelligent approach to some selected digital

signal data of the fault digital recorder (DFR) for developing an algorithm that can identify

the fault scenario and fault equipment within a transmission network of which its service

station is of breaker and half station configuration.

1.4

Scope of Works

The focuses of the research are:

1.5

. Neglect events that concern simultaneous fatrlts.,il

. Examine protection scheme.of afransmission netwoik with breaker and a half stations:

primary and back up proteetionof equipment in transmission network, including trans-

mission line, power transformer. bus bar and capacitor.

. Apply fuzzy relation and rule-based alg;qlfithm to 1dentify fault scenario and fault

equipment for each event detected by DER. &

. Consider events that are short circuit faults, including both symmetrical and unsym-

#

metrical types. 7N

Fhd

-

. Consider mainly the transmission stations with breaker- and-a- haft configuration.

Consider mainly cases-in which back up relays are for bicaker failure, and assuming

that no more than two-ailure breakers during fault.

. Require only somedigital datafrom DEFR as inpuits.

Research Methodology

. Literature reviews of background knowledge relevant to protection schemes on trans-

mission system.

. Literature reviews of Fuzzy/ ANN algorithms application to fault section identification

in transmission network.

Study DFRs data from field measurement.

. Develop an architecture of fault scenario and fault equipment identification using data

of DFR as inputs.



5. Test performances of the proposal algorithm using actual event in a transmission net-

work.

6. Conduct thorough analysis, make critical discussion, and revise the overall algorithms

as necessary.

7. Make conclusion, and documentation for a thesis and publication.

1.6 Expected Contribution

1. An algorithm for fault scenario and fault equipment.identification within a transmis-

sion system which require only digital data of DFRS.

2. A practice application ofthe aboye algorithm for restoration of the transmission system
when protection systeneausgfault and hlealthy equipment outage. Also, the algorithm
may be used to filtering nensense alarm sigﬁals from some of DFRs when events occur

_—

on the transmission systenu

4
In the next chapter, transmission _.protecti(.)fi,___scheme of transmission system in which
breaker-and-a-a-half configuration is major station configuration will be described. An in-
troduction of DFR data and digital data from DER déx:a will also be included. Next, chapter
I will recall knowledge about fuzzy relation and ?ﬁgir_lal sagittal diagram so that the reader
will easily understand concept of geﬂné’falized sagiftélﬁiaigrams which are proposed in chap-
ter IV. Besides, chapter IV, makes a demonstration of outage co‘nﬁgurator program (OCP), a
proposed tool for identifyin:g outage elements due to fault based on the rules of naming CBs
in breaker-and-a-half stations. Basing on OCP and these generalized sagittal diagrams as the
two main tools, the overall algorithm of fault equipment and.scenario identification can be
performed with no need knowledge of system configuration. Chapter’V shows the elaborate
processing and the result of the six test cases that taken from field measurement of an actual

system. Thediscussion, conclusion‘and futute wotks of thesis are including in chapter VI.



CHAPTER 11

TRANSMISSION SYSTEM PROTECTION AND DFR
DATA

2.1 Transmission System Protection

Understanding of protection scheme is very.important for operation engineer to identify
faulty equipment when a faultsoccurs. Therefore, any methed that automatically identifies
the faulty equipment need to.b€ built based on protection secheme of transmission system.
Firstly, this part will introduge” general princible of protection scheme for some kinds of
equipment. Secondly, the proteetion s¢heme for each of equipment of an actual system that
is tested in this thesis will be presented. The rﬁéjgr configuration of stations in this actual
system is breaker-and-a-half configuration, :

#

2.1.1 General Protection Scheme A
When a fault occurs at any equipment ina station, Sor;i:e of relays that respond to protect this
equipment will be active. Conventionally; the priiﬁai‘y relay will.immediately trip CBs that
connect this equipment to;the system.In case of primary relay fatl of sending trip signal or
can not be active, after a very short time, the secondary relay will send trip signal to those
CBs. If both of primary and'secondary relays fail to activate,’back up relay (over-current
relay, zone 3 distant relay) at neighboring equipments of this equipment will be active after
a delay time to isolaté a fault-set containing faulty equipment and itsineighbor equipments.
If either primary relayor secondary relay operates correctly, but there is CB fails to open,
breaker failure protection.will.activate totrip,neighboring CBs.of failure.€B s that the faulty
equipment will be'isolated together withiseme of healthy ‘equipments:’ Beside the above
three situations, there may be an occurrence of malfunction of primary or secondary relays
at neighboring equipment while the faulty equipment is isolated correctly by its protecting
relays.

In the actual system with station configuration is breaker-and-a-half, the case in which
both primary and secondary relays fail to trip CBs is more severe than the case in which
just CBs failure, although both of two cases are considered as cases of back up protection.
In order to look in more detail, let consider a fault that occurs on transmission line 1 be-

tween station S1 and station S3 in a transmission system, and is followed by four situations



presented by figs.2.1- 2.4, respectively.
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Figure 2.1: Illustration of fault line.wath Onfyfglmary protection operate correctly
’ i 8l A
Fig.2.1 illustrates the case in whichrimar@r_ secondary relay respond activate cor-

. ™ A o B . .
rectly to protect the fault 11n4¢. Also, tripped CBs open correetlysThen, only the fault line is
isolated from the transmiééién system. = j

Fig.2.2 illustrates the ease in which primary and second;{;y relays respond to protect

fault line from station S3 aré‘malfunction. It lead to that back“up relays of line 1 from S4,
S5, S2 and S1 activate. Tripped €Bs open correctly. As a result, station S3 and all lines
connecting it to others station are isolated from the system.

Fig.2.3 shows the case with either primary or secondary relay responding to protect
line 1 operate cotrectly. But thete issone CB(80222at s3) fails to lopensmake CBs 80232 at
S3 and 80112, 80122 at S4 open. As-a result, line 1' and line'S3-S4 are isolated from system.
Station S3 is still energized.

Fig.2.4 illustrate the case in which primary or secondary relay responding to protect
line 1 activate and CBs open correctly, like situation 1. However, a relays at station S5 that
is back up relay for line 1 is malfunction. Then, line 1 and the line that connects between S5
and S3 are isolated from the system.

In the above four kinds of situations, the situation in which both primary and secondary
relays fail to activate, while fault occurs, has a very small probability to happen. Actually,

we have not seen such a case in past data of this actual system. Hence, in this thesis, we
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mainly consider breaker failure protectlon as back up Protectlon
The protection schemes of transnilssmn hne;power transformer and bus bar of the ac-
tual system (with station configuration-is of breaker= and- a- half) are shown in the following

sections.
-y .

LA
L

2.1.2 Protection Scheme of Transmission Lines I

Following protection.scheme,of transmission line, the, main protection for transmission line
at 230KV is distance relay. [In this actual system, each 230KV trapsmission line has two
levels of distance relay: primary and secondary. Each level has three zones, of distance, zone
1, zone 2 and zoné 3. Zéie 1 will coveri80-90% of ‘the main lifie that ficed 'td be protected.
Zone 2 responds to protect all the main line, So its range will be 120- 150% of the main line.
Zone 3 is backup protection with its range is the main line and the adjacent line together.
Auto - reclosing relay is also one kind of relay that was active frequently on actual system.
Fig. 2.5 shows protective relays that protect line 1 from one end, in which 21P1 and
21P2 relays are distance relay corresponding to primary distance relay and secondary dis-
tance relay protection, respectively. 94P and 94BU relay are auxiliary tripping relay cor-
responding to 21P1 and 21P2, respectively. 79 relay is auto-reclosing relay. 86DTT relay

is auxiliary tripping relay that will be active when it receives direct transfer tripping signal
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Line 1

378 36B

Figure 2.5: Protectio sgheme offa t_rarisr}r'lission line viewing from one end

from another end of this line. In thls figure, each circuit breaker (CB) has an 50BF (breaker
failure) relay, that will activaié a 86BF relay Then the 86BF relay of a CB that connected
directly to any bus will respond to actlvate S6B Ielay to trip all CBs connected to this bus
at local station where as in case, the 86BF assomated w1th the middle CB, it will respond to
trip both CBs in aligning in the same bay—In botl%eases 86BF will also send direct transfer
trip signal to activate 86DTT relay at the othet end of this line.

The protection scheme of transmission line is complex, smwe just focus on some main

relays, not all of relay of thrg scheme. These focused relays will bé show in next section.

2.1.3 Protection Scheme of Transformers

Fig. 2.6 shows protectiongelays of a transformergin a breaker-and-a-half-station. Similarly
to transmission line, there are three of levels of protection. The primary protection is 87K,
differential relay. The secondary protection i§ 5 1T/51TG frém highSide voltage and 51/51G
from low side voltage ‘of transformer. "Whether primary relay or'secondary-relay is active,
they use 86K relay (auxiliary tripping relay) to trip all of CBs that connected transformer
to station. However, in the case that the low side of transformer hasn’t connected to other
115 or 230KV station, just high side CBs will be tripped by relay during fault. Also, 86A is
auxiliary tripping and look-out relay of transformer (self-protection).

In case of breaker failure, such as 80112 in the fig.2.6 , the 86BF relay of 80112 will be
active to trip the neighboring CB that is 80122 and the two CBs at another side of transformer.
Beside, because CB 80112 connected transformer to bus 1, it will activate 86B of bus 1 to
trip all another CBs that connected to bus 1. If the failure breaker is 80122, then its 86BF
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Jjust activate neighboring CBs that 8 £52 112 and the two CBs at another side of
)

2.1.4 Protection Scheme I'

transformer.

Fig.2.7 shows protection relaysﬂ,of abusina breaker—and a-half station. The main protection

;s6i7FBrel:;ff;;eln:i @mﬁﬁ m Wgﬁ;ﬂn?se of breaker failure,
22 mg@fﬂtan@faﬁﬁw UAINYIAY

2.2.1 Overv1ew

When an event occurs on transmission system, line currents, bus voltages, relay signals as
well as breaker status will be recorded at each involved station that has DFR. Also, the data
can be downloaded remotely from the control center. The record then will be exported in
format of CFG file and DAT file. The CFG file contains name list of above analog and
digital signals. The DAT file stores values subject to a period of time which can be divided

into pre-fault, during-fault, and post fault period, respectively of these signals at event time.
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Fig.2.8-2.11 below are possl orms ﬁfe @ ’ ’B signals that are plotted from data in
the DAT file. |
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Flgure 2.8: Activerelay signal during fault
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Figure 2.9: Tripped CB signal during fault
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Figure 2.10: Signal of CB,successfully reclosed
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Figure 2.11:S1gnal of €B opené_&l before oceurrence of fault

In the CFG file, relays name and CBs narﬁé*'was listed. For the relay name, there are
two strings that show kind of relay and the corresp%nding protected equipment, respectively,
as in fig.2.12. CB name does not show to which eé_iﬁf;ﬂment that it connected. Nevertheless,
the way of naming CB in breaker-and -a-half @tation-"is ‘based on some rules that can help us
identify CB position in the sw1tchmg diagram of station.

In order to retrieve the'information of relay and CB name as Well as their signal form
at the time of event from CFG file and DAT file; Matlab program will be developed. With the
ability of reading text file as well as dealing with string Variablers, the program can determine
which relays are active atithefault time anid which-equipnient it protects. Also, status of each
CB can be known. In this research; the case in which CB has been reclosed successfully will

not be taken into account.

2.2.2 The Ruiiles of Naming Circuit Breakers

In a breaker-and-a-half station (230kV), CBs was named as a string of 5 digits. The first two
digits indicate to voltage level. The next digit (third digit) indicates to the order of the CB
bay that it belongs to. The forth digit indicates to CB’s position (1: closes to bus 1, 3: closes
to bus 2, 2: middle of the CB bay) in that CB bay and the last digit is always named by 2.

Fig.2.13 below shows a example so that the rules can be understood easily.
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Figure 2.13: Naming CBs in the breaker-and-a-half-station

2.2.3 Selected Digital Signals

The more digital channels will be used in identification, the more accuracy result will be

obtained, but the more complicated of protection scheme will be dealt with. Besides, not all
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of digital channels are available in a typical DFR installed. Therefore, in this research, we
just focus on some of main relays signal of which shown in section 2.1 together with breaker

failure relay(86BF) and CB signal. These digital channels are as bellow:

e All digital channel of CBs

o All 86BF relay signal

Relay signals for transmission line ection : 21P1, 21P2, 94P, 94BU, 86DTT

Relay signals for transformer pr Clic STK..86 <, 86A, 51K

Relay signals for bus bar pre '

4
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CHAPTER III

FUZZY RELATION AND SAGITTAL DIAGRAM

3.1 Introduction about Fuzzy Set Theory

Fuzzy set were introduced in the mid-sixties in order to mathematically formalize the treat-
ment of imprecise notions and eencepts found in almosi-every decision-making situation.
There has been a phenomenal increase in research activities aimed at implementing fuzzy

concepts in may engineering application|8].

3.1.1 Fuzzy Set and Membership Function. .

In a conventional set, an element€itherbelongs fo or does not belong to the set. That is, the
membership for each element i§ crisp., That mean it is either yes (in the set) or no (not in the
set). -

A fuzzy set is a generalization of an-ordinarysset in that it allows the degree of mem-
bership for each element to range ovér-the nit intérifhl [0, 1]. The definition of a fuzzy set

can be described following:

S=A{{z ps(z))ips(z) € (0, 1]} (3.1)

,where p5(x) is membership function of fuzzy set'S subject to .

Thus, the membership function of a fuzzy set maps each element of the universe of
discourse to its rangespace, which, in'mast cases,1s assumed to be the unit interval.

Fig.3.1 shows usithe membership function of crisp set and fuzzy set. One major dif-
ference between crisp.and fuzzy sets is that crisp.sets.always haye unique ‘membership func-
tions, whereas every fuzzy set has an infinite number of membership, functions that may
represent it. This enables fuzzy systems to be adjusted for maximum utility in a given situa-

tion.

3.1.2 Fuzzy Intersection and Union Based on Yager’s Definition

The union of two fuzzy sets X and Y is specified in general by a function of form:

w:[0,1] % [0,1] — [0,1] (3.2)
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a) Membership function of erisp set b) Membership function of fuzzy set

<

Figure 3.1: Meémbeiship function of erisp set'and fuzzy set

For each element z in jh‘é;wersal set, this function takes as its argument the pair
consisting of the element’s me ershlp grades-m set X and set Y and yields the member-
ship grade of the element in"set onstltutlng the union set of X and Y. Hence, degree of

membership of element z in tl n-ion of the twéJset X and Y is:

f “d did 'T ¥

fixdy (x ) Sl 1 (e (3.3)

l’ 4‘.‘._.... . _'_'}'Ifi
In common, the max operator was used to I:epresent the union of fuzzy sets. In fuzzy

set theory, there are some classes of function have "'oee‘n proposed whose individual members

.
satisfy all the axiomatic req gyﬂnterseetlon [8]. The class

of fuzzy union that has been chosen by [7] is Yager’s class and 15 defined by the function:

U (@, b) = minl[1, (a® + b*)V/v] (3.4)

where the value of parameter w algo lie within the-open interval (0, o9).
Similarly, for the'intersection set of fuzzy sets X and Y, we also have the membership

grade of elements 'in itlasbelow:

pxny () = i[px (), py (z)] (3.5)

and Yager’s class of fuzzy intersection function is:
iw(a,b) =1 —min[l, (1 —a)” + (1 —b)*)/¥] (3.6)

where, as the same to the above Yager’s class of fuzzy union function, the value of

parameter w also lie within the open interval (0, co).



19

3.2 Fuzzy Relation

A crisp binary relation (0 or 1) indicates the presence (1) or absence (0) of association,
or interaction, between elements of two sets. Fuzzy binary relations generalize crisp binary
relations to represent various degrees of association between elements. Degree of association
can be represented by membership grades in a fuzzy binary relation much in the same manner
that degrees of set membership are represented in the fuzzy set. As a result, fuzzy relations
are also fuzzy sets [8].

Consider two crisp set X; and X5, then a fuzzy relation on X; x Xj is:
R(X1, X5) = {((wysia), p1r(x1, 2ol iiar®s) € X1 x Xo} (3.7)
,where
R(X1, X5) is a fuzzy relationen crisp set X and X, also considered as a fuzzy set
x7 is an element of crisp set X
29 1s an element of crisp set X,
(x1, z2), the asociation between x4 and i, is an v_élé-ment of fuzzy set R(X1, X5)
pr(xq, x9) is degree of membership.of element (xl,“xQ) in fuzzy set R(X1, X»)

Thus, the fuzzy union and intérsection functions can be applied on fuzzy relation, like

on fuzzy set.

3.3 Original Sagittal Diagram

A fuzzy relation between two. set X ‘and' Y can be represented easily by a sagittal diagram.
Each of sets X, Y isurepresented by a set of nodes (or boxes) in the diagram. Elements
of X x Y with nonzero membership, grades.in R(X, Yo} are represented-in the diagram by
lines connecting the respective nodes (boxes). These lines are labeled with the degree of
membership.

For power system, H. J. Cho and J. K. Park have proposed sagittal diagrams [7] to
represent protection scheme of line and bus. The protection scheme that they focused on and

corresponding sagittal diagrams will be described following.

3.3.1 Protection Scheme of Line

Fig.3.2 describes a transmission system with 4 buses, 3 lines. At each end of every line, there

are protection relays 21P, 21S and BR as primary, secondary and back up relay. When a fault



20

1P2A will active to trip

occurs on line A (between bus | and bus 2), relays m‘?“
CBIA and CB2A, respecfively If :

21S2A will operate to make CB2A trip. The ppen with 21P1A and 21S1A.
If the fault is not isolated after these actions ( because CB2A Tail in operation), BR3B and

e Sy ATV Th

3.3.2 Sagittal Dlagp:lm for Representing Protection gcheme

e 33 oM B I A S e 2. e

diagram has thtee sets of boxes: set 1 - section (transmission line), set 2 - relays and set 3 -
CBs.

The diagram is build considering the causal operation of relays and CB in the occur-

e of failure or overreach,

rence of fault, and the causality is understood by the direction from left to right. The label on
the connecting line between boxes is determined statistically considering the uncertainties
of operation and the priorities of relay and CBs when fault occurs. Because a 21P (Zone 1)
relay is mostly closely related to a section, the label of the line connecting between them is
0.8. The label of connecting line that connect a 21S (Zone 2) to a section is 0.7. As a BR
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Line Relay CB

0.9

B

- J —=°
Fig:i,'S’.Sl_:;. Sagittal! diagram fordine A

(Zone 3) control the CB of the adja nt se.ctiog the label of the line that connect a BR relay

to a section is decreased some more, a dts Ya]j_,l_éiwas chosen at 0.55. Similarly, the label of
the line that connects CB tos€lay/is determined. Considering the characteristic of operation
of relay and CB, CB contain less unc aingi:és tl ﬂn'relay do. Relays installed in a substation

use information on transmission line many kilometers away, and the information is transmit-
ted to relay by the line exposed outside.. J%Wevé;éfg_Bs are only about 50 meters away from
relays and the information transmlssioﬁ@ is wé@éﬁected against disturbances. Hence, in
[7], the labels between relay and CBs ,\Zve?e set lqug:_'%plha_n those between section and relays.

If a CB is tripped by ia 21P relay(zone 1) or a ZIS(Z(EQQ) relay, the back up relay

must not operate to isolate‘__g"ﬁc non - fault section. Then, an iﬁﬁi@ybry circle is introduced to
represent this rule. In the ﬁgLTfﬁ 3.3, it mean that if CB2A active (open), then the information
of BR3B and BR4C will not be considered. -

3.3.3 Diagnosis Procedure

Before perform a_diagnosis procedure when a fault o€curs, it is necessary to form each
sagittal diagram for eachiindividual transmission line and bus in the power system. In [7], w
was chosen by 3 after various simulations.

Step 1: Look at all available information about relays and CBs that was collected at a
fault time. Mark active relays and opened CBs in corresponding sagittal diagrams that was
built before. List all sections (lines and buses) that have active relay and opened CB in their
sagittal diagrams. As the result, we have the fault set.

For each section in fault set that its sagittal diagram was listed:

Step 2: Calculate the intersection of labels of the lines that make a path to be through
set 1, set2 and set3, provided that both the boxes of set 2 and set 3 operate.
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Step 3: Calculate the union of the step’s 2 result for the paths connected to one section
(abox of set 1)

Step 4: The step3’s result is determined as the degree of membership of the section’s
being in the fault set. Comparing candidate’s degree of membership, we can identify the

fault section.

3.3.4 An Example

Assume that when a fault occurs on linqw y ple system on fig.3.2, relays 21P1A,
21S2A trip CB1A, CB2A, respecti N % , BR3B is wrong alarm and trip

CB3B . The diagnosis procedure is ed‘l;y fig.3 fig.3.5.

4

. ©
3

___’.
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#7

21P4C

=]
£
5}

Figure 3.4: Sagittal diagrams for lines

Look at sagittal diagrams involving to relays and CBs that operate, it is obvious to
recognize that the fault set contains line A and line C. In sagittal diagram of line A, there
are three of available paths that will be corresponding to three of intersection. However, the

path that connect line A to BR3B is not considered as mentioned above. Therefore, unions
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of available paths in sagittal o e A and line C are shown on:fig.3.5. Comparing the two
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degrees of membership re:



CHAPTER 1V

FAULT SCENARIO AND FAULT EQUIPMENT
IDENTIFICATION

4.1 Overview of The Proposed Algorithin

As mentioned in section 1.2 of chapter I, thefe are many. methods proposed for fault sec-
tion identification. Expert system appioaches have significant development for fault section
identification. They can give.an explanation for the result they obtain. Among them, sagit-
tal diagram in which fuzzy relationis émbedded provides a convenient mean for modeling
uncertainties involving protection scheme. However, all of them require the thorough knowl-
edge of power system configiration. Besides, in Brder to build sagittal diagrams, they need to
know which relay correspondsito which CB. For an actual system that needs to identify fault
section using only DFR data as input, the knowlé‘dg’é about system configuration could not
be known completely, because of the limitation of information from DFR data. Therefore,
this method may have some difficultiés to be appliéd: 4

This research proposes modified sagiital diagrar_h for identifying the faulty equipment
within transmission network in which stations have breaker-and-a-half configuration. The
input data are only selected/digital data from DFRs stalled at stations. Instead of the re-
quirement of information pertinent to system configuration, this research proposes an outage
configurator program (OCP) to derive switching diagram in the station using only the breaker
names and statuses fromDFR} basedion rulesiof naming CBs«in breaker- and- a-half stations.
The output of OCP is the set'of outage elements in each 'station ‘'due to the fault occurrence.
These elements containing buses, nodes (conjunction eennecting linestor transformers to
each station)rand capacitors'will be used in the third set (third column) of modified sagittal
diagrams.

Fig. 4.1 shows the overall diagram of the proposed algorithm. When a fault occurs on
an equipment in transmission system, some relays and CBs at some stations will be active.
Then, these relay and CB signals will be recorded in DFRs at those stations. After that, they
will be processed station by station so that active relays and opened CBs as well as list of CB
names at each involved station can be recognized. At each station, the CB names list and CBs
status then will be used as input for OCP to result in outage elements. Active relay names

will be used to call sagittal diagrams of corresponding equipments. Output of OCP will be
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R
marked in the third columns of those saglttal dlagr;ms— _Next a}ll sagittal diagrams that are
called for all involved stau 1 I membersmps of being in the
fault set (fault scenario). The maximum one among these degrees of memberships indicates
to the fault equipment. Besides, based on some rules proposed in identification algorithm,

the fault scenario will be identifi€d:

4.2 Outage Configurator Program (OCP)

DFR data does not'provide thorough knowledge of power system configuration as well as
switch diagram of any station. However, it can provide the name list of CBs in each station
as well as name of CBs opened during fault. OCP performance based on rules of naming
CBs for breaker-and-a-half station that were described in chapter II. Firstly, a matrix that
describes the switching diagram in normal condition of station is built up using CB names
list of that station. Secondly, this matrix will be processed using name of CBs that were
opened pre fault and during fault. Thirdly, outage elements due to fault will be determined.

In next sub-sections, these three step will be demonstrated sequently.
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4.2.1 Describing CB Connection Matrix

The breaker and a half station have more CBs and nodes than some kind of station that has
the same number of equipment connecting to. Chapter II has presented some rules for CB
naming in kind of station so that we (program) can determine CBs ’s position while looking
at only CB names. Based on those rules, this research proposes a describing CB connection

matrix (M) using only the list of CB names in DFR data of each station as input.

node “no43” i/ 4 _ y
DCBC matrix=M= ﬂ\ \1 -iT 'y » w ‘ b eBon Bay,
80132 bus3 n013l ) |j N [E] - |j s __|. .- close to bus3
80122 noll nol3 ]
80112 busl nolk — N M CB on bay 1, inthe
80232 bus3 no23p” 280422 80322 |j 80222 80122,[ | ~---> middle of bay 1

80222 no21 no23 ' .
80212 busl no2f| & A4 412[ 74 | 80310 ] g0292[] po112)[] .. CB on bay 1,
80332 bus3 no334 FFF close to bus1

80322 no31 no3

80312 busl no3l
80432 bus3 no43
80412 busl no4ly

180422 no41 no43!

: l‘fbuleJ

v

@ @ CB bay 1
¥,

-

Figure 425 Confisuration of a breaker-and-a-lalf-station
LY, Y )
w -

Fig. 4.2 shows a breai(ér—and—a—half station with CB naﬁles and bus names. We call

“bus1” the bus that closes to CBs that have ”1” in forth digit of their name. The remaining
bus is “bus3”. Actudllysithese 'two buSesare named) 7230 bus 1and 230 bus 2” in DFR
data. We define a node is a conjunction ‘that'connects any transmisston line or transformer
to station. Each node will be named based on names of:€Bs which connect to it. Each CB
bay has two niodes. A node ‘that belongs to "CB bay 2" and closes to “busy’? will be called
“noxy’”.

For the station in fig. 4.2, the describing CB connection matrix M will be formed as
shown in the same figure. In each line of matrix M, the first element (first column) shows
name of CB . Actually, this CB responds to connect a bus to a node, or a node to another
node. If it connects a bus to a node, the bus name and the node name will be shown in the
second and third column, respectively. Otherwise, the two node names will be shown in that
two columns, respectively. If there are only two CBs on a CB bay, the two nodes on that bay

will be merged.
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At this step, the configuration algorithm below just deal with cases that have at least

one energized bus post fault.

4.2.2 Outage Configurator Program Algorithm

At each area of voltage level of station, this program will find the set of outage elements
previous and post fault. The different set between the two above sets is the outage elements
due to fault occurrence. Fig. 4.3 shows the flowchart of the algorithm finding the set of

X!} r post fault). In the algorithm flowchart:

{M} is the set of elements in t \e\c\o lumns of matrix M
{M1} is the set of elements in the second andﬁ' lumns of matrix M1
— p —

/ d Y _uh;{&"vo nd buses in {M1},
\ hex;‘ep_t )

outage elements at one point of time (previ

Build matrix M
base on CB
name list

M1=M\{lines has opened CB};
S1_out={MH\{Mm1};

|

Find “bus1” (or “bus3") in M1;
S2=null;

A \
Iy %es 52 N
4 # o L
v = ‘
X:=(node or bus connect to “busl” via U il oot . e h "
—> closed CBin M1) \ — =
= Isthere any
_- " T ;
/s :._,': ‘F,.‘,f,_: . failureCB? Y
N __ V4
- =

; AE
™ S : N N failure CB?
Add X into 52; i - 3 - i’

— connectto any
Replace X by "busl” in M1; i i
(M1is changed)

quﬂ y

Does busin

I NENEINS

—i—
$:={S2_out, S1_out} [ §:= {52, 51_out} ](—

Figure 4.3: An algorithm for finding outage elements

In order to find sets of outage elements previous fault as well as post fault of a station,
this program firstly deletes lines that have opened CBs in matrix M to form matrix M1. It is
easy to see that any element being in {M} but not in {M1} does not connect to any closed
CB. Then, these elements are not energized. They will be included in a set S1_out. Next,

using M1, the program will start with any bus to search to neighboring elements via closed
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circuit breakers, until none of neighboring element is found. Then from M1, we have two
separated part in result, S2 and S2_out. After that, the program will find out which one is not
energized, between S2 and S2 _out. The part that does not include any bus is not energized.
If each part has one bus, the part has the bus connecting to the failure CB is not energized. If
there is not any failure CB, the part has the bus connecting to open CBs is not energized. At
last, the set of outage elements contains S1_out and the part that is not energized between S2
and S2_out. The format of outage elements by OCP is a set that contains nodes (conjunction
that connect a line or a transformer to the station) and buses. Equipments that are connected
to these nodes will be known after fault equipment "'zrm‘d__fault scenario are identified.

4.2.3 An Example J

Let consider a station which has«€onfiguration shown by fig.4.4. There are two CBs (80422
and 80412) opening previous fault. /A fault oci:urs on bus 1, lead to that a relay trips three
CBs 80212, 80112 and 803 /ﬁan However, CB 80212 is failure at this time, then CB

80222 is opened by 86B rela olate the'fau equlpment.

80132 sozsz,ﬁ__

80122 go222 [

bus3

80432

no4dl

‘ ) ‘ z ‘ _ busl

Figure 4.4: A stdtion with faulten bus 1

DCBC miatrix is built as following:
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80112 busl noll
80122 noll nold
80132 bus3 nol3
80212 busl no2l
80222 no2l1 no23
80232 bus3 mno23
[ M } | 80312 busl no3l @1
80322 no3l no33
80332 ' hus3 no33
80412 " buslk nodl
80422 o4l _wod3
80432 buss*no43

=

Step I: Finding outage elements. before fault. Opened €Bs before fault are 80422 and
80412. .
- Delete the two lines haying epened CBS in matrix M {0 obtain M1.

a

[ 80112 busl smold | \ 4
80122 nolls noel3 JJ [ 80112 busl noll |
80132 buss mwold | iy 4} 80122 noll nol3
80212 busl fmo2l | o {2l 80132 bus3 mnol3
80222 no2l n023_.v. ; =7/ 80212 busl mno2l
80232 bus3 no23" — 80222 no2l no23

[ M ] ~ | 80312 busl n031___.>'_: 7 [ M—:F]_,: 80232 bus3 no23 (4.2)

80322 no3l no33 80312 busl no3l
80332 lums—no33 80322 no3l no33
80412 busl nodl 80332 bus3 no33
80422 nodl nod3 | 80432 bus3 no43 |

| 80432 bus3 .nod3 |

Hence, S1_out={M}\{M1 }={no4 1}

- Based on M_l, search elements connecting_ to bus1 and bus3.

80112 busl noll 80112™ busl  busl 1
0122 “noll nol3 80122 ' busl - nol3
80132 bus3 nold 80132 bus3 mnol3
80212 busl no2l 80212 busl no2l
80222 no2l1 no23 80222 no2l1 no23
[ M1 ] ~ | 80232 bus3 23 " 80232 bus3 23 "
us3 no us3 no

80312 busl mno3l 80312 busl no3l
80322 no3l mno33 80322 no3l mno3d3
80332 bus3 no33 80332 bus3 no33

| 80432 bus3 no43 | | 80432 bus3 no43 |
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80112 busl busl 80112 busl busl
80122 busl busl 80122 busl busl
80132 bus3 busl 80132 busl busl
80212 busl mno2l 80212 busl busl
80222 no2l1 no23 80222 busl busl
80232 bus3 n023 | | 80232 busl busl (4.3)
80312 busl no3l 80312 busl busl
80322 no3l no33 80322 busl busl
80332 bus3 no33 80332 busl busl
| 80432 bus3 nod3 | 80432 busl busl |
From the last matrix in searching processing.itas"obyious that there is no isolated part
in {M1}: S2_out={} 4

Hence, S, = {no4l}
Step 2:Finding outage €lements post faullt. Opened CBs post fault are 80422, 80412,
80112, 80222, and 80312. A

- Delete the five lines havingopened CBS lri matrix M to obtain M1.

80112 busl moll | -

80122 nolls nol3 j

80132 bus3 nol3 — L

s vl R (b ot o

80222 o2l noZgm 80212 busl no2l

(M ] = gggii ,2“53 n0%S S [ M1 | = | 80238 jbus3 1023 (4.4)

ysl—nodl 80322 ' no3l no33

80322 N 80332 bus3 no33

80332 busg 1033 80432 bus3 nod3

80412 busl nodl :

80422 nodl o443

| 80432 bus3 nod3 |

Hence, S1_out={M}\{M1}={no41},

- Based.on M_l, search,elements conqecting to'bus1 and bus3.

80122 noll "nol3 80122° noll=nol3"]
80132 bus3 nol3 80132 bus3 nol3
80212 busl mno2l 80212 busl busl
[ M1]=| 80232 bus3 no23 |-> | 80232 bus3 no23
80322 no3l no3d3 80322 no3l mno33
80332 bus3 no33 80332 bus3 no33
| 80432 bus3 nod3d | 80432 bus3 nod3 |
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80122 noll nol3 80122 noll bus3 80122 bus3 bus3
80132 bus3 nol3 80132 bus3 bus3 80132 bus3 bus3
80212 busl no2l 80212 busl mno2l 80212 busl no2l
[ M1 } = | 80232 bus3 mno23 |-> | 80232 bus3 bus3 80232 bus3 bus3
80322 no3l no3d3 80322 no3l no33 80322 bus3 bus3
80332 bus3 no33 80332 bus3 no33 80332 bus3 bus3
| 80432 bus3 no43 | | 80432 bus3 no43 | | 80432 bus3 bus3 |
4.5)

The searching process find out that there age #wo isolated parts post-fault in {M1}:
S2={busl, no21} and S2_out={bus3; nol3, nol 1, n623:'n033, no31, no43 }. Because busl
is connecting to failure CB, Sype="{S51 out, S2} =+{modl, busl,no21}. At conclusion,
the set of outage elements ducto fawltis'S, s0pe = Spost \ Spre = {busl, no21}, and it has a

”bus connect node” connecting.

4.3 Generalized Sagittal Diagram

In the past, H. J. Cho and J. K& Park [7] have pré;posed sagittal diagrams to represent fuzzy
relation in protection schemes of transmission lines and buses. Their model of a sagittal
diagram contains three sets of nodes (boxes): seét{tms_ (lines or buses), relays and CBs. The
knowledge of system configuration was required :sp-%ﬁat relays and its corresponding CBs
can be put into sagittal diagrams correetly. Beside"s,‘-relach line or bus required an individual
sagittal diagram, subject to system configuration. That mean a system has one thousand lines
will need one thousand sagittal diagrams built in database in advance.

DFRs data do not provide knowledge of transmission system configuration. We do not
know which relay control a CB-and which CB connect to an equipment (line, transformer).
Lacking of these information, a sagittal diagram proposed by previous-works can not be built.
Therefore, this paper proposes a new model of sagittal diagram in which the third set will
be replaced by outage elements found by ‘'OCP. Moreovér, based on the“unity of protection
scheme of each kind of equipment, we just need to build.-only ore sagiftal diagram for each
kind of equipment.

Based on protection scheme of transmission lines, transformers and buses that are
described in section I, there are some of situations that happen when a fault occurs on an
equipment, subject to outage elements during fault.

Tables 4.1-4.3 show situations subjected to outage elements when a fault occurs on
transmission line, transformer or busbar, respectively. Based on these tables and the pri-
ority of active relays when fault occurs, sagittal diagrams for three kinds of equipment are

proposed as following.
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Table 4.1: Outage elements when fault on line

Equipment | Number of failure CBs | Outage elements
0 Only one node
Line 1 ”Node connect bus” or “node connect node”
2 ”Node connect bus” and ’node connect node”

Table 4.2: Outage elements when fault on transformer

Equipment | Number of failure CBs | Outage elements(230kV)
0 Only/onesmode

Transformer 1 “Node eoanéct bus” or “node connect node”
2 "Node conneetbus” and "node connect node”

Table#’3: @utace elements when fault'on bus

Equipment | Number of failuie CBs Outgge elements
0 '(Only one bus
Line 1 4 "IN oqé gonnect bus™
2 i\ o?fre connect bus” and “node connect bus”

Each connection in a sagittal diagram will take a number representing the associate

. d i “ee 2 Js . .
degree itself. These number were called degreeslof-i:nembershlp in the fuzzy relation set
which its elements are relations between sct 1 and set 2 or between set 2 and set 3 of this

sagittal diagram. In order to avoid an confusing between degrees of membership of these

associations (these number) and the degree of membership of being fault set that will be
calculated for each sagittal, we name these number as weighting factors of each connection.
The number factor on the connection between the equipment and a relay is smaller
than that on the conhection between that relay and'outage elements; because operation of
relays has a lower reliability than operation of CBs. In the same sagittal diagram, factors on
connections between the equipment and refays were chosén based on priotity of those relays,
i.e. the factof‘on the connection of the primary, relay is larger than that of secondary relay. In
this research, firstly these factors are chosen following [7] to test events in an actual system.
After that, they will be relaxed so that their effectiveness on the results can be estimated.
With the assumption that at least the primary relay or secondary relay operates cor-
rectly, the occurrences of failure breaker do not reflect the faulty equipment as much as active
relays. Then, factors on connections between one relay (set 2) to various outage elements

(set 3) are set to be the same.
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4.3.1 Sagittal Diagram for Transmission Lines

Fig.4.5 shows the sagittal diagram for transmission lines. In this sagittal diagram, we use
0.8, 0.7 and 0.6 as factors of connections from the transmission line to 2171 relays, 21722

relay and the direct-transfer- trip relay (86DTT), respectively.

'

ey - ode connect

node

. — -
Figure _gllagralg for transmission lines

o o
i idd

P F-"‘" 'f}‘;“ "
4.3.2 Sagittal Diagram for Transformers
The same numbers are also applied fo’ulle sagit@%gram of the transformer as shown in
fig.4.6, except the number on the comnection between the 51K relay and the transformer

that is chosen by 0.65. Tlléfeason is that the 51K relay is consjd;red as a back up relay of

transformer itself, while 8€§TT relay is not only a back up rela;LJ)f the line itself but also a
back up relay for adjacent ei_llipment by operation of S6BF r@f@iy. 86K relay is an auxiliary
tripping relay that can be activated by 87K or 51K, so the factor on its connection should be
less than 0.8 and mofte than (0.65:

4.3.3 Sagittal Diagram for Buses

The busbar has two kinds of relays putting ifiits sagittal‘diagram-which is shown in fig.4.7.
Because 86K is not the auxiliary tripping relay for only 87B relay and it may be active by
some secondary relay, the factor on its connection to the busbar should be less than 0.8.
Moreover, this relay will be activated in case that some breaker is failure when fault occurs
on other equipment, so factors on connections between this relay and outage elements cor-
responding to breaker failure cases should be less than those on connections between the
secondary relay and outage elements corresponding to breaker failure cases in other sagittal

diagrams (of other equipment). Therefore, we chose these factors by 0.6, instead of 0.8.
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Node 115 alone

Bus

name

-

4.3.4 Degree of Membersmp (ia_t-lcu a

Sagittal diagrams is ection schemes of equip-
ment. When a faultéj SO eﬁﬁﬁ ﬁtﬁrﬁ ﬁlon active relays and

outage elements will ﬂé marked in correS]%ondlng saglttal diagrams. Ths& degree of mem-

bership calc ﬂﬁﬂj ﬂﬁ&@[? wﬂﬂj\ @\ir estimate the
likelihood of b 1 ip calculation

for each saglttal are not different from those described in chapter III. Firstly, the intersection
between the two weighting factors on each path that is available by marked active relays
and outage elements will be calculated by Yager’s fuzzy intersection. Secondly, the Yager’s
fuzzy union will be used to calculate the union between intersections of paths in each sagittal
diagram. The result of the calculation is called degree of membership of being fault set of

the corresponding equipment.
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4.4 Identification Algorithm

4.4.1 Fault Equipment Identification Algorithm

Step 1 and step 2 are done at each station:
Step 1- After information about active relays from DFR data and the set of outage
elements from OCP are obtained, corresponding sagittal diagrams will be called and marked

based on those information.

Step 2 - Degree of membership calc ll sagittal diagrams called.
Step 3 - Find if there are transpilss ave the same name, from different
stations. Then, for each such lm ate n‘s ne f membership of being fault set

based on the two previous old ones Yag s 1 nctlon
Step 4 - Find the sagittal dic athas maxzm egree of membership among all
diagrams of all involved station
upp =Max {ul, u2,u
The fault equipment is
For example, fig.4.8 sho ich relay 1, relay 2 and OE 2 are
marked. Hence, it has two a r‘élay 2-OE 2. Intersection and
union calculation of this sagittal di ing these paths. Fig.4.9 gives an

illustration in which there are ma ttal ¢ '_ ra at one station.

Relaystatus Active reiay T
with equipmentname

NINLADT. ..

Adegree oh J.'UZZ} ]_P&:}thll

RE1V 88 8

Figure 4.8: Active relays and outage elements marked in sagittal diagram
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a fault event. =
We use followmg rulqs to 1dent1f'y Outage e(—[?gfﬁ:‘ t station. These rules were
RCINC describ ed in chapter III.
Rule 1 - In one invo eqUipments is the same to the
number of outage elements. .J U
Rule 2 - All equipment names which their sagittal diagrams are called and have at least

one available path wﬂb%%d%‘gﬁ Sandidh(es of tuil seendrio” )

Rule 3 - In casés that number of outage elements during fault less than number of

e e YT

Rule 4 —1f a station has no any sagittal diagram of transformer called, but its outage

ved station, the number of

elements include “node 115kV alone” with "node connect bus” or ”node connect node”, this
station has one transformer isolated.

Because a transmission line or a transformer connects to a station (230kV area) by a
node and the OCP can recognize nodes and buses isolated from a station, the number of out-
age elements (nodes and buses) is the same to the number of outage equipment. Therefore,
Rule 1 is obviously to be confirmed.

Rule 2 comes from the fact that: if a line or a bus is isolated from a station, there
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must be some of relays protecting it were active during fault, whether it is fault equipment
or healthy equipment. For example, 86DTT relay responding to protect a line will trip CBs
which connect to one end of this line if the CB connecting to the remaining end of this line
is failure when fault occurs on other equipment.

When a transformer is isolated from a station due to breaker failure from 230kV part
of the station, there is not any active relay that can show the transformer name. Then, Rule 2
is useless to identify the transformer in the fault scenario. However, the node that connects
the transformer to 115kV part is outage in this ¢ase. Therefore, Rule 4 will help to identify
the transformer.

When a fault occurs, if some relays are active but there is no signal carried to trip their
corresponding CBs, the number of sagittal diagrams called will be more than the number
of outage equipment. In this case,.conveniently, these relay are back up relay with a lower
priority in protection scheme of.the fault equipment. Then, Rule 3 will help to identify

correctly fault scenario.

4.5 Implementation

Fig.4.10 shows the architecture for the imp]ementétian. When a fault occurs, DFRs at some
of involved stations are recorded. Then they will be i)l}l to the program as the only input. For
each station, its DFR data will be analyzed to resﬁlt 1n list of active relay names, list of CB
names and CB statuses. The list of €B-statuses and list of CB names of each station then will
be put in OCP to result in‘forms of outage elements. There are four types of outage element
forms such as "node alone™;”’bus alone”, “bus connect node” and *node connect node”. After
that, sagittal diagrams corresponding to active relays will be called. Next, active relays as
well as forms of outage elements will be marked in these sagittal diagrams, for each station.
The fault scenario rules will be applied to.each stationtofind out outage equipment at each
station, which will beiupdated station by station to form Fault Scenario. Also, list of sagittal
diagrams of all station will be arranged. according to. their.degree of membership of being
fault set. The'maximum one of this list will indicate to fault equipment,

Notice that the fault equipment and fault scenario identification algorithm work based
on degree of membership calculation. Because a sagittal diagram has no any available path
will result in its degree of membership as 0, just DFRs having active relay and outage ele-
ments will be tackled. By another way, the station having active relays but no opened CBs

will be neglected in the identification algorithm.



Fault event

DFR atmvolving
stations are
collected

Automatic program

Figure 4.10: Implementation architecture
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CHAPTER V

CASE STUDIES

Field measurements have been used for off-line-testing the overall algorithm. However, it is
very difficult to expect the occurrence of many complicated fault events in the actual system.
Besides, most of events are simple fault events on transmission line. This chapter will make
an elaborate description of performances of overall-algerithm on real cases, from the simple
to the complicated one. All of resulis-here were verified by looking at analog signal of DFR.
Also, all complicated event resudts were matched with the conclusion of operator engineer

of the actual system. '

5.1 Test Procedures {
When a fault occurs on some equipment at somé"_,s_ta';ion, relays and CBs at that station and
other stations may be active. At that time, infor@g_tion of relays and CBs at those stations
will be recorded by DFRs. Then it can be found to f_grm as a pack of data of that fault for
testing. Fault events tested are not limited by an are_E_of-_ the actual transmission system. It can
be occurred on one of three, types of equipment in angl breaker-and-a-half station of 230kV
of this actual system.

A Matlab-based program has been developed for supporting the off-line testing work.
It has some of sub-program~corresponding to the blocks shown in fig.4.10 such as Data
Processing, OCP, Sagittal Diagraiir calculation, Fault Scenario identification. The program
can be used to automatically run with digital data from any DER as input.

The case 4 in seetion 5.2 and case 6.in section 5.3 have no electronic data file saved,
but the hard <Copyireports from-Operators of the actual systenmi Thus;we have to prepare the

active relays and open CBs for those‘cases to put in the program:

5.2 Fault on Transmission Lines

5.2.1 Case 1: The Simple Case

e None of node isolated before fault

e Primary relay activate only
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e None of failure CB

A fault occurs on line as shown in fig5.1. Only DFR data of station LS is available for

this fault, which was summarized in table 5.1

Table 5.1: Active digital data at station LS
Active Relay and CB | Active time

CB 80322

During fault

LS During fault

V,‘:‘;L; = | )
MANATINYIRY

]
]

8 Node connect
node

Figure 5.2: Sagittal diagram for line LS_KK3#1

At Station LS:
OCP: The OCP found that only node 'no33’ was removed out of station during fault.
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Sagittal diagrams: There i1s only one sagittal diagram called for transmission line
LS_KK3#1. The degree of membership calculation was shown by fig5.2, and results in:
urs ks = 1(0.792,0) = 0.792

Fault equipment: Because line LS_KK3#1 is the only equipment which its degree of
membership is calculated, it must be the fault equipment.

Fault scenario: From rule 1, fault scenario contains only line LS_KK3#1. Hence,
FO=FE=({line[LS _KK3#1] }

5.2.2 Case 2: The Case with Circuit Breaker Open Before Fault

e One transmission line is isolated before fault

e Primary and secondary relaysacuve

e None of failure CB |

i

A fault occurs on line BN_SNO# I aszshozvn in fig5.3. Only DFR data of station BN

which was summarized in tabled.2 is available fbr this event.

dad

Table 52: Active digital.f(i;atai at station BN

ActivefRelay-and CB: .:Aﬁive time

CB 80522 -;Qﬁen during fault
BN | CB 80532~ 1 Opeii during fault

CB 80612 Open beforefault

CB 80622 Open before fault

94P_SNO#1 Active during fault

94BU_SNO#1 Active during fault

At station BN:

OCP: 1n this case, twe CBs (80622 and 80612) had been trippedsbetore fault so that
”no61” was removed out of BN station. However, the OCP found that only node 'no53” was
removed out of station during fault.

Sagittal diagrams: There is only one sagittal diagram called that is the sagittal diagram
for transmission line BN_SNO#1. The degree of membership calculation was shown by
fig5.4, and result in: upy snop1 = 1(0.792,0.672) = 0.929

Fault equipment: FE= {line [BN_SNO#1]}

Fault scenario: FO= {line [BN_SNO#1]}
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80532A

BN_SNO#1

BN_SNO#2

1

80232“ \80332* 80432

1

80132

5.2.3 Case 3: The Case with Back Up Reﬁ Active

s CUELAN DT 3 NENT
TN AN UNA Y

e None offailure CB

A fault occurs on line NS_BB#1 as shown in fig.5.5. Only DFR data of station NS which
was summarized in table 5.3 is available for this event.

At NS station:
OCP: Only node "no31” was outage during fault.
Sagittal diagrams: Three sagittal diagrams were called. Their degree of membership

calculations were shown in figs.5.6—5.8 below.
The degree of membership of line and transformers are shown in table5.4:



Table 5.3: Active digital data at station NS

Active relay and CB | Active time

CB 80322 Open during fault

CB 80312 Open during fault
NS | 51K KT1A Open during fault

51K_KT4A Active during fault

94P_BB#1 Active during fault

/'7?‘ E 80622
D

ﬂua;a ‘ﬂﬂ 3Q i b S

51K KT1A | KT1A 0.57

L ETlisiotlsima s i pr O
Ou qg eme Xcltll’ed&u M ﬁ) ent | Degréelof bership

no31l 51K_KT4A | KT4A 0.57

94P_BB#1 NS_BB#1 | 0.792

43

Fault equipment: Because the degree of membership of being fault set of line NS_BB#1

is the highest one, line NS_BB#1 should be fault equipment.
FE = {line[NS_BB#1]}

Fault scenario: From rule 1, there is one equipment that was outage from station.
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Figure 5.7: er KTIA

¢ ;
Figure 5.8: Sagittal diagram or transformer KT4A
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However, three sagittal the highest one has the
highest likelihood to be in faEt scen ne[liﬁ_BB#l]}

524 Case 4: Theﬁﬁlﬁﬂlﬁw{wﬁw ﬁeﬁers

e Primary relay agtive correct

TR EIRIN T LN INYIN

e The ever?t involving to three stations

A fault occurs on line NS_AT2#I1. Line NS_AT2#I, bus No. 2 of station AT2 and
line AT2_SNO#1 were outage. However, just DFR data of station NS and AT2 which were
summarized in table 5.5 and table 5.6 are available for this event. Fig.5.9 shows opened CBs
and failure CBs in stations NS, AT2, and SNO during fault.

At station NS:

OCP: Only node "no51” was isolated from the station during fault.



80132 8023
80122 8022
8021 8031

0112 |

80332 8043
80322 8042 8052 8062
8041 8051 8061

KT1A @KMA LY
NS_BB#1

Figure

5.9:

Taple 5.5: Acf'?efﬁ

stat10

NS

ACtIVe relavs and

OB 805

dommsn

NS_AT2#1

NS_AT2#2

23082

80432

ation NS

n--\qnnlv.ulu"

' o fault

Open d ;ﬂ g fault

94P_AT2#1

Act1ve during fault

AUEANHTaNEINT

station | Active relays@nd CBs | Agtive time Qv

T puaBEn pen ‘during faul
CB 80232 Open during fault
CB 80132 Open during fault

AT2 | CB 80312 Open during fault
94P _NS#1 Active during fault
230B2_86B Active during fault
86BF_80332 Active during fault
86BF_80322 Active during fault
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Sagittal diagram: Only one sagittal diagram for line NS_AT2#1 was called. The cal-

culation of its degree of membership is shown in fig.5.10

Figure 5.12: Sagittal diagram for bus AT2_230B2

At station AT2:
OCP: ’Bus3”, ’no33” and “no31” were outage from the station during fault. Morever,
they form “node connect bus” (via CB 80332) and “node connect node” (via CB 80322)

types of connection.
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Sagittal diagram: There are two sagittal diagrams called for line AT2_NS#1 and bus
230B2. Their degree of membership calculations are shown in fig. 5.11-5.12.
Degree of membership calculation results and active relays of this case are summarized

in table 5.7 following.

Table 5.7: Sumary of test results in case 4

Station | Outage elements | Active relays | Equipment Degree of membership
NS no51 O4P_AT2#1 y | line NS_AT2#1 0.792
AT2 | bus3, no33 94P _NS#1 ling' NS_AT2#1 0.9978
and no31 230B2 86B | Bds230B2 0.55

2
Fault Equipment: FE = {line[NS-AT2#1]}

Fault Scenario:

At station NS: {line [NS#AT2# 1]},

At station AT2: {line [AT2NS#1],"Bus‘h[§30B2], unknown equipment}. There are

two sagittal diagrams calledfor station AT2; wl_file,_.‘ the number of outage elements is three.

\

Therefore, the fault scenario ddentification algc;‘r_ithm doesn’t have enough information to
make a complete result. If the DFR data at station SNO is available, sagittal diagram (for
line SNO_AT2#1) will be called and the falt scéh‘_éfio can be determined completely.

Aol A

5.3 Fault on Transformers - -

5.3.1 Case 5: The Simplé Case

e Primary relay active carrectly

e None of failureCB

A fault occurs on transformer KT2A of station BI2. Summarized DFR data of this
event is in tablet5.8 belaowv. . Additionally, two |CBs iny ITSKV part of this station also open
during fault. However, the OCP does not-get this information. “The opened CBs and faulty
transformer are shown in fig.5.13.

At station BI2:

OCP: There is only node “no41” was isolated out of 230kV part of this station during
fault.

Sagittal diagram: Only one sagittal diagram was called for transformer KT2. It was
calculated as fig. 5.14 below.

Fault equipment: {Trans[KT2A]}

Fault scenario: {Trans[KT2A]}
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8023 8033 80432 80532
80122 8022 8032 8042 8052
80112 8021 8031 8041 8051

TUUOIZi

)

Table
station

D \ ring fault

BI2 Ope during fault

‘Active during fault

ive durilrlg fault

=0 96

Figure 5.14: Sagittal diagram for transformer KT2A

5.3.2 Case 6: The Case with One Failure Circuit Breaker

e Primary relay active correctly

e One CB fail to open
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A fault occurs on transformer KT4A of station CM3 as shown in fig. 5.15. Summarized
DFR data of this event is shown in table 5.9 below.

70132 7023 7033 70432 70532

7012 7042 70522

7011 7021 70532A

—m—i{

80412[ ]

ia at station CM3
station. Actlve re'lﬁ/yﬁ'ﬁn BS™| Active time..

\f - _=_='1= ------- 1:' o fault
i J o fault

Open duwlg fault
Active during fault

CM3
ﬂ ‘ %’“ﬂ? 2 five diring fault
S6BF 806 f Active du ng fgult

ocr R T B VeV 8 e s, o

form “node connect bus” (via CB 80612) type of connection.

o

Sagittal diagram: Two sagittal diagram were called for bus ”230B1” and transformer
”KT4A”. Their degree of membership calculations are shown in fig. 5.16—5.17.

Fault equipment: {Trans[KT4A]}

Fault scenario: {Trans[KT4A], Bus[230B1]}
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Node alene

Transformer
KT4A

Figure 5.17: gagittal diagranhf})r bus CM3_230B1

5.4 Sensitivity Q{’Hﬂ (:a n&m;mﬂ ’] ﬂ i
In above md@lzﬂﬂ %@ﬁﬁgcmrw%ﬁ} %c% ml@eﬁmm guideline

in [7]. In ordqr to estim them on the result, we try to apply another set
of weighting factors on these sagittal diagrams, after that, we will do the analysis on the
obtained results. The first set of weighting factors in sagittal diagrams can be represented
in following tables. Each table has two sub-tables, the first sub-table shows the weighting
factors on connections between Equipment and Relay (ER), and the second one shows the
weighting factors on connections between each Relay to Outage elements (RO).

Tables 5.10—5.12 show the first set of weighting factors that was used in sagittal dia-

grams for above tested cases. The difference between factors on connections to primary re-



Table 5.10: Weighting factors in sagittal diagram of bus

51

ER | Bus RO | Alone bus | Bus connect node | Bus connect node
87B | 0.8 87B 0.9 0.9 0.9
86B | 0.7 86B 0.8 0.6 0.6
Table 5.11: Weighting factors in sagittal diagram of line
ER Bus RO Alone bus | Bus connect node | Bus connect node
21P1 | 0.8 21P1 0.9 0.9 0.9
21P2 | 0.7 21P2 0.8 0.8 0.8
94P1 | 0.8 94P1 0.9 09 0.9
94BU | 0.7 94BU 08 08 0.8
86DTT | 0.6 86DTT O 0 0

!
'
\

Table 5.12: Wei.gh’ting tactors in sagittal diagram of transformer

ER | Trans. RO Aloge’ node/! Alonenode 115kV |\ Bus connect node | Node connect node
87K | 0.8 87K | 09 109 0.9 0.9
86K | 0.7 86K 0.8 0.8 0.8 0.8
86A | 0.7 86A of Jrasinhé 0.8 0.8
51K | 0.65 | | 51K 0.7 R TN 0.7 0.7

¥
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lays and secondary relay is 0.1. Factors.on the coﬁﬁégﬁons to lower-level relays are smaller

than those on connections_fq secondary relay about 0.05 to 0.1. :T hese differences reflect the

priority of relays in the proﬂéction scheme of each of equipmenti Then, they lead to the dif-

ference in degrees of membef_ship of being fault set of equipme?t, which the program based

on to make a list of likely fault equipment.

Now we applied another setofithese weigh-numbers,| imwhich:the difference between

the new weighing factors'on ‘eonnections'is 0.02. “The second set of the weighting factors is
shown in tables 5.13—5.15.

Table 5.13: New weighting factors in sagittal diagram of bus

ER | Bus RO | Alone bus | Bus connect node | Bus connect node
87B | 0.8 87B 0.9 0.9 0.9
86B | 0.78 86B 0.88 0.86 0.86

We apply this new set of the weight numbers to test the cases having more than one

called sagittal diagram such as cases 3-4 in section 5.2 and case 6 in section 5.3. The obtained

results and previous results are shown below:

The degree of membership of sagittal diagrams changed, but their sequence does not
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Table 5.14: New weighting factors in sagittal diagram of line

ER Bus RO Alone bus | Bus connect node | Bus connect node
21P1 0.8 21P1 0.9 0.9 0.9
21P2 | 0.78 21P2 0.88 0.88 0.88
94P1 0.8 94P1 0.9 0.9 0.9
94BU | 0.78 94BU 0.88 0.88 0.88
86DTT | 0.76 86DTT 0.86 0 0

Table 5.15: New weighti

ER | Trans. RO
87K | 0.8 87K
86K | 0.78 86K
86A | 0.78 86A
51K | 0.76 51K

diagram of transformer

Bus connect node | Node connect node
0.9 0.9
0.88 0.88
- 0.88 0.88
N 0.86 0.86

Outage element

D~
Cld

Actiy,

C -

SD

the second set

result with

Table 5.17: Compariso

51K KT1 0.745

no31 51K _KTHA SEKT4A 0 0.745
94P BB#1 ] 0.792
5

ighting factors in case 4

Station | Outage element Eéf D result with | SD result with
the first set the second set
NS | no51 2 ]ﬁ'];}#l - 1 dine gdﬂﬁ 2#1 4 92 0.792
AT2 | bus3, no3? | u 94P NS#1 [ line NSIATZ#1 || | 0.9978 0.9978
and no31 ¥ 230B2.86B | Bus 23OB2 0.55 o 0.763

e ARSI DA N0 AV E DD L e

Outage element | Active Relay | Equipment | SD result with | SD result with
the first set the second set

busl 230B1.86B | 230B1 0.55 0.76253

and no61 KT4A_86A | KT4A 0.672 0.76869

change, then the result of the faulty equipment do not change, even though we reduce the

difference between weight numbers on connections to 0.02. It can be explained by following

two main facts:
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- The fuzzy intersection and union are “increasing functions”, subject to each of its
variable in the interval of [0;1]

- In the above test cases, the active relay tripping the fault equipment out always has
the priority higher than that tripping healthy equipment out.

If the second fact is available in all of fault events, we always get the correct result
whether the difference between weigh numbers on connections is reduced to any small pos-
itive number.

Consider an assumed case in which ccurs on bus 230B2 of AT?2 station. The
230B2_86B relay trips all CBs directly &WJ# is bus. Because this bus is at the end
of the line NS_AT2#1, there nﬂg&%é'éibilit&econdary relay 21P2 protecting

that line is active and trips out

dictly@ to that line at station NS. At

thaeiS.sHows nt@\]\gﬁ}w—\ﬂ and figure 5.18.
- 0N
2 22 80622
;

s s ln aoeu!
A i

the result, we have the situation

| L
go132 [l | a0

NS_AT2#2

ATZ#].!:

et | 5/ N
o

f1458) RV M 5
RIIATHATNETA Y

Table 5.19: Active digital data at station NS

station | Active relays and CBs | Active time
CB 80522 Open during fault
NS | CB 80512 Open during fault
94BU _AT2#1 Active during fault

In this case, as shown in table 5.21, degree of membership calculations show the same

degree of membership of being fault set of the bus and the line, whether the first or the
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Table 5.20: Active digital data at station AT2

station | Active relays and CBs | Active time
CB 80432 Open during fault
CB 80232 Open during fault
CB 80132 Open during fault
AT2 | CB 80332 Open during fault
230B2_86B Active during fault

Table 5.21: Summary of test resulis ua the assumed case

Station | Outage element | Active Relay | Equiptuent SD result with | SD result with
. 4 the first set the second set
NS no51 94ABUAT2#1 | line NS _AT2#1 0.672 0.76869
AT2 | bus3 230B2"36B Bus 230B2 0.672 0.76869

4 ¥

second set of weighting factors'is used, bé;:_ause_?_‘ the priority of active relay tripping the line
and that tripping the bus are congidered ta be the"')same Then we cannot get the correct result
for this situation based on proposed saglttal dlagrams In order to overcome this problem,
the secondary relay protecting a line should be mcluded in the sagittal diagram of the bus

connecting to this line. However, to bulld such @ saglttal diagram, knowledge about system

configuration needs to be used. = = >

At conclusion, the Welgh numbers on connections of sag1ttal diagrams do not need to
be fixed, as long as they cag_mﬂﬁm_cgmccﬂy_the_prmnmﬂrﬁlqys in protection schemes of
equipment. The more impér‘fﬁnt thing is that we need to put moreTelays in sagittal diagrams,

so that the nature of system protection can be modeled more accuracy.

5.5 Summary

Above test cases represented. all test cases that have been tested with correct result. The
three complicated test cases in which more than one sagittal diagram were called have ver-
ified numbers which are chosen in proposed sagittal diagrams. In case 4 of section 5.2, the
algorithm can indicate to the correct fault equipment while one involving station has no DFR
data. However, if there is no DFR data at the station that has faulty equipment, it is impos-
sible for the algorithm to get the correct answer of fault equipment. In case of DFR data are

available at all involving station, the result will be determined with a higher reliability.



CHAPTER VI

CONCLUSION

6.1 Discussion

In this thesis, the overall algorithm was carried ouf based on the two proposed tools: outage
configurator program (OCP) and umproved sagittal diagram. Besides, to apply the algorithm
to a real system, it is necessary to diseuss abaut how to work with DFR data in real time.
This section discusses about themall so that they can be used effectively and improved later.

As mentioned in chapter ene. this research is limited in a system in which most of
stations are breaker-and-a-half stations. Wloreover, it required at least primary or secondary
relay to be active while a faulgoccar. The OCP here Just work perfectly in the condition that
at least one bus is still energized after protectioﬂ.-déVices clear the fault. All limitations here
are not so tight. Actually, we realize them as maiﬁ'_fegi_tures of the actual system that we work
with, after investigating many events on 1t from 2,0;_07"[0 2009.

The advantage of this algorithm s that it cor;,éi_dg_rs digital data in DFR data as the only
input so that information of system configuration _Eé,\;/ell as switching diagrams of stations
is not required. Additionally, the algorithm jusi'féifliifed to build three types of sagittal
diagram for three types of Equipment; regardiess to-the numbeir 0f those equipment in the
system. Then, the processing-time can be reduced and the program does not need to update
the system configuration every time it changed.

In the future, to make the ©OCP more powerful, some analog signals such as voltage
signals at the two buses of station may beused. In that case, the OCP can deal with cases that
both of two buses are outage during fault. Also, some of kinds of station configuration can
be added intertheiscope ofitheialgorithny; notyjust only, breaker-and--a- halt<configuration.

The weighting factors chosen'to put into sagittal diagrams-also need-to be discussed
here. It is obvious that it is not necessary to be fixed. They just need to reflect the priority of
active relays when a fault occurs. In the future, there may be some of very sensitive events
in which results of degree of membership calculations do not make the answer strongly
because their differences are not significant to recognize the maximum one. In that case,
those numbers need to be relaxed to become more suitable for the focused system. Then,
artificial neural network (ANN) can be considered as a feedback tool to adjust those numbers.
Another way to deal with sensitive cases is put more and more types of relays into sagittal

diagrams. That way may require a very expensive system in which many types of relay
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signal are available in DFR data.

In a real system, when a fault occurs, DFR devices have the ability of recording digital
and analog signals with their starting time ahead the fault time hundred of milliseconds. With
that feature the DFR data from involved stations can be taken and processed every time when
a fault occurs. To make the identification work more available in practice, a frame time needs
to be chosen so that all of signal from DFR data at a fault time can be captured significantly
and effectively. Besides, the problem in which DFRs of stations are not synchronize may

need to be dealt in the algorithm.

6.2 Conclusion

This research has proposed outage.eonfigurator program and sagittal diagrams of transmis-
sion lines, transformers and buses 01 fault equipment identification within transmission sys-
tem that has mainly breakessand.a-halt stations. Also, the rule-based algorithm has been
proposed to identify the fault scenario. fAll aveiilnable test cases using fault events from an
actual system have given corregt answers of fault.equipment. The algorithm does not re-
quire knowledge of system configuration and sWitching diagram of the stations as required
by some previous works. It just uses some selected:di:gital data from DFR with DFR-channel
names systematically encoded as only the input. vNéyJe.rtheless, the fault scenario identifica-
tion algorithm may need digital data frem all invélvéd stations in fault in order to make a

completely correct identification. i i

6.3 Future Works

In future, the OCP will be improved so that it can be applied for double-buses-double-
breakers stations. The line name from digital data of DER Wwill ‘be‘used so that connection
between station can bejdetermined, then additional relays from neighboring stations can be
put into sagittal diagrams of equipment at a station. The fiming of relay and CB signals will

also be considered to supportithe algorithm generating more accurate result.
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