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the relay § installed, the location dhefault can be estimated kyydistance relayHowever, several factoigfluencethe
estimated impedance and proper operation of distance relays. The most important of these factamssistitree fault
occurrencewhich results in an increase the impedancand deviation of the impedance estimated by the relay as well as

distance relays settings unddifferent operating conditions anesistivesingleline-to-ground (SLG) fault occurrence
Furthemore the adaptive distance protection of transmission lines, wind farm collector lines and the protection coordination

of the relays in these lines are @stigatedIn this method, an adaptive coefficient is added to the conventional characseristic

coordination of different protection zones ofrpary and backup relay pairs. In addition to analytical verification, the
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on a power system with transmission $iaad wind farms andimulated in MATLAB/Simulink environment.
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the impedance of the line and fault occurrenatetected. The
[. INTRODUCTION operating characteristics of distance relays are affected by the
ghanges in the network structure and operating conditions [1].
in transmission lines. The stability of power systems is also™r example, power fluctuations, multiterminal lines, reactive

highly dependent orthe proper operation of these relays. POWer compensation in lines, fault impedance, ere,some
Distance relays calculate the equivalent impedance of thdincertainties affecting the operation of distance relays [2].

network using the ratio of voltage to current phasors measured In many recent studies, operating characteristics of distance
at their location. By comparing this impedance with the relays have been modified so that their operation become

impedance of the line in which the reliy installed, fault robust against the mentioned uncertainties. In [3], the fault
occurrence can be detected. Indeed, in the event of a Zerdmpedance of line seen by a distance relay is determined using
resistance fault along this line, the impedance of the path fronf*NN method. In parallel transmission lines, since the line

the fault location to the relay location becomes smaller thanMPedance is affected by mutual coupling of parallel circuits,
a reduction in sensitivity or miscoordination is possible. In [4],

Distance relays are the most important protection equipmen

ACorrespondingAuthorseifossadat@yahoo.com a hlghgcguragy protective approach is presented for parallel
Tel: +98-9166182789Department of Electrical Engineering, Fac transmission lines.
of Engineering, Shahid Chamran University of Ahvaz, Ahvaz, In [5], [6], a protection scheme is proposed to overcome the

Distance relays calculate the path impedance between the fault point and the relay location by sampling the voltage and
current at the relay location. By using the ratio of the impedance estimated by the relay to the impedance of the line where

causegelay underreach. Therefore, in the present study, an adaptive method is proposed to modify the protection zones of

of distance relays to improve the accuracy and coordination. The proposed adaptive method can also maintain the

numerical results obtained from simulation show the efficiency of the proposed method. The proposed method is implemented
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effect of fault resistance on the impedance seen by a relay. leoefficients are proposed for improving the operation of
[7], [8] a method is proposed to reduce the effectsaaftf  distance riays under fault conditions and in the presence of
resistance on the impedance seen by the relays in lon@FIGs. The performance of these methods is based on
transmission lines. In [9], a hybrid method is implemented to sequence components that are inefficient wiesistivefaults
detect faults with impedance using resistance amplitude andccur.
voltagecurrent characteristics. In [10], a novel digital distance However, noe of these studidsavediscussedhe issue of
relay is proposed to increase the accuracy of the conventionatoordination between thaperation of transmission line relays
distance protection in the case of a high impedance fauliand wind farm collector lineSherefore this paper proposes
occurrence. an adaptive protection scheme for lines connecting wind farms
The DoublyFed Induction Generators (DFIG) based Wind with doubly fed induction generators (DFIGS) in such a way
Turbines (WT) are widely used in WTs connected to powerthat full coordination is maintagd among distance protection
systems [11]. In adtion, wind farms based on doubly fed zones 1, 2 and 3 of these lines and transmission lines. This
induction generators (DFIGs) are widely employed in existing coordination is maintained even in the everresisive single
power networks [12]In wind farms, wind generators are line-to-ground (SLG) faults and power fluctuations. In the
connected to the lowoltage side of stepp transformers in  proposed method, a set of adaptive cogdfits are defined in
parallel in sets of 5 to 10 generatofeey are then connected terms of the voltage drops at the relay location and the fault
to stepup substations of wind farms by means of 10kV or 35 occurrence point. Next, an adaptive protection scheme is
kV collector linesThe potection of transmission and collector presented based on a criterion that considers the relationship
lines is of great importance. In the event of untimely operationbetween the phase current measured at the relayoloand
of primary protection (low sensitivity) dmproper operation the fault currentBecause theoltagedrop equation does not
of backup protection (miscoordination), extensive blackoutsdepend on faultesistancethe fault resistance will not affect
may happen in the network. However, because the collectothe performance of th@roposedmethod. This method is
lines are grounded by means of a resistance or arc suppressiapplicable to the conventional distance relays and only
coil, in the event of a fault, the fault resistarstongly affects requiresthe voltage andturrentat the relay location. As a
the operation of distance relays [10]. In conventional result, the implementation of this method requires no
protection schemes for collector lines, overcurrent relays areadditional cost.
usually used on one side of the lines and close to the
transformer bus of the lines; however, the major problem with [I. PROPOSEDSCHEME FOR COLLECTOR LINES
this type of protection is the possibility of miscoordination [13]. PROTECTION

In [14], the protection of lines connecting wind farms is studied Doubly fed induction generators are paralleled in multiple
using the concept of distance protection. In this reference, theais and are connected @ v | p p T stepup transformers
proposed new protection scheme concerns fault occurrence igf yransmission lines through collector lines. Transmission
multiterminal DC lines. Moreover, collector line DC voltage |ines are connected to the power grid via 330 kV -siep
variations are used to distinguish AC faults from DC faults, ¢ ,pstations.

and overcurrent protection is used to determine the type of | the eventof a SLG fault in collector lines, the distance

fault. . . . protection operatesased on thdiagram shown in Fig. 1.
In [15], [16], a wind farm protection scheme is proposed that

provides shortcircuit current protection of lowoltage
collector lines and both sides (lewoltage and medium
voltage) of the transformer connecting wind farms to the : i !
network. In [17], a protection scheme is presented based on “:i;fsiz‘l"e’ T>| EPO“" 5“'5'““%
voltage - currentfor wind farm colector lines are proposed.  teeocerececean \
In addition, DFIG-basedvind farms are widely employed in Zsef
existing power networks, and Numerous studies have been i o ]
performed onthe distance protection performancé wind Fig. 1. Adagiive distance protection system.

farms [1821]. In [16-18], in addition to investigating thegfect i . i i
In Fig. 1, M is in the collector system side afd is the

of the current injected by wind farms electronic converters in ) A o ;
eqguivalent system voltage; Nas the grid side and% is the

the event of a fault, the severity of the effect and the probability” "~ : .
. . . . o equivalent system voltage. The equivalent system impedances
of malfunction of distance relays are investigatonsidering i, the collector and grid sides are@nd Z, respectively.

the specific fault characteristics and complex aardtrategies Whena SLG fault occurs on the line, the measured voltage

of DFIGs in wind farms, a distance relay in time domiain 5 ¢ the relay location satisfies the following equation:
proposed in [19]based on the resistant®uctance (R.) 9 5 1)
differentiatequation algorithm. In [20], [21], adaptive '
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Where ) is the measured current aid is the voltage at (5)
the fault point. By dividing both sides of (1) By , we have -8& - b &B
5 i )2 (2) Un s i ﬁa]"g EIjl i n_eum ¢ O",jsu-ii-9 g:jl i nteamgjl i_Xe
) )
Where : is the impedance measured at relay locatjon,
is the fault current, an@ is the fault resistancéccording By applying Eq. ) to Eq. @), thevoltage drogquatiorcan
to Eq. @), the impedance seen by the relay consists of two be obtained using Eq. (6):
parts. The first part corresponds to the actual impedance of thel\/l p=1, : 5 OEJ W 3

fault path (Z), and the second part corresponds to the o o
5 Al W Tt OAbT ¢
impedancecaused byhe faultresistaace (—). If the second » 3 3

part has a share in the impedance seen by the relay, an error " = ._O Fj ¥ ©)
occurs in the operation of the conventional distance relay and AT DO G ¥

results in the reduction of sensitivity of this relde phasor By dividing both sides of Eq.6) by the measuredurrent
diagram of voltage and current are shown in Fig. 2 in the evengmplitude (,,), Eq. (7) is obtained.

of aSLGfault inthe collector lines. The parametess ¢ ¢ and OB y

5 ¢ are the voltages of buses M and 8l; ¢ is the voltage ~ ¥% ¥ ¥z &0 G @)

at fault occurrence point F, in the geult condition;) , )
and ) are the currents flowing through the eotbr lines,
transmission lines and fault point, respectively.

) ) ) 3

Finally, theproposedadaptive coefficientt is defined in
Eq. @) for improving the operation of distance relays of the
collector lines.

:Al,@,q G,
OE3 Y
where U, ; s theimpedanceangle of collector line, and
3 is the phase angle difference between the voltage and
current measured by the relayor a SLG fault, the fault
currentis equal tt , 1y = 3l;, =3Iy . Therefore, the deviation
angley is obtained by Eq.9) as follows:

®

I I I
yrar?—:ar—g:ar—g 9)
f IfO |f2
where ls, and Iy are, respectively, the negative sequence
and zero sequence currents at the fault point. The zero
sequence equivalestrcuit of the system is shown in Fig. 3,
when aSLGfaultoccursi n t he col l ector | in
is the fault occurrence location F in the collector line in percent.

Fig. 22 Phasor diagrarwhen aSLG fault occurson collector
lines.

y isthe angle difference between the measured curyeht ( Mﬂ‘, F JHL|
and the fault point voltag® . If a fault occurs at the same aZg (1-a)Z;0 —
location with a different fault resistanaasctor / Bwill move
along the arc with 5 ¢ ¢ as the string Moreover, - & still []ZMO ZN({]

showsvoltage dropon Z and has nothing to do with fault
resistanceTherefore, the protection criterion forméeg - &
is also immune to the fault resistanete that C indicatethe
intersection point of the measured curreh{ and the = -
extension of line- B8Inequalities in Egs. (4) and (5) are
based on the diagram in Fig. 2:

f'b IfU

L

Fig. 3. Zerosequence equivalenetworkin case ofSLG faultin

/D 5 A'I'3O the collector lines.

o 4 In addition, Z,, is the zeresequence impedance of the
-P 5 OE3 owm3 lines; Zyo, and Zy, are the equivalent impedances of the
&9 5 Ai® wnz OAbm 3 ¢ zerosequence of the connection system (on the collector lines

side) and the equivalent network, respectively. According to
the equivalent circuit of Fig. 3, the relationsthiptween the
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zerosequence current at the fault poig) and the zero I s S l Rzone f al
sequence current at the installation point of the relay along the (12)
collector lines k) is obtained from Eg. (9). IS0 LS, Oubfzone f al

o Zyo PO ZLOIfO _ _
Zyo Zno Zio where %, is the measured impedancee the boundary of
where # is the zeresequence current distribution the protection setting range.. ks the adaptive setting
coefficient. Because of the small share of collector lines incoefficient.Fig. 4shows the overall schematic diagram of the
supplying the fault current and the independence of zergproposed adaptive distance rel&gcording to the flowchart
sequence impedance angle of the system from loads, the zerof the proposed algorithm, in the first step, the voltage and
sequence current distribution coefficient in. Efj0) can be  current are sampled at the relay location. Then, the sampled
considered as a real number. Moreover, the-gsefquence phasors and sequence components of voltage and current

current angle at the relay location can be approximated a8ignals are extracted. Next, adaptive coefficient it
equal to the zergequence current angle at the fault point.

Consequently, the deviation angle defined in BYj.ig given

|m0:(‘j (10)

calculated based on Eqg. (8), ang: Zettings of distance relay
protection zones 1, 2 and 3 are updated. Moreover, the

asta. L1). impedance seen by the relay.J&and the ratio of voltage and
yar ?'1 (11 current phasors are also calculated. Next, the fault occurrence
mo is investigated based on the updated characteristics of the relay

Accordingto Eq. (10), the deviation anglg depends only  (: +: ). If a fault is detected within any of the

on the Zero Sequence current and the measured current at tb?otecﬂon zones, a tnp Command |S sent to the Corresponding
relay location.After calculating y , the proposed adaptive nower circuit breaker at a predetermined time. Finally, the

coeff|C|en_t can be determined u5|.ng E8). @ndthe distance relay resets andestarts to sample the voltage and current.
relay setting can be calculated using B@) (

( Measuremenof voItageandcurrent)(—
2

Extraction of phasors and sequence compongeit
of voltage and current signals

|Ca|cu|ation of adaptive coefficients, ikom Eq (8)|

|Updating settingesy;, of protection zoneg, 2 and3|

| Calculation of impedance seen by re(@y,) |

|Comparinme with ¢5g;from Eq (12)|

fault occurrenceé
detecte@

Sending trip command to power circuit breaker

Fig. 4. Proposedhdaptive distance relay algorithm.

[Il. SIMULATION RESULTS

In this section, the operation of the proposed method ish Network_ _WithRadiaI Configgration
simulated for a variety of power system configurations The specifications of the radial network under study shown

including radial (Singlé sourcd, doublesource and the N Fig. 20is given in the appendix. In this network, a distance
network connected tihewind farm. Next. the results of these €lay isinstalledat the beginning of the transmission line close

evaluations are analyzed separately for each configuration. @ PuS M. To determine the setting of this relay, a fault without
resistance is modeled somewhere at the end of the line (close
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to busN). The fault impedance seen by the relay is measured
and stored as its setting. In Fig. 5, the effect of fault resistance In addition, thesecalculationsare repeated for the faults

on the fault impedance seen by the relay is investigated.

occu
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rring at 0.75 of the transmission line length with

A fault is modeled at 0.25 seconds, so the system é in resistances of 0, 10, 50 and 300 ohms. According to the results
steadystate; havever, due to the use of Fourier transform for in Fig. 6, it can be seen that, in all cases, the adaptive settings
calculating sequence components of phases, there exists a or@f the relay have increased proportiotzathe increase in fault
resistance, and the fault occurrence location (0.75 of the
location of the fault is fixed at 0.25 of transmission line length. transmission line length) has been detected accurdftehe
Then, the occurrece of faults with resistances of 0, 50 and 300 fault resistance increases from zero50 and 300 ohms, the
impedance seen by the relay increases from 79.33 to 108.5 and
relay setting has increased in proportion to the impedance se€p07.1 ohms, respectively. Consequently, the relay impedance
by the relay. Accordingly, the fault impedances seen by thesetting increases from 109 to 149 and 379.4 ohms, respectively.
relay for faults wih resistances of 0, 50 and 300 ohms are

cycle time delayafter the faultin waveforms. In Fig. 5, the

ohms isstudied As can be seen, in all cases, the valuthef

26.16, 70.68 and 362.2 ohms, respectively. As a result, the

250

adaptive impedance settings of the relay increase to 109, 289.9
and 1386 ohms, respectively. In all these cases, almost theg200

same ratio of 0.25 is maintaineétween the fault impedance

seen by the relay and the relay impedance setting.

250 -

200 -
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Fig. 6(a) occurrencef fault with no resistace
—Zset
--=-Zseen
0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35
Time (Sec)
Fig. 6(b) fault with a resistance of 50 ohm
‘l‘; —Zset
i =-==Zseen
0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35
Time (Sec)

Fig. 6(c) .fault with a resistance of 300 ohm
Faultoccurrencet 0.75 of transmission line length with
different resistances in radial network.

Here, the maximum coverage of the relay is determined for

a fault

with the highest possible resistance. For this purpose,

the faultlocationis fixed at the end of the transmission line,

and the fault resistance is gradually increased so that the relay



Impedance (Ohm)

International Journal of Industrial Electronics, Control and Optimization [CRAVANISe{eRrL]

impedance setting remains lower than the faultimpedance se 2000 ,
H —Zset
by the relay. As shown in Fig. 7, it can be seen that a fault . |

-

--==Zseen

the end of the transmission line (0.999 of line length) with (&
resistance of 520 ohms is correctly detected, and the faS !

< [~V

impedanceseen by the relay is approximately equal to thes \

impedance setting of the relay. g |y
635 - y . - Y
E —Zset
634.5 - i —-Zseen | 500 : ‘ ‘
o ! 0.5 0.55 0.6 0.65
s 634 - E q Time (Sec)
g 6335 | Fig. 8(c) fault with a resistance of 300 ohms
‘g el | Fig. 8. Faultoccurrence with different resistances at the middle
S| ) | of transmission line idoublesourcenetwork.
XY F RS R E T - 0"3(9 )0-51 032 03 034 03 If the faultresistancas 300 ohms, according to Fig. 9, the
Fig. 7 Maximumrelay coverage for highesistance fault maximum relay reacts 0.85 of the length dherelay line.
occurrence (520 Ohms) in radial network. 1650

1600 -

B. DoubleSourceNetworkConfiguration

The overall schematic of thdoublesourcesystem under
study is presented in Figl, and the system specifications are
presented in theppendix To evaluate the performance of the
proposed method in this network, some faults with resistance:
of 0, 50 and 300 ohms in the middle oéttransmission line
are investigated, and the results are presented in Fig. 8.

Impedance (Ohm)
5 @ m
n = n
< < <
T

1400

1350

0.5 055 0.6 0.65
Time (Sec)

_ _ Fig. 9. Comparisorof impedance setting and the impedance seen

In the event of faults with resistances of 0, 50 and 300 0hmS y yejay for a fault with a resistance of 300 ohms at 0.85 of the

in the middle of the transmission line, the fault resistances seen  yransmission line length idoublesourceconfiguration.

by the Irela%/ ared95.§, 164'3 2nd 700'4f%hm$]melly' As _Forthe purpose of keepitige relay reachlong the entire line,
? result, t elgas gpté\; gnpedalrgazs oh Istance rg a3|/ Sfttmlghe fault location is fixed at the end of transmission line. Then,
Increase to s o an onhms, respectively. In a{he fault resistance is gradually increased so that the relay

cases_, th? ratio of the_ fault_lmpedance seen by the relay to thﬁnpedance setting remains lower than the faultimpedance seen
adaptive impedance is maintained around 0.5. Theretfoge,

) T by the relayFig. 10 shows a comparison of thegapedances
process of detecting a fault and locating it for all cases off

e faultshas b d leted or a fault with a resistance of 8.5 ohmstl¢ end of the
r4e003|s e faultshas been correctly completed. transmission line.
——Zset 400
----Zseen —Zset
g 300 i 350 - ----Zseen |
s |/ £
gznn "‘ %300— 1
'Z-a_ \ - é 250
= 100 i g- N\
~ 200 p
(l.; (l.;S 0‘6 0.65 150 . .
Time (Sec) 0.5 0.55 0.6 0.65
Fig. 8(a) occurrencef fault with no resistance rime (80
9 Fig. 10.Comparison of impedance setting and the impedance
500 I', ——Zset
et st e s s R s Zseen seen by relay for a fault with a resistance of 8.5 ohms at the end
a0 [ of transmission line iloublesourceconfiguration.
300 N
C. PowerSystemConnected td\ind Farms
200 4 The singleline diagram of the power system under study is
- given in Fig. 11. The system consists of wind farms,
s 055 0.6 0.65 transmission lines and the power grid that are connected to
_ Time (Sec) each other via transformers. The system consists of three wind
Fig. 8(b) fault with a resistance of 50 ohms

farms, each with teBFIG turbines. A voltage level of 690 V
of each turbine increases to 35 kV via a sipgransformer.
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35kVBus
TRI1 B
Wrl Lel
(D [&1]
690V/35KV '
B3 B6 I8.SkV/121kV/
345KV
WF2 e B Le2 o Lt
C.
e (0§ = R2 -@—1 RS =\PJ
690V/35kV 35KV/T10KV Transmission Pn“goi"‘swm
Line -
WE3 TR3 B3
Le3 .
e "’ 7] Load
690VI3sky Collector Line
Fig. 11.Network under study including wind farms with DFIGs.
The collector line, transfer the generated power of each TABLE 111
wind farm to a 110 k\stepup transformer to be injected into SPECIFICATIONS OF POVER GRD
the power grid via the transmissidine, . The power grid Rated | Short circuit Positve and | .o sequence
with a voltage level of 330 kV is connected to the transmission voltage | capacity Se”igeit(':‘:@ m
line via a threecoil transformer. The voltage level of 35 kV of (kv) (MVA) = q x = <
this transformer is intended to supply local loads. Full 330 1000 2264 | 8515 | 06 991
specifications of the equipment installed onhd system,
including lineswind turbinespower gridand thetransformers TABLE IV
are given in TablebIV. SPECIFICATIONS OF TRANSFORMERS OF THE NEWORK UNDER
In this system, the distance relay R4 (on the transmission line STUDY
side) is the backup of distance relays R1, R2 and R3 (in the Rated voltage (kV) Rated R X
collector lines , , and, , respectively). Moreover, the | Label| o 1 oo condand Tertiary| PO | (m) | (m)
distance relay R4 is installed in transmission |ine =T (MVA)
TR2 | 0.69 35 25 0.91| 27.23
TABLE | TR3 -t
SPECIFICATIONS OF INES OF THE NETWORKUNDER STUDY TR4 35 110 100 291| 87.12
_ Positive and TR5 | 110 330 35 150 1.09| 108.9
. Rated Line . Zero sequenc
Line It lenath negative ™
label V?k\";‘)ge (kr?1) sequencen() Similarly, relay R8 located on the other side of the
R X R X transmission line is the backup of relays R5, R6 and_elay
, 110 60 0.131 | 0.401 | 0.328 | 0.197 R4 has three protection zones. Zone 1 protects the first 80% of
, 20 the transmission line, zone 2 protects the entire length of the
; 35 14 002 | 0.894 | 0.114 | 2.288 transmission line and the first 50% of the colledioes and
' 8 zone 3 protects the entire transmission line length and the
collector lines.Relay R8 protects only the transmission line,
TABLE II while relays R5, R6 and R7 have three protection zones. Thus,
SPECIFICATIONS OF WIND TURBINES in protection zone 1 of these relays, 80% of the collector lines
Fr:a:i?]c ;O"’\‘Lee‘: vi‘l"t‘;e‘i Resistance in'-;jcktgg‘ze lengths is protected. In protection zone 2, the entire length of
(qHZ) Y MW) (kv)g (per unit) (per unit) the collector lines and the hd#éngth of the transmission line
Stator 069 0.0052 0102 are_ protected. Finally, in protection zone 3 of _the_se rglays, the
Rotor 50 2 000607 | 011 4360 entire lengths of the collector and transmission lines are

protected.
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D. SettingProtectionZone 1 ofRelays % ——
Relay R8 hasne protection zone for the entire transmission - e \ o
line because no coordination with a downstream relay isgmi |
required. Accordingly, a zenesistance fault is modeled at the gm,
end of the transmission line (close to Bus), and the g
impedance seen by relay R8 eeh calculatedAccordingto Ea
Fig. 12, the impedance setting of this relay is assumed to b ;
38.86 ohms. 14 15 1.55 1.6 1.65
250 Time (Sec)
— Fig. 14.Performancef protection zones 1 and 2 of relay R5 for
~— T Zseen occurrence of fault without resistance at the middle of
S 1s0 | transmission line.
é‘"”"‘“"“’"’“‘"”"‘“‘" | In the event of faults at the end of line with resistances
: sol 0, 10 and 30 ohms, the fault impedances seen by relay R5 and
adaptive settings of zones 1 and 2 of this relay are given in
Va5 15 1.55 16 1.65 TableV.
Time (Sec)
Fig. 12.Impedancesetting of relay R8 for a fault without TABLE V

resistance at the end of transmission line (close t8 bus
COMPARISON OF IMPEDANCES OF FAULTS SEEN B RELAY R5AND

. L THE IMPEDANCES OF PRTECTION ZONESL AND 2.
In the following, due to the similarity of relays R5, R6 and

R7, relay R5 isnly investigated. Zone 1 of relay R5 protects Location of fault End of collector fine 1
80% of the length of line . To determine this setting, a zero Value of fault resistancerj 0 10 30
’ ' Impedance seen by relay 15.9 40.2 | 56.3

resistance fault is exerted at 0.2 of the length of |Jine (close Value of adaptive setting of protectiol
to bus" ). According to Fig. 13, the impedance setting of zone zone 1
1 of relay R5 is 21 ohms. Value of adaptive setting of protectiol
zone 2
Estimated location of fault occurrenc
(percentage of line length)

14.8 38.2 | 523

32.6 84.1 | 116.1
100

80 0.49 0.48 0.48

60
Based on these results, it can be concluded that, in all cases

of resistive faultsoutside zone 1 (end of ling ), the
coordination betweenzones 1 and 2 of relay R5 is fully
maintained because all of the impedances seen by the relay are
145 15 nmle'sfs 0 1.6 1.65 larger than the adaptive setting of zone 1 and smaller than the
setting of zone ZHowever, it is observed that, in all cases, the
location of fault is detenined to be about 48% of the line
length, which has a large deviation from the actual location
(end oftheline). This deviation is due to the branches in this
E. SettingProtectionZone 2of Relays protection zone; that is, the injection of lines and, to
If the settingsof zone 1 of the relays are specified, it is bus" leads to an error in locating the fault.
possible to determine the settings of zone 2 of the relays. In Next, the fault impedance variations seen by relay R5 and
this subsection, the settings for other zones of the relays aréhe adaptive impedance of the relay, for a fault at the end of
specified. It is noteworthy that only relays R4, R5, R6 and R7collector line 1 (line, close to bus' ) with resistances of
have zones 2 and Zone 2 of relay R5 covers the entire length 0, 10 and 30 ohms, are illuated in Fig15. As can be seen in
ofline ,  and half of the transmission line. According to Fig. Fig. 15, in all cases, the fault impedance seen by the relay is
14, the impedance setting of zone 2 of R5 is 36 ohms. It is alstocatedoutsideprotection zone 1 and inside protection zone 2.
observed that the fault impedance seen by the relaghi®9 In the event of a fault at the end of line with resistances 0,
is outside the zonednd near the boundary of zone 2. 10 and 30 ohms, themplitudesof the fault impedances seen
by the relay and thamplitudesof the adaptive impedance
setting of protection zones 1 and 2 of the relay are given in
TableV.

Impedance (Ohm)

Fig. 13.Impedancesetting of relay R5 for a fault without
resistance at 0.2 of line  (close to bu$ ).
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The setting oprotectionzone 2 of relay R4 is determined so Time (Sec)
that, first, the entire transmission line is covered. Second, the Fig. 17(b) fault with a resistance of 10 ohms

faults that occur within the first 50% of the collector lines can Fig. 17. Comparisorof impedances seen by relay R4 and
be detected, while these faults are not detectable within the settings of zones 1 and 2 for a fault at the location 20% of

protection zone 1 of reya in the collector lines. Accordingly, , atthe beginning of this line.
the impedance setting of protectieone?2 of relay R4 for a
zero resistance fault at the middletioéline |, is shown in According to Figl17, it is observed that in both cases of fault

Fig. 16. The amplitudesof the impedance setting and the With and without resistance outside the protection zone 1 of

impedance seen by the relay are approximately 165 ohms. relay R4, the coordination of protection zones 1 and 2 of the
relay ismaintained However, the estimation of fault location
deviaes This deviation is due to the presence of branches in
the path between the locations of relay and fault (i.e., the
injection of current by lines and, tobus" ).
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presence of wind farms with DFIG generators). In this paper,
an adaptive characteristic was proposed to maintain the
possible to set zone 3 of thedays Zone 3 ofrelay R5 protects  accuracy and coordination of distance relays on transmission
the entire lengthsf line and the transmission line. lines and wind farms col¢or lines. In this adaptive
Consequently, the impedance setting of this zone is determinedharacteristic, an adaptive coefficient was added to the
as the impedance seen by the relay for zesistace fault conventional characteristics to sufficiently increase the relay
occurred at the end of the transmission line. The results of thiseach in the case of resistive faults. The proposed adaptive
setting are shown in Fid8. coefficient was defined based on the phasagrm and the
equations of the voltagdrop across théault path so that in the
case of a resistive fault, this coefficient was not dependent on
the value of the fault resistance. From the numerical results, it
was observed that not only the relay sevisjtis maintained

for a highly resistive fault (300 ohms), but also the fault
location is correctly identified. As a result, the coordination of
distance relays on the transmission lines and the DiEk&d
wind farm collector lines is also maintained

F. SettingProtectionZone 3 ofRelays
If the settings of zone 2 of the relays amecified, itis

Fig. 18. Protection zones 1, 2 and 3 of relay R5 for fault APPENDIX
occurrence without resistance at the end of transmission line. A, Radial Network(Singlé Source)

A radial network structure is shown in F&D, where a load
If the relay has multiple protection zones, a predetermined js connected to the power grid at a voltage level of 220 KV via
coordination time interval (CTI) must be set between the e transmission line. The specifications of the transmission
operating times of these zones to maintain coordination. Foljj,e and the power grid are given in Tabk and VI,
example, Figl9illustrates the schematic of the coordination
of protection zones 1, 2 dr8 of relay R5 and the operating
times of these zones.

respectively.

LS
_ T
TR5 [_ TRB
1 l—l Fig. 20. Singleline diagram of radia{Singlé sourcehetwork.
TR, L | TR Lo s
e R, r=E |.Rg I_E CD TABLE VI
R T Load pf TRs SPECIFICATIONS OF LINES OF THE NETWORK UBER STUDY.
Fig. 19. Operation sequen@ndcoordination between relays$sR Rated voltagg Line length| Positive and negativ| Zero sequence
and k8. (kV) (km) sequencen() (m
R X R X
220 150
. . . . . 0.029 0.362 0.255 | 0.971
As shown in Figl9, in the event of a fault in the first 50%
of the transmission line lengthelay R8 should act as the TABLE VII

primary relay after T1; if, for any reason, relay R8 fails to SPECIFICATIONS OF POVER GRID.

operate properly, relay R1 should operate as the backup Posiive and
protection at T2 based on its zone 2 settindoreover, if a Rated voltag|  Short circuit negative Zero sequenc
fault occurs in the second half of the transnoisdine and relay (V) capacity MVA) | o uencenh (m
R8 fails to opeate at the allowable time T1, relay R5 should R X R X
. . . . . 220 1000
operate according to its zone 3 setting at the appropriate time 4.3578|49.8079 1.1 | 16.6

T3. Times T1, T2 and T3 can be equal to 0.01, 0.2 and 0.4
seconds, respectively.

B. Double-SourceNetwork

The structure of @oublesourcenetwork is shown in Fig.

IV. CONCLUSIONS

The performance of conventional distance relays depends o
many factors. The most important factor is the fault resistance.
In the event of a resistive fault, the line impedance increases
and causes distance relays undsrch. This increases the
sensibilty of distance relays under power fluctuations (the

21, and thespecificationsare presented in Tabléll andIX. In
F‘his network, a 400 km transmission line is connected from
both sides to a power grid with a voltage level of 500 kV.



