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Abstract: Asa primary protection of high voltage (HV) and extra high voltage (EHV) transmission
line, distance protection needs to operate as fast as possible for faults inside its protection zone, whilst it
also must be able to discriminate between internal and external faults to prevent unnecessary disconnection
of the healthy lines. The operational performances of distance protection during dynamic conditions are
specified in the latest IEC 60255-121 standard. The standard describes different tests that need to be per-
formed using a transient network simulator and how the test results to present. In this paper, an implemen-
tation of the dynamic testing of distance protection based on the IEC 60255-121 standard will be presented.
The network modelling and the simulation of test cases described in the standard are implemented using
ATP-EMTP. The test results of two distance relays show that depending on the dynamic conditions, the
operational performance of the relay might be affected. In some situations, the operating time of the relays
was delayed, while, in other conditions, the accuracy of impedance measurement is affected causing the
relay to overreach.
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JUHAMHNYKO UCTIUTYBAILE HA TUCTAHTHA 3AIITUTA
CHOPEJ CTAHJAAPAOT IEC 60255-121

A mcTp akT: Kako mpumapHa 3aituTa BO BACOKOHATIOHCKUTE U €KCTPEMHO BUCOKOHAMIOHCKHTE MPEHOCHU BOJIOBH
ce KOPHCTH JUCTAaHTHATA 3aIlITHTa Koja Tpeba aa mpopaboTH KOJIKY IITO € MOXKHO MoOp30 NpH AehEeKTH BO HEj3HHATA
30Ha Ha 3aIlITHTa, a UCTO Taka Tpeba yCIEIHO Aa TH Pa3iMKyBa TPEHIKUTE KOW CE jaByBaaT BO INTHTCHATa 30HA U
HAJIBOp O Hea, CO IIeTI Ja Ce CIIPeYH HemoTpeOHOTO HCKITydyBamke Ha 3IpaBuTe BoJOBU. OnepaTuBHUTE epdopMaHcH
Ha JMCTaHTHATA 3alITUTA TIPU AHHAMHYKH YCIOBH ce HaBeaeHH Bo cranaapnot |IEC 60255-121. Cranmapmot onumryBa
Pa3IMYHU TECTOBH IITO Tpeba J1a ce M3BPIIAT CO IIOMOII Ha MPEXKEH CUMYJIATOp Ha TPAaH3UEHTH U KaKO JIa e MPETCTa-
BaT pe3yJTaTHUTE O[] TeCTOT. Bo 0BOj Tpy/ € mpeTcTaBeHa MMIIEMEHTALMja Ha ANHAMHYKOTO TECTUPAhe Ha IUCTAHT-
HaTa 3alTHTa Bp3 ocHoBa Ha cranaapioT IEC 60255-121. Monenupamero Ha MpexaTa U CUMyJialijaTa Ha MmoBeKe
TECTUPAHU CIy4au ONMHUIIAHU BO CTAHAAPIOT Ce UMIUNIEMEHTUPAHU cO KOopUcTewe Ha nmporpamara ATP-EMTP. Pesyn-
TaTUTE O TECTOT Ha JIBa JUCTAHTHU PEJICH MOKaXKyBaaT AeKa BO 3aBUCHOCT OJ1 THHAMUYKUTE YCIOBH MOXKE ONICpaTHUB-
HUTE TeppopMaHCH Ha peleuTe Ja Oumar 3acerHatd. Bo HEKOW CHTyallH OINEPAaTHBHOTO BpEeME Ha PENeTo € o
BpPEMEHCKa 3a/IpIIKa, J0/IeKa BO JPYTH YCIOBH € 3acerHaTa TOYHOCTA HAa MEPEHETO Ha MIMITE/IaHCaTa PEAN3BUKYBajKH
MpeYeKOpyBamke Ha ITHTEHATA 00JIACT.

Kayunn 36opou: ATP-EMTP; IEC60255-121; nuctaHTHa 3amITHTa; BpeMe Ha IpopaboTyBamkbe;
TPaH3HEHTHO MPEYEKOPYBabEe; AMHAMHYKH YCIOBU

short circuit) by measuring the impedance between

1. INTRODUCTION the faulted point and the relay location using voltage

and current at its terminal. As the main protection in

Distance relay is the main protection of high the transmission network, distance relay needs to
voltage (HV) and extra high voltage (EHV) trans- operate as fast as possible for faults inside its pro-

mission networks. It detects disturbance (such as
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tection zone, while it also must be able to discrimi-
nate between internal and external faults to prevent
unnecessary disconnection of the healthy transmis-
sion networks.

The operational performances of distance relay
are usually defined in terms of the operating time
and the reach accuracy. Operating time is defined as
the time interval between the instant when the fault
occurs and the instant when the relay operates
(trips). Reach accuracy means that distance relay
must not have overreach or underreach operation
under all fault conditions. Overreach happens when
the calculated impedance is lower than the actual
fault impedance causing the relay to trip for faults
located outside of its protection zone. On the other
hand, underreach arises when the calculated imped-
ance is greater than the actual fault impedance caus-
ing the relay failed to trip for internal faults.

The minimum requirements for functional and
performance evaluation of distance protection are
defined in the latest IEC 60255-121:2014 standard
[1]. The standard describes different tests to be per-
formed on distance protection and how to present
the test results. Distance protection test according to
this standard can be divided into two parts: the ac-
curacy test and the dynamic performance test. Ac-
curacy test aims to measure the accuracy of the
characteristic shape under steady state conditions,
while the dynamic performance test seeks to evalu-
ate the protection function performance under the
simulated transient conditions.

2. METHODOLOGY

Dynamic performance of distance protection
represents the response of function blocks used in
the relay to disturbance conditions such as short cir-
cuit fault. The tests are performed by applying
steady state pre-fault conditions, followed by fault
conditions (transient and steady state conditions) to
the protection relay input terminals. It means testing
the protection relays under real simulated power
system conditions.

Figure 1 shows the implementation of dynamic
performance tests using an offline test method.
First, the benchmark networks defined in the stand-
ard are modeled and simulated in ATP-EMTP. Sec-
ond, the voltages and currents at relay location (sec-
ondary value) for all test cases are calculated, stored
and then converted into COMTRADE file format.
Third, the test libraries based on these COM-
TRADE data are developed. Finally, the voltage and
current signals are injected into distance relays

using a secondary injection kit from OMICRON®,
and the protection response is recorded.

Develop
component model

¥ ATP-EMTP

.
Simulation of Test
Cases

$

Create Test Omicron Control Centre
Libraries Software Package

) 4

N
Build Test Set-up X
Hardware connection

h 4

Test Result

Fig. 1. Dynamic performance tests using
an offlie test method

2.1. Testing and simulations

The standard defines various network configu-
rations that need to be simulated such as the single
in-feed network as shown in Figure 2. Different
fault conditions also need to be considered in the
simulation, for example, fault location, type, and in-
ception angle. Transient programs like ATP-EMTP
is capable of modelling the benchmark networks
and to simulate transient conditions as described in
the standard.

—1200A Zero load transfer

Zis, Zos | LAA) Zy, ZoL
@—D—‘* é s AN
400 kv
100 v

Distance
protection P

zone 1

Zone 1 reach: 80 % of line

Fig. 2. Single in-feed network [1]

In addition to the benchmark networks, the
standard also proposed the equivalent circuit of ca-
pacitive voltage transformer (CVT) that can be used
to represent voltage transient error caused by CVT
during faults. Figure 3a) shows the CVT model de-
veloped in the ATP-EMTP, and the transient re-
sponses of the model of different fault inception an-
gles are validated as shown in Figure 3b).
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Fig. 3. a) CVT model, b) transient response of the CVT model

Figure 4 shows the secondary voltage of
VT and CVT when a three-phase fault is initi-
ated in the middle of the transmission line.
Comparing the voltage of VT and CVT, it is
shown that after the fault initiation at 120 ms
the secondary voltages of VT drop rapidly,
while in the case of CVT, the voltages contain
transient error during the first two cycles.
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Fig. 4. Secondary voltage of (a) VT and (b) CVT
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The other transient condition that needs to be
tested is the superimposed harmonics in voltage and
current signals. In the simulation, the harmonics are
generated through oscillations between the source
capacitance and the transmission line inductance
during faults [1]. This condition represents the ap-
plication of underground transmission cable which
generates oscillation between the healthy-cable ca-
pacitance and the fault impedance when faults oc-
cur. Figure 5 shows the voltage and current of a
three-phase fault with superimposed harmonics. It
can be seen that when the fault is initiated at 120 ms,
the voltage and current waveform are highly dis-
torted with harmonics.
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Fig. 5. Voltage and current superimposed by harmonics

2.2. Test set-up

The test set-up consists of test libraries and
hardware connection between the tested relay and
secondary injection kit. A test library consists of
embedded functions which contain voltage and cur-
rent signals at the relay location and a defined fault
inception time. Figure 6 shows the test set-up used
in this paper. The hardware connection consists of
two three-phase analog signals (voltage and current)
and two binary signals (trip and pick-up).
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Fig. 6. Test set-up

3. TEST RESULT

3.1. Average operating time
and transient over-reach (SIR diagram)

According to the standard, the dynamic perfor-
mance tests shall be reported using SIR (source im-
pedance ratio) diagram. Source impedance ratio is
the ratio between the source impedance and the im-
pedance reach setting of the distance relay. SIR di-
agram shows the operating time of distance relay as
a function of the fault position and the source im-
pedance ratio. Minimum, maximum, and average
operating time of distance relay need to be docu-
mented. In the test result, only the average operating
times are presented. For each fault position, the av-
erage operating time is calculated from 16 test shots
(4 inception angles with 4 repetitions).

The first test aims to analyze the operational
characteristic of distance relays with dc-offset in
fault current. The magnitude of dc-offset is varied
by changing the instant of the fault occurrence (or
the fault inception angle). The tests are performed
on both short (20 km) and long (100 km) transmis-
sion networks. For each test, the total time duration
is 300 ms with pre-fault duration around 100 ms.

The instantaneous zone 1 of the relay is set to
protect 80% of transmission network with no time
delay. Moreover, zone 2 setting is deactivated. Two
distance relays from different manufacturers are
tested: Relay M and Relay N. Both distance relays
are the numerical type relay used for protection of
HV and EHV transmission lines. Figures 7-10 show
the SIR diagrams for different fault types.

It can be seen that the operating time charac-
teristics of both relays are similar. The relays trip
relatively faster for faults located closer to the relay
location (0%) than faults at the end of the reach set-
ting (90-95%). Delayed operating times are also ob-
served for higher SIR values.
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Fig. 7. Average operating time for LN faults
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Fig. 8. Average operating time for LL faults
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3.2. Average operating time and transient
over-reach (CVT-SIR diagram)

Similar with the first test, the second test also
aims to analyze the operational characteristic of dis-

Ciuc. Enexiupoiuexn. Ung. Texnon. 7 (1) 5-12 (2022)

tance relays with dc-offset in fault current. How-
ever, the effect of CVT transient is also taken into
account in this case, and only the short transmission
network (20 km) is considered. Figure 11 shows the
average operating time of both relays with CVT.
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Fig. 11. Average operating time with CVT

Comparing the operating time with and with-
out CVT, it can be seen that CVT transient seems to
cause significant tripping delays for both distance
relays, especially for faults located at the end of the
impedance reach setting with high SIR value.

3.3. Transient oscillation test

The transient oscillation test aims to verify the
distance relay performance when harmonics com-
ponents are superimposed on voltage and current
signals. Two fault types are used: LN and LLL. As
explained before, the harmonics are generated thro-
ugh oscillations between the source capacitance and
the transmission line inductance during faults. The
harmonic orders are varied by changing the source
capacitance values. Figure 12 shows the average
operating time of relay M with superimposed har-
monics.

It can be seen that the accuracy of relay M is
not affected by superimposed harmonics as the relay
did not trip for faults outside the protection zone 1.
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The digital filtering used in relay M seems to be able
to extract the fundamental frequency component
correctly from the distorted waveforms. However,
the filtering process produces a significant operat-
ing time delay (one cycle) in the case of AG fault
with 7" harmonics.
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—— ARC Faull with 71h harmaonics AG Faull wilh 5th harmanics

Fig. 12. Average operating time with superimposed harmonics

3.4. Transient frequency deviation test

This last test aims to analyze the operational
performance of distance relay during power fre-
quency deviation. In the simulation, the frequency
of the voltage source is varied to simulate the off-
nominal frequency conditions. The frequency of
power system is set to the maximum and the mini-
mum allowable frequency of the relay, 51 Hz and
49 Hz (for 50 Hz system), respectively. In this pa-
per, only LN faults are considered. Figure 13 shows
the operating time characteristic of relay M under
frequency deviation.

: 7
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— et
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0% 1k 0% L ak 505 [0 0 B 90t o0 10K 120%
Fault Pasition [ of Zone-1 setting)
—a=fmin [A9Hz)  —m=Ffundamental {S0H)  —m=f.man(31Hg)

Fig. 13. Average operating time with frequency deviation

The test result shows that frequency variation
has negligible effects on the operating time of the
relay. However, it effects the impedance measure-
ment accuracy. As shown in the graph, relay M
tripped for faults located outside of the protection
zone (105% of zone-1 setting).

CONCLUSION

In this paper, an implementation of the dy-
namic testing of distance protection based on the
IEC 60255-121 standard has been presented. The
network modelling and the simulation of test cases
described in the standard are implemented using
ATP-EMTP. The tests have been applied to two dis-
tance relays, showing that depending on the dy-
namic conditions, the operational performance of
distance relay might be affected. In some situations,
the dynamic conditions cause delayed tripping of
the relays, for example in the case of CVT transient
and superimposed harmonics. In other situation like
frequency deviation, the accuracy of the impedance
measurement is affected causing the relay to over-
reach. Furthermore, the relays show delayed operat-
ing characteristic when the faults occur at the of im-
pedance reach setting.
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APPE

NDIX

Test sequences of SIR diagram (long line) and CVT-SIR diagram

Short Network with CVT ]

!

Choose SIR: 5 & 50

'

Choose fault location
%, 50%, 80%, 90%, 95%, 105%, 110%

}

Choose fault type
AG, BC, ACG, ABC

]‘_
]._

Choose fault inception angle
0°,30°, 60°, 90°

4 repetitions ]
v

Other inception
angles?

NO

[
[
(o
[
[
[

Other fault
types?

NO
Other fault YES
locations?

NO

NO

e )

[ Long Network ]

( Choose SIR: 0.2 & 10

'

Choose fault location
0%, 50%, 80%, 90%, 95%, 105%, 110%

'

Choose fault type
BG, AC, ACG, ABC

]._
]._

07, 30°, 60°,90°
4 repetitions ]
v

Otherinception
angles?

NO

Otherfault
types?

NO

Otherfault YES
locations?

NO

[ Choose fault inception angle

NO

e )

SIR diagram network parameters

Zero load transfer

Zy, Zov

F—x ~

Zis, Zos 1A (5 A)
O S
400 kV
100 V
‘ Distance
‘ prnl ction
Zone 1

»
' o

reach: 80 % of line

. Reach impedance setting*
Source impedance* .
Type SIR (80% of line length)

X1s X0s R1s ROs Xlset X0set R1set ROset

Short line 5 29.09 116.42 2.55 10.19 5.82 23.28 0.51 2.04
50 290.88 1164.16 25.47 101.92 5.82 23.28 0.51 2.04

Long line 0.2 5.82 23.38 0.51 2.04 29.09 116.42 2.55 10.19
10 290.88 1164.16 25.47 101.92 29.09 116.42 2.55 10.19

* Primary side values
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Transient oscillation network parameters

2000 A Zero load transfer
R L1

Zis, Zos LAGA) Zy, Zoo * Ry, Lo

ey N1

N 7
C,C —— |
275 kv 8 |
100 V i
|
|

Distance
rotection

Ll | Zone 1 reach: 80 % of line

R1s 1.9Q

L1s 86 mH
Source*

ROs 8Q

LOs 350 mH

R1. 24Q

L1, 107.5 mH

o Cl. 1.6 uF

Transmission line*

ROL_ 10 Q

LO. 437.5mH

CO. 1.1 pF
Source capacitance* Ci=C0 431 &8.93 uF

*Primary side values
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