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Introduction

The first ideas of synchronized measurements used for various power systems applications have been introduced by Prof. Phadke and his
research group at Virginia Tech in the end of 80-ties. However, it was not earlier than mid of 90-ties when the first installations of Phasor
Measurement Units (PMU) appeared. Most of existing PMU installations are at the moment employed within so called Wide Area Monitoring
(WAM) concept [1]:. This concept represents synchronized measurements data collection and evaluation by dedicated WAM systems.
Looking from a long-term perspective (e.g. 20 years), it is believed that the degree of penetration of transmission systems with PMUs will
significantly increase due to many advantages, which synchronized phasor measurements offer [1]:.
Over the recent years, many hundreds of publications have been dedicated to the use of PMUs, which testifies to significant interest in their
application.
The goal of the present paper is looking for ways of effective use of PMUs in local relay protection and automation systems of power
transmission lines, which are dedicated to the following:

The use of PMUs in local relay protection and automation systems.
Synthesis of new algorithms of distance protections; fault location for power transmission lines, implementation of autoreclosing functions.
In the present paper, only algorithms based on using the harmonic components of the industrial frequency are analyzed. Not considered are
algorithms for filtering the components of currents and voltages (it is assumed that one of the known parameters can be used, which allows to
single out current and voltage vectors with sufficient accuracy).

PMU based protection and automation schemes for power transmission
Current differential protection finds widespread application as a zone protection providing ideal fault selectivity and capability of high-speed

operation [1]:. A communication link to transfer the current waveform information between ends of the line forms an integral part of the
protection. In recent years, the differential protection realization has opened up with fiber optics and digital communication channel, GPS and

current phasors comparison principle utilization.
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Figure 1. Diagram of the line protection
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Modern microprocessor technology application makes it feasible the implementation of protection terminals, which in addition to protection
functions execution, support a number of important automation functions, namely, distance protection, fault location and autoreclosing.
Integrated realization of the automation functions in protection terminals does not require any significant additional hardware resources: these are
carried out by software, and use the same controlled signals (Figure 1). This paper illustrates algorithms of realization of the described
automation functions, on condition that communication channels are shared with the differential protection operation.

Distance protection and fault location

Below, we look at the algorithm for evaluating the distance to the fault location, which is based on using the following [2,3,4,5]:

1. A model of a line with R-L equivalent circuit, which allows to synthesize algorithms that are suitable for using on short lines;

2. Information received from the opposite end of the power transmission line.
The algorithm under consideration practically excludes the influence of the load currents, the power transmission line operation modes and the
transient resistance at the place of short-circuits. The approach under consideration is suitable both for organizing fault location and for distance
protection.
First, let us consider a faulted transmission line connecting two power systems (Fig. 2.).

&)

Z

sil

—+
®

Figure 2. Diagram of the phase to ground faulted transmission line
Taking into consideration that in the fault point there is an equality of powers [2]:

Ul =—U,1,+U,I;) (1)

where I is conjugate value of current /.
Proceeding with rearrangements, it is easy to obtain:

Im[g&} :Im{i(U,f; -1,.*)} =0 (2)

i=0

where £, is the conjugate value of the current distribution coefficient.

In case of current and voltage under the control (measuring) at the left end of high voltage line, let’s define voltage U; in positive sequence,
negative sequence and zero sequence voltage order in the short-circuit point:

U =Uyly = 1yZ 1, = R, 3)

Taking into account, that equation (1) is preserved in the short-circuit point, as well as conserning current Ii in the fault point, with help of
measurements we get the following [6]:
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(2), (3) and (4) Uy and I;; — measured (calculated) voltage and current i — in such a sequence, /* matched the volume of 7 current, /; — rate of the
current till accident, K; — ratio of the current configuration:

K, =-11 5)

but Ki* — Ki conjugate values.
Impedance Z;; and Z;; depend on the distance till the fault point L is:

Z,=L.Z
il F*~iap (6)
Zi2 :(L_LF)Ziap

It should be taken into account that phase-to-ground fault in the fault point have similar current, but on the basis of (4) more equations can be got
concerning Lz [6]:

o {AUH*IOI LAULT, | AU T, } o (7)
KO K() KO
Im{AIj{“ﬁl + Njéilgl +} =0 ®)
2 2
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Im{M;“fz‘ + A(;;LI” + A(I]gl]‘) } =0 ®
2 2 0

In equations (7), (8) and (9):
AU, =U,-1,-Z (10)

Either of equations (4), (7), (8), (9) can be a basis both for defining the distance till the fault point, or for creating of algorithm of the first zone
of the distance protection. However, the means of usage of these equations depends significantly on the form of the presentation of information,
coming from the opposite of the line end. There are three ways of the presentation of such information:

1. By value of equivalent impedance of the negative or zero sequence Z; or Z»;

2. By vectors of currents of the negative or zero sequence;

3. By vectors of voltage of the negative or zero sequence;
In the first case, if the equivalent impedance Z; is known, equations (4), (7), (8) and (9) in relation to the unknown distance Ly are quadratic
equations and they can be considered to be the basis of the calculation [1]. The solution of the equations contains two roots. In case, both roots
correspond to the length of high voltage line under the control, there appears problem of the choice of a real root. The problem can be solved
with the help of additional calculations of Rr impedance, which after the defining of Ly value can be calculated with the help of the following
equation:

3R, I
p L +% (11)

0

Ur=(1,+K1,,)Z

The correct answer in relation to the unknown Lr, which can be got from (11) equation, can be only positive in relation to Rg value (taking into
account the physical nature). In cases, when both Ry values are positive, the correct Ly is considered to be that, which corresponds to the farthest
point calculating from the fault point.

In the second case, if the vector of the current of the reverse or zero sequence is known it is easy to calculate transfer current ratio K, or K2. In this
case equations (4), (7), (8) and (9) become linear equations in relation to the unknown distance Lr. The problem of rejection of the false root and
therefore the realization of calculations becomes easier.

In the third case, which can be used if there are any faults in the measuring circuits of the opposite end of the line protected on the basis of
consideration of the substitution scheme Figure 2, we can write down:

Uit LiZiy=-Upt LixZp= -Upp+ Lin(Zi-Zp), (12)
where:
liy=-Uix+ [pZin Ui/ (Zi-Ziz) (13)

The last expression can be used for the defining of distribution current ratio, which allows defining Ly on the basis of equations (4), (6) or (7).
Here, however, quadratic equation appears again.

Equations (4), (7), (8) and (9) ensure the equal calculation of L value. Here (7), (8) and (9) are easier in their realization, as they do not contain
prefault conditions current value.

Results of Tests and Implementation

The described algorithms were tested and verified using faulted lines models of 330 kV transmission lines.

Figure 3 depict the results obtained applying the algorithms presented in this paper for 330 kV transmission line with the following parameters: L
=772 km, Zi4p = 0.053 +30.320, Zo,, =0.253 + j1.122, Zgpo =3.8 +)23.54, Zso=Z»» =198 +j16.18. Let us start by showing the basic
properties of the algorithm under the hypothesis about uniform distribution of the measurement errors. The dependence of the accuracy of the
power system E, equivalent impedance presentation when R, =10Q is depicted in

Figure 3. The column 1 is obtained assuming that the angles of remote end measurements results are known precisely. With possible variation of
remote end measurements results absolute value are within the limit £5% (column 1) and £75% (column 2, this case is real in case the
connection channels with protection terminals are missed). Similarly, the columns 3 and 4 correspond to =1 degree variation of the impedance
Z,,, angle and variation of the impedance absolute value within the limit +5% (column 3) and +75% (column 4).

2.5% % of the line length
. o

20% 4— Developed method
fault 4

distance dispertion
1.5% —

1.0% 2

0.5% =

/
0.0% —e

20% 40% 60% 80% 100%
Distance to the fault (% of the line length)

68



Figure 3. Dispersion as a function of the fault location at different accuracy presentations of the remote system parameters

Autoreclosing

If protection has tripped the faulted due to short circuit power transmission line, then, in a certain time interval, autoreclosing is performed.
Several tasks that should be solved to make the operation of the circuit breakers more effective, in particularly:

Determination of the breaker closing sequence;

Setting of autoreclosing number (number of breaker closing attempts).

These tasks usually are solved by utilization of the defined in advance settings, i.e. a priori, in non-online mode.

When autoreclosing is performed, the probability of the short circuit retention is significant. If the line is switched on short circuit, the elements
of power system are stressed by dynamic impact and stability violations can occur.

To minimize potential damage that commonly depends on fault point and type as well as on prefault conditions, one should solve a complicated,
in general case, task of breaker reclosing sequence choice. The solution of the defined task can be achieved by the algorithm shown in Figure 4.

The determination procedure of the breaker switching sequence and number of autoreclosing is based on utilization of logical variablesV,, V, ,

V, and logical functions F, and F,, which freely could be programmed at the point of terminal operation. The choice of P... 1., and

K settings values and logical functions must be made taking into account particular transmission line operating conditions as well as
consequences of the line switching on sustained fault.

Obviously, the described algorithm provides wide possibilities for setting optimal breakers’ autoreclosing number and sequence. For example, in
simplified case, when the line pre-fault loading is high and phase-to-phase fault currents are significant, the chosen autoreclosing number will be
equal to 1. The testing right could be assigned then to the breaker that tripped smaller current value. Simultaneously, for phase-to ground faults
conditions, the number of autoreclosing can be set to 2.

Capturing the prefault loading P value:
ifP>P then V, =1

const’

L]

Capturing the fault current value at local /,and at
remote [, line end: if'I, > kI, then V,= 1
if Max {1,,1,}>1 then V,=1

const’

Identification of the fault type i:
if "phase-to-phase fault”, then V ;= 1

v

Determination of breaker reclosing sequence (is S/ or
S2 first) and number n of autoreclosing:
SI=F,V,V,V, V), n=F,V,V,V,V)

Figure 4. Breaker reclosing algorithm

Conclusion

It is planned that the possibility of applying a similar approach for synthesizing algorithms of the second and third zones of distance protection
will be investigated (by using PMUs of neighbouring lines).

The task of using PMUs for increasing autoreclosing effectiveness appears to be interesting. Its solution may ensure an essential increase in the
reliability of power transmission lines.
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Halilova N., Kucajevs J., Sauhats A. FaZu vektoru mérijumu izmantoSana elektroparvades liniju aizsardzibai
Raksta apskatitas  fazu stravu un spriegumu vektoru merijumu rezultatu izmantoSanas iespéjas augstsprieguma liniju releju aizsardzibas un automdtikas sistemas.
Mikroprocesoru un globalas pozicionésanas sistemas izmantoSana dod iespeju paplasinat un pilnveidot automatikas funkcijas. Apskatita bojata linija starp divam
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energosistemam. Analizeti algoritmi, kuru pamata ir ripniecibas frekvences harmonikas komponentes. Apskatitais algoritms praktiski izsledz slodzes stravas ietekmi,
energoparvades linijas darbibas rezimu un parejas pretestibu issleguma vietas. Aprakstitas fazu stravu un spriegumu vektoru meérijumu rezultatu izmantosanas iespéjas
distances aizsardzibas, bojajumu vietas noteiksanas un atkdrtotas ieslegsanas automatikas algoritmos. Apskatita bojata augstsprieguma linija starp divam energosistemam,
pierdditas dazu bojajuma vietas noteiksanas algoritmu izmantosSanas iespéjas. Lai mazindtu potencialu, kas var biit atkarigs no bojajuma vietas un pirmsavarijas stavokla, ir
jaizvélas slédzu skaits un automadtiskas atkartotas ieslégSanas seciba. Apskatitais algoritms piedava plasas iespéjas atkartotas ieslégsanas slédzu skaita un secibas
uzstadiSanai. Tas var palielinat elektroparvades linijas drosumu.

Halilova N., Kucajevs J., Sauhats A., Use of phasor measurement for line protection

The goal of the present paper is looking for ways of effective use of PMUs in local relay protection and automation systems of power transmission lines. The general use of
microprocessor devices allows extending functions of protection and automations, for creation complex and more comfortable in devices exploitation. Basic view and
possibilities of the use of PMU are described, such as: distance protection, fault location and autoreclosing. A faulted transmission line connecting two power systems are
presented in the paper. The algorithm under consideration practically excludes the influence of the load currents, the power transmission line operation modes and the
transient resistance at the place of short-circuits. The support of the data transfer between two terminals provides means for implementation of the discussed algorithm that
employs several techniques of current distribution coefficients determination. This paper illustrates algorithms of realization of the described automation functions, on
condition that communication channels are shared with the differential protection operation. To minimize potential damage that commonly depends on fault point and type as
well as on prefault conditions, one should solve a complicated, in general case, task of breaker reclosing sequence choice. The described algorithm provides wide
possibilities for setting optimal breakers’ autoreclosing number and sequence.

Halilova N., Kucajevs J., Sauhats A., Hcnonv3oeanue uzmepenusn (hazoevix 6eKmopos 6 3auiumax JuHUIl 31eKmponepeoay

Lenv cmambu- 0030p 803MOAHCHOCIIEN IPPHEKMUBHO20 UCNONLI0BAHUS YCMPOUCME UBMEPEHUS 6eKMOPO8 MOK08 U Hanpsicenul ¢a3(PMU) 6 cucmemax peneiinou sauumaol u
agmomamuxy auHul 2aexmponepeday. Ilogcemecmuoe UCnOIb306aHUE MUKPONPOYECOPHBIX TEXHOA02UN U 2I100ANbHOU NO3UYUOHHOU CUCHEMbl NO360IAEN  PACUUPUND
QyHKYUY 3aWUm U asmoMamuKu Oas CO30anusi 60aee KOMIIEKCHbIX U YOOOHBIX 8 UCHONb308aAHUU Yyempoticms. Onucanvl 0CHO8HbIE 8UObL U BO3MOICHOCMU UCHOb308ANUS
usmeperust hazoeelx BGEeKMOPO8 6 3aWUMAX JUHUL IJIeKmponepeoay 6 dHepeemukre, Maxkue Kax: OUCMAHYUOHHAA 3aujumd, onpeoeieHue Mecma NnoepeicoeHusi u
agmomamuyeckoe NosmMopHoe @Kkoyenue. Paccmompena nospesicoennas nunus snekmponepeoad, CoeOuHsowas 06e dHepeocucmemvl. Paccmompennviii ancopumm
NpAKmMuYecKku UCKuoYaem 6euusHue moxa uazpysku. Ilpeocmaenen — aneopumm, KOMOP®I UCNOAb3YEM HECKOIbKO MeMOOUK onpeodeneHus pacmosuus 00 mecma
nospesicoenus. Umobvl cHU3UMb NOMEHYUA, KOMOPbLIL MOICEM 3A8UCEmb OM MeCmd NOBPeNCOeHUs U NPedagapuiiHbiM COCHOSHUEM, HE0OXO0UMO peuums Hucio
sbIKIIOUAmenell U nocie008amenbHOCHb A8MOMAMUYECKO20 NOBMOPHO20 BKIIOUEHUS.
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