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1 Scope and Object

This Guide is primarily aimed at the application engineer who has a basic protection knowledge but needs
expert assistance to pian and operate the protection of more complex transmission systems. This
publication may however, also be of interest for experienced engineers as it contains recent information
collected through analysis of the responses to a world-wide survey questionnaire issued in 1989.

The following topics are covered.

® Review of the fundamental problems associated with the protection of multicircuit lines (double lines)
multi-terminal and tapped lines, as well as series compensated lines.

® |nvestigation of basic protection schemes covering the above mentioned applications and proposals for
adequate solutions 10 the protection prablems

® Survey of the common practices
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2 Introduction

The protection of complex transmission networks requires, as a rule, an individual consideration of each
application case. A standard situation does normally not exist.

Conventional off-the-shelf protection schemes, like distance relays must at least be speclally set, need
supplementary equipment or may even need specially modified characteristics.

The simple linear connection between fault impedance and distance-to-fault can normally not be assumed
due to

® intermediate in- or outfeeds {multi-terminal lines)

® zero-sequence mutual coupling (paratiel lines)

» discontinuities (series compensated lines),

This results in a varying zone reach and causss consequently problems to achieve selective zone setting for
a dependable and secure fault clearance.

Directional relays may be adversely affected by possible voitage or current inversions (series compensated
lines) or may sense a false fault direction due to induced voitages (paralie! lines) and outfeed conditions
(multi-terminal lines).

Partly sophisticated protection schemes in combination with telecommunication must thersfore be used to
solve these problems.

As a rule, the protection setting has to be based on a short-circuit study that considers the named
influencing factors. In rmost cases, however, the network can be reduced to the line configurations to be
protected (e.g. three—terminai~ or parallel line) with representative infeeds at each terminal. Thus,
extensive computer studies are only needed in the exceptional case.

To use this guide, the basics of fault analysis and protective relaying are assumed as known. The
symmetrical component analysis is used to study unsymmetrical fault types.

The bibliography provided at the end of this documentation contains in the first general part relevant
literature. Manufacturers’ relay application descriptions can be taken as a further source for information.

For the special subject of protection using telecommunication the relevant CIGRE Publications [13,14]
provide an excellent introduction.
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3 Terminology

This document uses IEC recommended graphical and letter symbols [6,7].

The protection terminology is adapted to the international Electrotechnical VYocabulary, chapter 448: Power
System Protection [8].

Telecommunication is a widely used means to upgrade the protection for complex transmission systems.

Figure 3.1 shows the currently applied schemaes.

Protection using telecommunication

Non-unit*! Unit*)
Distance Phase comparison
Directional comparison Longitudinal differential

permissive underreach
permissive overreach
accelerated underreach
blocking overreach
deblocking overreach
intertripping underreach

overcurrent

zero seq, current
neg. seq current
travelling wave

note: sometimes permissive overreach distance protection is called
directional comparison
Zero sequence current protection is also calted residual current
protection
*)The terms "Unit" and "Non-Unit" are explained on page 13.

Fig. 3.1: The most common protections using telecommunication
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Readers not familiar with these terms and their meaning are referred to the CIGRE Publication:

Protection Systems Using Telecommunication
CIGRE WG34/35-05 October 1987

The following abbreviations are introduced for the frequently occurring protection schemes:

DPO
DPZS

iuop
PUDP
PODP
AUDP
BODP
DBODP
CPCP
SPCP
PWDP
FODP
MWDP
TWMP
TWCP
DEPZ
DEPN
DEP
NDEP

distance protection only, second zone tripping for near—ling-end faults accepted

distance protection with autoreclosure-controiled zone switching -

(normally the overreaching zone is switched back to underreaching during the AR dead-time)
intertripping underreach distance protection

permissive underreach distance protection

permissive overreach distance protection

accelerated underreach distance protection

blocking overreach distance protection

deblocking overreach distance protection

composite—current phase-comparison protection

phase-segregated phase-comparison protection

pilot wire differential protection

fiber—optic differential protection

micro-wave differential protection

travelling wave protection with microwave channel

travelling wave protection with carrier channel

directional comparison earth fault protection, bassd on the zero—-sequence components
directional comparison earth fault protection, based on the negative-sequence components
directional earth—fault protection, time delayed without telecommunication

non-directional earth—fault protection, time delayed without telecommunication

The following further abbreviations are used in this documentation:

"AR
cB
cT
EHV
FO
FSK
GP
HY
IT
MCTL
MOV
MTL
MW
OML
orc
PCM
PCP
PLC
S/R
SSR
L
s

- 10 -

Autoreclosure

Circuit breaker

Current transformer

Extra high voltage (300 - 999 kV)
Fibre optic

Frequency shift keying

Gas pressure reiay

High voltage (100 - 299 kV)
Intertripping

Multi-circuit transmission line
Metal-oxide varistor
Multi-terminal line
Microwave

Overhead line

QOver-current

Pulse-code modulation
Phase comparison protection
Power line carrier
Sender/Receiver
Subsynchronous resonance
Tapped line

Tapped line with backfeed
Voltage transformer
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Related to the protection of complex transmission networks the following additional terms are often used:

Compensation degree (of a series—compensated line)
Percentage of the equivalent series—capacitor reactance on a line in relation to the line reactance:
k=Xc /! XL

Composite current protaction

A single-system protection operating on basis of a mixed-current measuring quantity composed of the
weighted current sum of a three-phase system (Iym = ky-fg + ko-Tp + k3-1c).

Composite line

Power transmission line consisting of electrically different series connected components, e.g. a series
connection of cable- and OHL-sections.

Conventional airgap

An airgap which will flash when the voltage over the capacitor becomes higher than the capacitor is
designed to stand.

Cross—country fault
Simultaneous flash—-over to earth of two different phases in different line sections.

Current reversal

Reversal of the fault—current on a healthy line due to non-simuitaneous fault clearing e.g. when the circuit
breakers switch—off a fault on a parallel line at sequential instants.

Double fauit

Simuitaneous faults on two circuits of a multi-circuit line at the same location. E.g. a phase-to-earth fault
on each circuit at the same tower of a double-circuit line.

Evolving fault
A fault developing to involve different phases/earth during the fault clearing time.

Flash-over fauit

Flash-over between phase-conductors of two different circuits of a multi-circuit line.

Intercircuit fault

Fault between the circuits of a multi-circuit line with or without invoiving earth (same voltage level).

Intersystem fault

Fault between circuits of a multi-circuit line where the circuits belong to different power systems
(voltage levels).

Line—-end series-capacitor

Series capacitor placed at the end of a power line.

- 11 -
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Line tap

A connection to a line with equipment that does not feed energy into a fault on the line in sufficient
magnitude to require consideration in the relay plan.

Line terminal

A connection to a line with equipment that can feed energy into a fault on the line in sufficient magnitude to
require consideration in the relay plan and which has means for automatic disconnection.

Mid-line series—capacitor

Series capacitor not placed at the end of a power line.

Multi-circuit line

In the protection sense of this paper the term defines a configuration of power lines running so closely
parallel that they can influence each other and adversely affect the protection performance.

Multi-terminal line

Line configuration with three or more line terminals with substantial generation behind each.

Mutual Coupling

Inductive or capacitive interaction of parallel power systems.
In the protection sense this term defines normally the inductive coupling of the zero-sequence systems of
parallel lines.

Negative reactance

When the reactance from the relay location to the series-capacitor is less than the equivalent negative
reactance of the capacitor, the situation is called negative reactance. (See also: voltage inversion and
negative fault voltage)

Negativa fault current

When the negative reactance of the series-capacitor (X¢ = -1/»¢) is larger than the sum of the source-
and line fault-reactance, then the total fault loop impedance becomes nagative and the fault current will be
inverted compared to the normat inductive case, i.e. the fault current will have a leading phase angle
against the EMF-voltage. This inverted current is then called "negative fault current”.

Negative fault voltage

If the short-circuit impedance becomes negative (see "negative reactance”), then the short—circuit
voltage will be inverted compared to the normal inductive case and will then be called negat:ve fault
voltage”.

Outfeed

Condition at a line terminal of a multi-terminal line where the shortcircuit power flows out of the line with an
internal fault.

Phase segregated protection

A protection that operates with separate measuring systems per phase.

-12 =
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Resistor airgap

In this paper this term is an abbreviation for a non-linear resistor made of metal-oxide protecting the
series—capacitor. Normally a conventional airgap is additionally installed and considered as a back-up to
the metal-oxide resistor.

Secondary (consequential) fault
Fault caused directly or indirectly by another fauit. -

Series—capacitor bank

Capacitor elements connected together in series and parallel to form a large bank with high capacitance
and high rated current.

Series—capacitor segment

A series—-capacitor can be divided into two or more segments.

Series—compensated line

A power transmission line that has series-connected capacitors for reactive power compensation. The
lumped negative short-circuit reactance of the series-capacitor can cause voltage and even current
inversions and can adversely affect protection systems.

Tapped line

A line having one or more terminals with substantial generation behind them and taps feeding only loads.
The taps have not sufficient current feed-back to operate relays.

Teed-line

Three terminal line.

Transformer feeder

A line connected to a power transformer without intermediate circuit breaker, i.e. the remote line end circuit
breaker must be tripped in case of a transformer fault.

Unit protection

A protection whose operation and section selectivity are dependent on the comparison of electrical quan-
tities at each end of the protected section.

Non-unit protection

A protection whose operation and section selectivity are solely dependent on the measuremaent of electrical
quantities at one end of the protected section.

Voltage inversion

On series-compensated lines, the reactance from the relay-location to the fault point may become
negative (see "negative reactance”). In this case the short-circuit voltage will assume a lagging
phase-angle against the short—circuit current, i.e. it will be inverted compared to the normal case of an
inductive short-circuit reactance.

Weak-infeed

Condition at a line terminal where the infeed current is not strong enough to cperate (start) the protection at
this terminal for an internal fault.

- 13 -
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4 Protection of multi-circuit transmission lines
4.1 introduction

The term multi—circuit transmission line (MCTL)} is used when two or more three—phase transmission circuits
are arranged on the same tower or follow the same right-of-way on adjacent towers. The cnrcuns may be of
the same or of different voltage level(s).

Due to magnetic induction the circuits are mutually coupled. This phenomenon has to be considered for the
fault calculation and the protection design.

4.1.1 Application range

Environmental and cost considerations force the utilities to use the granted right-of-ways as effectively as
possible. Especially in heavily populated areas multi-circuit lines are therefore widely used with up to six
systems on onse tower.

This locally close arrangement of power lines, especially on common towers, however, always bears the
risk that simultaneous or consequential faults can occur on parallel systems due to back—flashover,
falling—-down of broken conductors or conductor gallopping. The statistics of faults involving more than one
paraliel circuit vary considerable between utilities and local conditions. Values of 10 to 20% seem to be
normal.

Faults between circuits of different voltage level are seldom (about one case in 10 years per utility according
to the replies to the 1989 CIGRE—questionnaire), but cause dangerous voltage and current strain in the lower
voltage system [4.24].

The lay-out of the protection to enable selective fault clearance with these muitiple fauits is always a
challenging task for the protection engineer.

Especially for the reiatively often occurring multiple earth faults on parallel lines, phase selective tripping
and single-pole autoreclosure at each circuit should be ensured to avoid the outage of both lines at the
same time.

In the classical case a double circuit or parallel line exists where two equal circuits are mounted on the same
towers and connect the same substations.

A ~ B
Op BERC
\/

Fig. 4.1: Parallel line, same bus at both ends

From the protection point of view the simplest case is given when both systems are connected to the same
infeed sources (busbars) in each station. The proximity of the parallel line terminals makes it possible to
apply compensation methods against mutual coupling, if necessary.

- 14 -
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Otten the case occurs where the lines are conducted only partly parallel and end at separate substations at
the remote end.

SHIE ©

% -

Fig. 4.2: Parallel line with one common bus only

This allows the application of compensation only in one substation.

The most unfavorable condition is given when lines run paraliel but end at different substations at both line
ends.

(e

-

Fig. 4.3: Parallel line, separate buses at both ends

No compensation of the mutual coupling effects is possible in this case.

Complex tault conditions may occur when the parallel lines belong to different power systems possibly also
of different voltage levels. Complicated short circuit voltage— and current distributions result from the
mutual coupling and double faults involving both circuits.

- 15 —
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4.1.2 Mutual coupling effect

Fundamentals:

The mutual coupling is based on the known induction law: The current sets—up a magnetic field around its
conductor. If this field cuts parallel conductors, it induces longitudinal voltages along them.

The induced voltage is:

41) Ybw=2Zm:Ia

Ea o

C
I—

Fig. 4.4: Mutual coupling

The mutual impedance zy' of two conductors with common earth return can be taken from relevant
textbocks [11]:

' =T Mo, e - f -jn_d_ £
4.2) zm I f+jpo- f InDab 'k

-4 {1} -sec
Mo = 4w+ 10-4 'em

f = Frequency in Hz
5 = 658 \/ —% = penetration depth of the earth-current in meter
p = earth resistivity in ) - m

Dap = mean distance in meter between conductors a and b.
With a typical earth resistivity of p = 100Qm and a system frequency of 50Hz we get
830 o

Dab (m]

zy’ = 0.05 + j 0.1445 log

/ km

For an assumed conductor distance of 20 meters the coupling impedance can be calculated as:

2" =0.05+j0.24 g 7 km
We can now estimate the induced voltage on parallel conductors Uy = Zy-Ia.

For the case of 20 meter conductor distance we get about 250 Volts on conductor b per 1000A and km, i.e.
for a length of 100km and 2000A short-circuit current 50kV would result.

We notice that the induced voltage decreases in a logarithmic dependance of the conductor distance. But,
for our last example we would still get 20kV at a distance of 200 meter, i.e. distances of up to some 100m
have a measurable influence.

- 16 -
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Mutual induction on three-phase transmission lines

In this case coupling exists between all conductors of a muiti-circuit line.

Under load condition and faults without earth the current-sum of one line is zero. If the distances of the
conductors between the two three-phase circuits are assumed as equal then the induction of the different
conductors cancel each other and the mutual coupling is theoretically zero.

With the real arrangement of the conductors at the tower, some unsymmetry is unavoidable even when the
lines are transposed [11,4.4].

Practically, the mutual coupling in the positive and negative sequence system is relatively weak and can be
neglected for normal protection considerations. The mutual impedance is in this case usually below 5
percent of the related self-impedance for untransposed lines and lower than 3 percent for transposed lines
[4.4].

The zero sequence currents are equal and in phase in all three conductors of the three-phass line, i.e. the
effects of the conductors add to a maximum. In this case the three phase-conductors can be replaced by a
representative single conductor for sach parallel line and the mutual coupling between lines and their earth
wires is then reduced to a single-phase problem [11].

The zero-sequence mutual impedance is defined and can be measured as follows:

— I0a /N
— I0a / \

— Ioa

)

\_/
o .

T Vob
Q

Fig. 4.5: Mutual coupling of two three-phase lines

(4.3) Zom =Y _3.zy
Ioa

Where zy is the mutual impedance between two conductors with earth return as defined above.

The mutual zero-sequence impedance can be as high as about 70% of the zero-sequence self-impedance
when the parallel lines are mounted cn the same tower. '

The mutual coupling effect has therefore a strong impact on sarth fault relaying.

An accurate calculation of Zgy has to consider the real spacings between the conductors of the multi-circuit
line and the characteristics, number and location of the earth wires which reduce the mutual coupling effect
[11].

Today computer programs are applied to determine the characteristic line impedances. Additionally, the
values can be measured as outlined in appendix 3.

17 -
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The calculated values for a typical 380kV double-line are given below,

E1 E2 G
O \
1R R !

=

0 o o | & |
1T 28 27 g 8{ =3
=] < <
. Distance = 20 m @ o r~
- - ] b (P

T T T T e e B T T T T T T T, T e T T

Line conductors are 4x240 mn? ACSR
Earth conductor is 240 mm2 ACSR

Fig. 4.6: Parallel 380kV lines

Earth resistivity

Earth resistivity

100 & m 1000 QO m
Positive sequence impedance (Q/km) 0.032 + j 0.303 0.032 +j 0.303
Zero sequence impedance (£2/km) 0.202 +j 0.88 . 0.236 +j 0.96
Positive sequence capacitance (nF/krm) 12.42 12.42
Zero sequence capacitance (nF/km) 7.95 7.95
Zero sequence mutual impedance (/km) 0.169 +j 0.523 0.202 + j 0.599
Pos./Neg. sequence mutual impedance (Q2/km) 0.01 - j 0.019 - 0.01 -j0.019
Positive sequence mutual capacitance (nF/km) 0.76 0.76
Zero sequence mutual capacitance (nF/km) 3 3

Table 4.1: Typical characteristic line data (380kV line of fig 4.6)

itis to be noted that the zero sequence impedances vary slightly with the earth resistivity. When the values
are used to set fault-locators it may therefore be advisable to use measured values. (The measuring

method is shown in annex 3).

As shown in table 4.1, there exists also a capacitive coupling between parallet circuits where again only the
zero sequence mutual capacitance is significant. It can cause displacement voltages in Peterson-coil
compensated networks when lines of this network are conducted at the same tower together with EHV-lines

[4.29].

For normal protection calculations the capacitive coupling can be neglected.

- 18 -
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4.2 Protection problems encountered

4.2.1 Mutual coupling of parallel circuits

To study the impact of this phenomenon on protection it is useful to introduce the following classes of
networks in accordance with reference [4]. .

Class 1 networks:  Paraliel circuits with common positive and zero sequence sources
Class 2 networks: Parallel circuits with common positive but isolated zero-sequence sources
Class 3 networks: Parallel circuits with positive and zero sequence sources isolated.

4.2.1.1 Class 1 networks:
Paratlel circuits with common positive and zero-sequence sources

This is the normal parallel line case especially when both lines terminate at the same busbar in each
substation. The network can in principle always be reduced to the following configuration:

lb—D

= ] —

{1
SR S GO
o )

Fig. 4.7: Class 1 parallel circuit

4.2.1.1.1 Impact on distance protection

Distance relaying of ph—-ph and three-phase faults is not influenced by the paralle! line. For protection of
phase-to-earth faults, however, a measuring error occurs. This phenomenon has been studied in a larga
number of publications [4.1, 4.2, 4.3, 4.6, 4.7, 4,15, 4,16, 4.28].

In principle this error appears due to the fact that the parallel line earth-current (lep = 3-Iop) induces a
voltage [/gp - Zom /3 into the fauit-loop.

The distance relay phase-to-earth units measure:

Vph - E = phase to earth shori-circuit voltage at the relay

Vph - E .
(4.4) Z= AL location in the faulted phase
Iph+ ko-1E ! _ N ;
ph = short circuit current in the faulted phase
43 = earth—current
ZoL- ZL _ :
ko = — —- = Zgt ZL = -earth compensation factor set at the relay

3 2L

-19 -
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The short-circuit voltage can be calculated as

Zo 2, Zou

4_ V h-E = I h.ZL + IE
(4.5) P P 3 3 P
Zo- 2, Zom
V - =2 (I _ . ] _— T
(4.6) Vph-g =2 ht g Bt Z Ep ) R

By introducing (4.6) into (4.4) we get:

Iph JLo- 2 .ff5+—€f—Jl . lEp
4.7 Z=2L- 3-21 3:7)
Iph+ ko IE

it the relay earth compensation factor kg is adjusted to the single—line
ZE _ Zo- 2L

4.8 ko=

(4.8) 0= 3 3z,

then the relay measures

(4.9) Z=2ZL- (1 + lm_;(f_E% ) Ig = earth current of the faulty line
pht+ KO +/E Igp = earth current of the parallel line

Error

From formula {4.9) it can be deduced:

¢ The error is proportional to the mutual coupling factor gy = Zgm / 37

® The error increases with the paralle! line earth current {gp in relation to the relay current Ioh + ko'lg
® The relay underreaches when Igp is in phase with Iph and Ig

® The relay overreaches when Igp and Ipw/Ie have opposite signs.

In appendix 4 the change in reach is shown for different fault locations on a parallel line with single infeed.
This case demonstrates the worst condition as the ratio of Iep to I is highest. For a fault at the remote line
terminal the underreach amounts to about 25%.

In the following, three examples are presented to illustrate the effect of mutul coupling on distance relaying.
The errors in percentage are calculated using the line data of appendix 4: kg = 0.86, kg = 0.4

Fauit at the end of a parallel line

e @09 b —~IE, &ph

0] g

Fig. 4.8

From (4.9) and Iph = /g = Igp we get the error:

oM

4.10) AZ= KM 2 s 24% of 7L
1 + ko
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Fault at the end of a parallel line, one breaker open

lEp =—

—~re )

Fig. 4.9

From (4.8) and fph = g = - [gp !

koM

- 7L 2 ~24% of Z
1+ ko t 3

(4.11) AZ=-

Fauit at the end of a parallel line
Positive and zero-sequence sources at opposite line ends

} ,Zi?. @o)——

Fig. 4.10

From (4.9) and Jg = fgp = 3 - Ipn

3 koM 5 _ ZoM

-ZL = 40% of ZL
1+ 3ko - Zo

(4.12) AZ =

For the setting and behaviour of the distance protection with earth-faults, the case is important where the
- parallel line-is 'switched off and earthed at both terminais:

% ph-E

o 4

()

42—
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The distance protection overreaches considerabely as the earth—-impsdance is reduced due to the parallel
connection of the zero-sequence systems of both lines:

—I0 ZoL
oo —{ 1 —O
— I0p ZoL )ZOM

F —
L

Fig. 4.12

The parallel line zero-sequence current can be calculated as

ZO0M ZoM
4,13 logp=~—— . and lEp= - — .IE
( ) P ZoL 10 p

ZoL

By insertion of this /g, value into equation (4.7) we get the measured relay impedance:

_ 2
1ph+{z%|"' ZZL— 3_2:20'“2 ) - IE
(4.14) 2z = Z - <l L- <0l
iph+ ko -IE

The measured difference against the singte line is then

. ZoM

oM

4.15) AZ=-2 - —2% = _10% of 2,
1 +ko

{with kg = 0.66 and kgp = 0.4)
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4.2.1.1.2 Setting of distance zones for parallel lines

The distance protection zone reaches vary with the switching state of the paralle! line configuration. Below,
the configurations and the corresponding formulae for the reach calculation are given for the most
important cases:

Case 1 -

Parallel line switched-off and earthed at both line ends.

ZoL- 2y kom - ZOM
3 ZL ZoL
1 +ko

1+ }

(4.16) Z=x-2L"

Fig. 4.13

Case 2
Paralietl line switched-off and not earthed or earthed only at one line end.

14+ ZoL—- ZL ?
3:27
417y  Z=x-ZL - —3'ZL @—o D
1 +4k0 :
-
Fig. 4.14
Case 3
Both lines in service
h-E
/P
T

1+Z°L__z"+ X . kom
(4.18) Z=x-2_ 3:4L 2-x
1 +ko

(~—tjo

Fig. 4.15

In case 1 the lowest impadance is measured, i.e. the highest reach occurs due to the parallel connection of
the zero-sequence systems of both lines.

In case 3 the highest impedance is measured which corresponds to the shortest reach.
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Setting of the underreaching zone

The set zone reach should fulfill two criteria:

® it should ensure selectivity, i.e. it should avoid overreach beyond the remote line terminal in case 1.

® it should cover as much of the line as possible, at least 50% plus a safety margin in the most unfavorable
case 3.

A possible setting strategy is to set the zone to e.g. 90% of the line length for case 1 and check afterwards if
sufficient reach exists in the cases 2 and 3,

The following example shall demonstrate the procedure by using the characteristic data of the 380kV line of
page 18.

Underreaching zone, setting example

Given values: 7 = 0.303 Ohm/km
zoL. = 0.88 Ohm/km
oM = 0.523 Ohm/km

4.19) ko= Zom _ _0.523 _ 4575

3-2_ ~ 3.0.303

The distance zone reach is set to 90% of Z_

Case 1:
To achieve 80% zone reach also for earth faults, the relay earth fault compensation factor Kghas to be set to

Zo — 2L

4.2 = -
(4.20} kg 37, Kom

Zom
=M = 0.29
<o
Case 2:
The reach in this case can now be calculated by the formula

1+ ZoL— 2L

(4.21)  90%Z =x-Z —3 ZL_
1 + ko

where x is the unknown reach and kg is the set earth factor from case 1: kg = 0.29. We get: x = 71%.

Case 3:
In a similar way we can calculate the reach from the formula
ZOL-ZL, X _ oM )

1+
(4.22) 90%2[_: X -ZL 3 h ZL 2 - X
1 + ko

As solution of this quadratic equation in x we get: x = 62%.
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Summarizing comment on the underreaching zone setting:

e A setting adapted to the worst case that the parallel line is switched off and earthed at both ends
guarantees absolute selectivity for all switching states.

® The reach (62%)} under the normal parailel line service provides only a small (24%) overlapping with the
remote end protection.This could be accepted as the coupling is smailer with infeeds from both ends and
the remote end distance zone tends to overreach in the same case (see annex 4). -

Other practised setting strategies are:

e Avoid earthing at both ends of the switched-off line (earthing only at one side). The underreaching zons
could then be adjusted to let say 85% of the single line (case 2} and a reach of 72% in case 3 couid then
be achieved.

e The case of the switched-off and double-earthed parallel line is assumed to occur seldom. An
overreach in this case is accepted bearing in mind that the overreach into the following lines, considered
as distance (km), is normally heavily reduced due to infeeds at the remote substation.

# The probability of a definite outage of a line due to zone cverreach is further reduced when
autoraclosure is practised. Therefore, also with this strategy, an adaption of the setting to the single line
(case 2) could be justified.

» A further possibility to solve the selectivity problems is to apply an overreaching distance protection
scheme using telecommunication.

The choice of the strategy must finally be based on the iocal conditions and the service experience of the
utility.

Setting of the overreaching zone

The overreaching zones for back-up or permissive averreaching distance protection schemes must at least
safely cover 100% of the line with a safety margin of about 20%. This must be guaranteed for the most
unfavorable condition of case 3. For cases 1 and 2 the overreach would then be higher. It has to be
considered that, with the paraliel line switched-off and earthed at both ends, the second zone could then
overlap with the second zone of a following line and endanger the zone grading selectivity.

However, in normal practice this reach extension provides no problem as the overreach into the following
lines is anyway reduced by the intermediate infeeds at the remote substation.

The reach extension can be estimated by subtracting the measured impedances of the above defined
cases 3 and 1 (equations (4.16) and (4.18)}.

ZoM
Z - 2 kom - (1 +—)
(4.23) — 8 . Zal
ZL 1 +kop

Where kgp is the relay earth-compensation factor set for the parallel line condition

Zor- ZL

kos = 3.7 Earth compensation factor for the single line

KoM = _S_Z%‘T Mutual coupling factor
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Calculation example:

Given values: zL = 0.303 Chm/km
zgL = 0.88 Ohm/km
ZoM = 0.523 Chm/km

2= - iz
ZL

= 0.39 -

This result means that in this case a second zone set to iet say 150% of Z would then have a reach of 209%
of Z.

This is further illustrated by the foliowing zone grading example.
A series connection of a double- and a single line is assumed.

r—x—-fc

A B

~—>la ZL ZL 1
: —— - g
T Line 1a Ity Line 2
(:)—1- D
—= b ZL
Line 1b

Fig. 4.16: External fault on a following line

The relay R measures the following impedance for a fault on line 2 in the distance x% of Z| from station B
(series connection of the defined cases 3 and 2).

14 L= 2L L o 14 Z0Lt 2L
(4.25) Zo = ZL- 3:21 +2 .2, — 321
1 +kop T+ kop

Where kgp is the set compensation factor adapted to the parallel line as defined above.
kop = 0.63 + 0.52 = 1,15

For the assumed second zone setting of Zo = 150% Z| we can calculate the reach x on line 2 from the
equation (4.25).

We get x = 33% as reach on the following line during the normal parailel line service.

When line 1b is switched-off and earthed at both line ends the relay R will measure an earth—fault on line 2
according to the following formula (series connection of the defined cases 1 and 2):

14 2O 2L 4oy 2oM 14 0L 2L
(4.26) Za = 7L - -2 20 4z . — 324 Ly
1 +kop 1 +kop

For the unchanged zone setting of Zp = 150% of Z|_and kg adapted to the paralle! line Kop We get now a reach
on the following line of x = 117%, i.e. the zone wouid reach beyond the station after the next.
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Summuarizing comment on Overreaching-zone setting:

e The reach setting must be adapted to guarantee back-up for at least 100% line length plus a safety
margin of about 15 to 20%. For remote back-up purposes longer reaches graded to the protection of the
following lines are desirable. '

® The earth-fault compensation factor must be adjusted to the parailel line service where the highest
earth-fault impedances occurs. -
This requirement can be fulfilled by ky-setting when separate kg—factors can be set for the under- and
overreaching zones,
If the retay has a cornmon Kp-factor for all zones, the kp-factor set for the underreaching zone has to be
taken over, and the overreach-zone setting (Zo) has to be adapted (enlarged) if the safety margin of
about 15 to 20 % overreach over the next station is not achieved.
In the above formulae 4.23 to 4.28, the kg-factor chosen for the first zone has to be applied instead of
kop.

s For the service case of one line being switched-off and earthed at both ends the appearing reach
extension into the following lines has to be checked.
Unselectivity in the zone grading is normally not to be expected when infeeds exist at the remote
substation because they reduce the overreach considerably.

& The series-connection of paralle! lines and the impact of infeeds provide problems for the setting of
remote back-up zones [4.31]). Local back-up protection concepts should be preferred for these
complex transmission networks.
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4.2.1.1.3 Compensation of Mutual Coupling
The conventional distance relays measure phase-to-earth faults according to the formula (4.7).

The measuring current is

I = Ipn + ko'lg
where ky is the earth-compensation factor. -
The induced voltage from the earth—current of the parallel line

Vom = Igp - Zom/3 = Iop-Zom

can be compensated by adding a relevant further term to the relay measuring current proportional to the
earth—current of the parallel line (kom-/gp)-

Formula (4.7) then changes as follows:

Iph"'é'[:i'lE'l'_'IEp
(4.27) Z =2 3-2 3-ZL
Iph + ko - TE + kom  JEp

It is obvious that the relay measures the correct impedance Z| when:

4.28 kg = ————— and k = =

With this mutual compensation, the relays at the faulted line measure correctly, However, the relays on the
healthy parallel line measure incorrectly and tend to overreach. This is demonstrated in detail in annex 5.

It is therefore necessary to block the distance relays or to switch-off the mutual compensation on the
healthy parallel line relays.

One solution is to compare the earth—-currents of both lines (earth-current scales) and to release the
compensation only on the line with the higher earth-current which is always the faulted line.

This compensation method requires a cross-connection of the earth-current wires of parallel feeder bays in
the substation and the additional current-comparison equipment. This may be one reascn why the mutual
compensation is not very often applied for distance relaying. The other reason is that the problem can be
normally overcome by proper zone setting or by application of command protection systems.

The compensation is however in any case necessary for fault locators to enable a correct distance—to—fauit
determination.
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4.2.1.2 Class 2 networks:
Parallel circuits with common positive but isolated zero-sequence sources

The following network is a typical representative of class 2 networks.

Fig. 4.17: Class 2 network

In these network types the mutual coupling will not only influence the distance measurement but will also
cause problems with directional earth fault relays in the isclated zero-sequence system of the parallel line.

The behaviour of the earth-fault relay can be analyzed in the zero-sequence system replica.

In the case without mutual coupling, when an external fault is correctly detected, the phase-relations of
zero—-sequence voltage Vg and current Iy at each line end are as outlined in the following figure 4.18,

A

O

7

Ll
o
——w

a) External earth-fault, single-line diagram

A B l Z1
| ToA=— Joge—]|
Tf TT 22
: ZS0A Uoa Uos : ZsoB
) Ex

Fom.
4 -

b) External earth-fault, zero-sequence system

Fig. 4.18
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For an earth—fault on a mutuaily coupled parallel circuit without common Zero-sequence sources the replica
circuit is shown in the next figure 4.19.

{ fop —= /N i
A Zom B
2t | ~— IoA ( ) IoB ~— )
ZZp | f \/ l I
Z50A Uoa Uos Zs50B
Eap

P

Fig. 4.19; Earth-fault on a parallel circuit with isclated sources in the zero-sequence system

The mutually induced current circulates in the isolated zero-sequence system and generates at both line
ends voltages comparable to an internal earth-fauit.

From these considerations can be concluded that sensitive directionai zero-sequence relaying can
normally not be applied in class 2 networks,

Similar as with distance relaying on parallel lines a supplementary earth-current comparison scheme could
be applied to block the earth~fault relays on the line with the lower earth—current when both ends of the
parallel line are accessible in the same substation.

Summarizing comment on relaying of class 2 networks

® For distance protection, the comments on class 1 networks apply also here.

® Sensitive directional earth-fault protection with Zero-sequence current- or voltage~ polarized relays can
normally not be appiied in circuits with isolated zero-sequence systems.
Instead, phase-comparison or negative-sequence polarized relays can be recommended [4.5].
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4.2.1.3 Class 3 networks:
Parallel circuits with positive and zero sequence sources isolated

A representative class 3 network is shown in the following figure

@+ @C

Zom

O—Ep— _/

4
(%)
o)

Fig. 4.20: Parallel circuits with isolated sources

This situation does normailly not occur with parallel fines of the same voltage level because transmission
networks are operated as meshed systems.

Class 3 networks exist mainly where lines of different voitage levels are mounted at the same towers.

Naturally, all the problems previously discussed for class 1 and 2 networks apply also here. The difference
against class 2 networks is that compensation methods can not be applied. Earth—current comparison at
lines with different voltage levels is usuaily not practised. In most cases it will even technically not be
possible when the lines end at different substations.

For the application of distance protection, it has to be considered that, as shown in figure 4.21, a parallel
connected zero-sequence system exists that reduces the measured fault impedance, i.e. the protection
on the faulted line tends to overreach.

o, 1 QO
Z0os1p Z082p
O - ¢ O

Fig. 4.21: Zero-sequence replica circuit of two mutually coupled lines
with isolated zero-sequence sources
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The parallel line zero—-sequence current can be determined from figure 4.21:

ZoM
4.29 Top = - '’
( ) °p Zosip + Zop + Zoszp

if we insert lg, into equation (4.7) we get a similar formula as (4.14).
- 2
Iph + (201. 4 Zom

(4.30) Zf = 2ZL- 3:-2L  3-2uL(Zos1p + Zop + Zoszp)
Iph+ ko -JE

) -IE

The measured impedance difference against a line without parallel circuit is then

4.31) AZ=-2Z - Zom?
3 - ZL{Zos1p + Zop + Zos2p) (1 + k)

This influence has to be checked for each individual case. The zone setting must be adapted like with class 1

parallel lines.

Summarizing comment on relaying of class 3 networks

Compensation methods can usually not be applied.

can alternatively be considerad.

Class 3 mutually coupled lines beiong normally to power systems of different voltage levels,

The impact on the zone reach of distance relays has to be estimated in each individual case.
Vo~- and lp- polarized directional earth-fault relaying cannot be applied. Negative sequence polarization

& Differential or phase comparison protection can be recommended as these protectlon versions are safe

against mutual coupling.
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4,2.2 Current reversal effect

Non-simultaneous fault clearance on parallel transmission circuits can cause fault current reversal on
healthy lines. This phenomenon can cause a racing between protection directional and carrier signals and
can resuit in a false operation in the worst case.

The following figure demonstrates the problem. -

o—é — %{38-:«- !

Line 1

A
-]
| —)
c Ic¢ Ip D c fc Ip D

~L. TP, e e
- Grez 7 = tne2z = 1

a) Initial situation after fault inception b) Situation after opening of the CB in B

Fig. 4.22

In the initial situation after fault inception the fault-current flows from C to D on the healthy line. It can now
occur that breaker B opens before breaker A because the protection in B operates faster due to the higher
short—circuit current or because the fault is out of the underreaching zone of the protection in A. In this case
the fault current on line 2 raverses. This can cause racing problems in directional comparison protection
schemes.

A parmissive scheme will behave as follows:

The relay in C initially sees the fault in forward direction but does not trip as no signal is received from the
remote end. When the current reverses, the relay in D will send an enable signal to C. If now the directional
relay has not changed to reverse direction before the signal is received, a false trip will occur.

The relay in D initially sees the fault in reverse direction and, therefore, does not trip though it receives a
release signal from the remote end relay.

When the current reverses, the directional decision of relay D changes from reverse to forward. If now the
ralease signal from relay C still hangs—on, refay D will issue a false trip.

Short paraliel lines provide the worst condition because the relative overreach of the tripping zone is highest
in this case. The situation is further aggravated when the parallel line is series compensated (see 7.4.1.4).

To avoid false operation under these conditions, a so called TRANSIENT BLOCKING function (also called
Current Reversal Guard) is necessary.

This feature allows fast tripping for a short time interval (about 40ms) after fault inception but slows down or
blocks the protection before breaker B opens, i.e. before the current reversal can occur.
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4.2.3 Double- and intercircuit-faults on multi-circuit lines

Double faults that involve the two circuits of a parallel line occur predominantly where the multiple—circuits
are mounted on the same tower.

When lightning hits such a transmission system, severe voltages appear on all insulator strings and one or
more can flash over, creating single or multipie line—to—earth faults. The time between separate faults is
only a few milliseconds. Thus, these double fauits can be considered as simultaneous. -

The probability of double faults depends widely on the tower construction and increases as the footing
resistance increases. Available statistics and replies to a CIGRE-questionnaire of 1989 show that about 10
to 20% of all line-to-earth faults involve two circuits of a parallel line. However, values up to 50% have also
been reported [4.21].

Further reasons for multiple faults are conductor galloping or broken wires, flying debris or bush fire under
the line.

In this case flash—over faults can occur that short—circuit the conductors of two parallel circuits with or
without earth—-connection. This can cause quite unusual fault current distributions which have a partly
uncalculable impact on protection systems [9, 4.8].

The worst condition is given with so called intersystem faults, that is when a short-circuit occurs between
two transmission systems of different voltage levels. In this case the protection behaviour is practically
unforseeable and can normally only afterwards be analysed by computer studies [4.24]. Fortunately, these
extreme fault situations are seldom and only one or two cases in 10 years per utility have been reported.

For the protection engineer the most frequently appearing double earth—fault with footing points at different
circuits is more interesting.

The standard situation is shown in the following figure 4.23.

&\i

ph a-E

= &

-

Ny

ph b-E

I||—‘\§

Fig. 4.23: Double-fault on a parallel line

A phase-selective tripping and automatic reclosure is desirable in this case to keep one complete
three-phase transmission system in service to maintain system stability.

The phase selection for tripping should therefore not be controlled by the protection starting elements
because they have a high reach and will normally see both faults at the same time and consequently initiate
a three—-phase tripping of both lines. It is better to use distance zones with a short overreach (e.g. 20%) for
phase selection, Naturally, one measuring unit per phase must be available, that is at least a three—system
distance relay must be used. At fuil scheme distance protection schemes the phase-to-phase units must
be inhibited in this case, e.g. by the earth—current detector, to prevent an adverse effect on the phase
selection,
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If the two earth-fauits are located at a tower close to the remote line terminals they can both be detected
also by the overreaching distance zones and phase selective tripping will then not occur. However, due to
the positive or zero sequence infeeds at the remote substation this is very unlikety in meshed transmission
networks.

To get phase selectivity for a hundred percent of the line length for this kind of double-fault, a
phase-segregated protection scheme must be applied. Either non-unit or unit protection schemes are
suitable,

The analysis of further simultaneous faults on muilti-circuit lines, especially when different fault types are
combined, is rather complex. They are normally not considered for the practical design and selection of the
protection system.

Computer programs, howeaver, are available to study the protection behaviour under such conditions. The
treatment of this subject is beyond the scope of this application guide which is aimed at the application
engineer. The theorically interested reader is referred to the available publications [9, 4.8, 4.24] .

4.2.4 Dissymmetries on double-circuit lines

The dissymmetries of non-transposed transmission lines cause circulating currents in a multi-circuit-line
configuration. Negative and zero-sequence currents in the order of 5% line-loadcurrent can appear. This
dissymmetry effect is amplified by the series compensation of lines.

The unbalanced insertion of series—capacitor banks can aggravate this unbalance even more. Negative to
positive sequence current ratios of more than 25% have been reported {4.3].

Sensitive earth-fault relays have to be set above these unbalance currents to avoid false pick-up.

Load currents on untransposed EHV lines may also induce circulating zero sequence currents in parallel
HV-systems if they are mounted on the same tower.Sensitive earth-fault protection may be adversely
affected when the HV system is highly resistive or resonantly earthed. Special solutions may be necessary
under these circumstances [4.20].
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4.3 Protection schemes

The selection of a suitable protection scheme for muiti~circuit lines is controlled by a larger number of
decision factors like

necessary operating fault clearing time,

available signal transmission channels,
autoreclosure practice (single-, 3-pole),
experience with practised protection philosophies,

cost.

t is therefore natural that a wide variety of solutions exist for the problems discussed in the previous
chapter. iIn the following it will be decided between non-unit and unit—protection schemes as defined in
chapter 3.

4.3.1 Non-unit protection

This kind of line protection comprises all distance and ail directional and non-directional earth-fault
protection relays with or without telecommunication.

4.3.1.1 Distance protection without telecommunication

Signalling links can be saved when no severe stability problems exist and end-line faults can be cleared in
second 2one time (e.g. 400ms). It has, however, to be considered that, due to the mutual coupling effect,
the 1st zone can be considerably reduced.

To achieve fast fault clearing the distance protection is in some countries operated with zone-extension
controlled by the autoreciosing scheme (AR). The 1st zone is extended to overreach the remote line
terminal when the autoreclosure is ready. During the AR-dead-time the zone is then switched-back to
underreach. Thus, all transient faults can be cleared instantaneously, at the expense of ashort line outage.

The zone setting is shown in the following figure 4.24.

/ F1 Z2
A B I -
21 —_— ] Z10 Z1u of line 2
o t _—
T Line 1a Line 2 '
D — — —
— Line 3
T Line 1b e
D C Line 4

Fig. 4.24: Distance protection with AR-controlled zone switching
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It has to be considered that the distance protections in station A can also perferm an autoreclosure for an
external fauit on fine 2 just behind the remote station B in location F1. The probability for this unneacessary AR
is, however, extremely low as the overreach of Zyg is heavily reduced by the usually existing infeeds in
station B.

longer reach of Zyy could be achieved by using a mutual compensation supplement for the distance
protection. Such devices are offered by some manufacturers. This however would require crossconnecting
the earth-current from the neighbouring bay of the parallel line as mentioned in 4.2.1.1.3.

The foliowing phenomenon also justifies the decision normally not to compensate the mutual coupling

effect.
A /\ et N\ B

—
fop= 0
O-Gp— [ zon D
JEA—> Line 2 =-—1IeB_
T
- DA \/ : \/ DB -

Fig. 4.25: Mid-line fault, equal sources mutual coupling

If the fault occurs near the middle of line 2, the earth current on line 1 is relatively small when the
Zero-sequence source impedances in A and B are of the same order of magnitude. The coupling effect is
then small and a good overlapping of the underreaching zones of relays DA and DB is given, That means
that the mutual coupling impact is oniy effective for faults near the line terminals. In this case, however, the
protection nearer to the fault will trip and open the circuit breaker. Thereafter the situation of the figure 4.26

occurs.
A /\ B

O—@p—1 D~
| ? \/’0_’é 1t

DA DB

Fig. 4.26: Mutual coupling, overreach condition

The zero-sequence current now fiows in opposite directions in both lines, i.e. the distance relay DA extends
and may trip desirably also.
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In this case the fault is cleared in a cascaded tripping with an additional delay in the order of about 100ms
(protection- plus CB-time). This is in many cases acceptable.

In cases where the zero-sequence source impedances are of a different order of magnitude, the mutual
coupling is also effective for mid-line faults as zero-sequence current flows from the weak to the strong
source line side on the parallel line. This is illustrated in the following figure 4.27.

DA ! Fl ph-E DB
B

Sk" = 10GvA A =T T Sk" = 1GVA

o— O

380kv I = 100km 380KV
2o/Zy =1 Zg = 12002 ZolZy =
Zom = 800
_de
Ig = 3

12 06 o 04 -l

400 0.1-f 0.1-4,

ZOL ZOM
400

ZOSA
150

Z0sB
1500

Fig. 4.27: Parallel line, Mid-line ph-E-fault with unequal zero-sequence sources

At the weak zero-sequence terminal the line currents flow in opposite directions. Relay DB at this iine-end
will therefore overreach and trip safely. Protection DA at the other line—-end will initially see the fault and trip
or trip in cascade.

As a summary of the above discussion it can be developed that even with a short setting of the
underreaching zone (e.g. adapted to the condition of the parailel line being switched off and earthed at both
ends, that is about 60 to 70% Z;) a dependable fault clearing is ensured, at least in a cascaded tripping.

Probably the most frequent practice is to set the underreaching zone to about 75 to 80% of the single-line
impedance and to rely on the zone reduction due to remote infeed when the parallel line is switched off and
earthed at both line terminals or, as an alternative way, to avoid this double earthing.

Cases where the parallel lines do not end at the same busbar at both line ends need special consideration
because the distance protection can overreach under certain conditions. This is demonstrated in figure
4.,28.
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Fig. 4.28: Distance protection of mutually coupied lines not ending
at the same bus at both terminals

The earth—currants in line A-B and A-D flow in opposite directions. The relay DA1 therefors tends to
overreach. The weaker the infeed in A is compared to O, the higher the overreach.
The situation can be even worse when the mutually coupled lines have different sources at both ends.

In these cases a reduction of the underreaching zone according to a short-circuit study could be feasible. A
better solution is to use a permissive ovarreaching or blocking distance protection scheme. Compensation
of the mutual coupling may also be tried where the lines have a common bus at least at one end.

4.3.1.2  Directional and non-directional earth-fault relaying
This kind of protection is used in many cases as back-up protection with definite or inverse time delay.

The application on paraliel lines with common bus at both ends provides normally no problems. When the
lines terminate at separate buses the directional sensing may be adversely affected. This has then to be
investigated according to the rules outlined in section 4.2.1.2. Less sensitive setting or the use of negative
sequence directional sensing may be a solution [4.4, 4.5].

4.3.1.3 Distance protection with telecommunication

All'types of under- and overreaching command {transfertrip) protection schemes can be applied when the
parallel line is commonly bussed at both ends.

For the underreaching schemes similar mutual coupling considerations apply as for distance relays without
telecommunication.

Overreaching methods are in principie the better solutions against mutual coupling problems. However, the
protection operation then depends completsly on the signal transmission channel,

Zone packaged distance protection schemes are desirable in this case with an additional independent
underreaching zone. The latter could be set relatively short, e.g. to about 70% line length in order to avoid
overreach in any case.

In cases where the mutual coupling effect cannot be clearly estimated, that is when the parallel line is not
commonly bussed at both ends or even worse, when lines of different power systems run parallel,
overreaching schemes are to be preferred.
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As discussed earlier (see section 4.2.3), the phase-selection for tripping should not be controlled by
starting elements or zones (when single-pole autoreclosure is practised on parallel ines). Instead distance
zones with short overreach should be used for this purpose. Consequently a zone acceleration scheme is
preferable to an underreaching scheme that uses the starting zone as the permissive function.

Phase segregated non-unit distance protection schemes wouid be the best solution. They are, however,
seldom applied as three signal channels have to be provided in each direction per line. This is on one hand
expensive and on the other hand the band width is normally not available with power line carriertransmission
systems. In the case of radio-links or with the future, more frequent application of optical fibres, phase
segregated schemes could become more popuiar.

4.3.1.4  Directional comparison earth-fault protection

This protection type combines the directional decision of earth fauit relays at both line tarminais through a
signal transmission channe! in a permissive or blocking mode. Both types are in principle suitable also for
paralle! lines.

Negative- or zero-sequence directional relays are in use. The zero-sequence polarizing quantity can be
voitage or current or both (dual polarized relays).

The zero-sequence polarization can be applied without restrictions for parallel lines with a common bus at
both ends.

Parallel circuits with isolated zero-sequence sources can create probiems with zero—sequence polarization
as explained in section 4.2.1,3. Negative-sequence directional reiays should then be chosen [4.5].

The pick-up level of the earth-fault detectors should not be set tao sensitive to avoid spurious operation on
circulating unbalance-currents or charging current.

The following figure 4.29 shows the effect of the capacitive zero—sequence current of an unfaulted parallel
line on directional-earth relay operation.

Ior

AYEE (1o

Iop

i
Bl e Y e A VA

Fig. 4.28: Impact of charging current on directionat earth-fault relaying

The zero-sequence current lop is approximately

Ji(im o Xom 1

Top &~ _-j 2 - Xoc =XOC'4 < Ig with Xgo = —jm_co

Consequently the zero-sequence currents on the faulty and on the non-faulty parallel line have the same
direction. As the polarizing zero-sequence voltage is the same for both circuits, the healthy iine relays will
falsely sense an internal fault.
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For long transmission lines this capacitive current can be relatively high compared to the minimum fault
current. A less sensitive setting is then not the appropriate solution.

In case of very long lnes (300 to 400km) a supplementary device can help that compares the
earth—currents in both circuits of the paraile! line and blocks the relay with the lower earth-current which is
always the healthy line,

Directional comparison schemes must be equipped with a transient blocking function to avoid false
operation in case of current reversals (see section 4.2.2).

The usual function logic is shown in figure 4.30.

FD
SR q &
4 & =1 F | [ block tripping
40ms B

RD FD = forward direction
RD = reverse direction
SR = release signal received from the remote end
tB = transient blocking time

Fig. 4.30: Transient-blocking logic circuit

4.3.1.5 Directional comparison travelling wave protection

These relays use the sudden changes in voltage and current at fault inception to determine the fault directon
(see also section 7.4.2.1):

Directional criterion: AU x AJ
AU prefault voltage minus fauit voltage
Al : prefault current minus fault current

The directional decisions are then used to set-up a directional comparison scheme via a signalling link in the
conventional way.

These relays measure very fast (below a quarter-cycle) and the total scheme operating time can be well
below one cycle if fast signal transmission channels are available.

In principle this protection type can alsc be used with multi-circuit lines. It has however to be considered
that power system fauits will also induce travelling waves on parallel lines due to the mutual coupling effect.
The pick-up sensivity of the directional detectors must therefore not be set too sensitive. Another
philosophy is to apply the travelling wave protection only for phase-to-phase fauits, thus avoiding mutual
coupling problems, and to supplement a separate zero— or negative-sequence directional earth-fault
protection.

As the travelling wave protection senses the first sudden changes of the short—circuit quantities and then
seals—in for a certain time, it can by principle not detect simuitaneous or sequential faults that involve both
circuits of a parallel line. An independent main or back~up protection must therefore be provided for these
fault-types.
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4.3.2 Unit protection schemes

This kind of protection compares directly the in- and out-flowing currents of a line either as
phase-comparison or as differential protection. Both types are available as COMposite current or as phase
segregated version. '

The composite~type uses a measuring quantity which is a weighted mixture of the phase currents
{IM = kyIa + ka-Ip + k3-I) or the symmetrical components (Im = ky-Iy+kp-Io+kg-Ip) . This different weighting
of currents implies that a fixed phase preference exists.

if a double fault occurs on a parallel line, that invoives different phases on both circuits, then the relay
operation depends on the condition whether the internal fault is on a higher or lower weighted phase and of
the total faultfcurrent distribution. The case may occur that the protection on one line can not operate
before the protection on the parailel line has operated and one fault point is cleared.

The composite type relays further need an additional phase-selector when single-pole autoreclosure is
practised. It can be an overcurrent, underveltage or impedance measuring system. Non of these selectors,
however, can guarantee a secure phase-selection in the case of simultaneous faults that involve both
circuits of a double-circuit line, as previously discussed with distance reiays,

Phase-segregated types do not have such restrictions and are therefore ideally suitable for multi-circuit
lines.

Advantages of phase segragated unit protection schemes for the application with parallel lines:

® Instantaneous clearance also of double fauits involving both circuits.
® Safe against mutuai coupling effects.
® Hundred percent phase selective for all kinds of single and multiple fauits.

When a phase segregated protection is used as main protection, the second or back-up protection should
also be set-up phase selactive or should be time-delayed for earth-fauits to avoid a probable cancelling of
the caorrect phase selection.

It must however be mentioned that unit protection schemes also have disadvantages against distance
protection schemes. They need a more expensive wide-band signalling channel and their reliability
depends completely on it. Further, unit protection does not provide back-up for faults out of the protection
range defined by the CTs at both line ends. Some sort of distance or overcurrent relay is therefore
additionally necessary in any case.
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4.3.2.1 Phase comparison protection (PCP)

This type of protection can be used together with power line carrier channels up to about 300km as
composite current version and up to about 200km as phase-segregated version. In the latter case the
reach is reduced as 3 tones have to be transmitted and this requires a nine-fold carrier sending power for
the same signal to noise ratio. Due to the fact that only phase positions, i.e. current zero-crossings must be
transmitted, the channel requirement is moderate. One rectangular-wave comparison signal needs only
about 1kHz bandwidth, i.e. the three tones of a phase segregated PCP can easily be transmitted in a
standard 4kHz voice-frequency channel.

The single-signal transmission for a composite-type PCP needs only about 1kHz. This allows transmitting
additional command signals in the same 4kHz, the so called, voice-plus channel.

In some cases, where a second main protection is provided, it is accepted that the signais of the two circuits
of a parallel line are transmitted through one common channel.

The better solution is to transmit the command and measuring signals combined in one voice-plus channe!
and to cross the signals for a paralle! line as follows.

PLC1 PLC1
DpP DP
o CH1| AN |CHY
PCP o CH2| NN |CH2 ~ PCP
PLC2 PLC2
DP f= - DP
1 CH1| v ™ |CHY
PCP}= CH2| (AN ™ |CH2 PCP

*} DP = distance protection
Fig. 4.31: Protection signalling for a parallel line

Where radio-links or optical fibre cables can be applied, a high bandwidth for numerous signalling channels
is available, Thus, phase-segregated protection should be preferred.
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4.3.2.2 Longitudinal differential protection

This type of unit protection could formerly only be used with pilot wires and the length of the protectable
fine-section was therefore limited to about 20km. The phase segregated version needs three pilot—pairs {(or
at least two pairs with a phantom-circuit). It has, therefore, not been frequently used. Digital relays now
operate with serial interconnections between the two line terminals. Typically, a 84kbit/s channel is required
to transmit the sampled current values as digital encoded numbers in a serial protocols Pulse-code
modulated standard devices (PCM 30) are available for micro-wave or optical fibre transmission. These
devices have an extremely high band-width of some MBd which is normally shared between protection and
other services like remote control, metering and telephone [15].

Optical fibre transmission is now also interesting for longer lines. Links of more than 100km without
intermediate repeater are in service.

This opens the possibility to apply phase segregated differential protection on these lines and to use their
above named advantages [5.9].

4.4 Back-up protection

In principle, there is no difference for back-up relaying of multi-circuit lines compared to single-circuit
lines.

It has, however, to be considered that the mutual coupling effect reduces the reach of the back-up zones in
case of earth—faults when the parallel line is in service while they are prolonged when the parallet line is
switched oft and earthed at both terminais. it is therefore often difficuit to find a selective zone grading with
sufficient line coverage as demonstrated in paragraph 4.2.1.1.2.

The combined impact of remote infeeds and mutual coupling normally prevent a reasonable grading of
back-up zones. Local back-up philosophies are therefore recommended.

4.5 Automatic reclosing considerations

The standard equipment can also be used for multi-circuit lines. If single pole AR is practised, the proper
phase-selection in case of double faults has to be guaranteed. This is discussed in paragraph 4.2.3. Some
companies block the three-pole AR when the parallel line is out of service to avoid reclosing at a large
voltage difference angle. o

This can however only be considered as an exception. A supplementary synchrocheck relay is preferrable.

From Japan, two special forms of autoreclosure on multi-circuuit lines have been reported [4.32]. So
called Multi-pole autoreclosure is performed on EHV lines with phase segregated unit protection: Only the
faulted conductors of the parallel line are tripped and reclosed as long as at least two out of six conductors
remain heaithy.

Sequential reclosing is practised on resistance grounded HV-double lines: In case of multiple faults,
affecting both line circuits, the tripping and reclosing of the line with a single phase-to-earth fault is delayed
until the other line has been reclosed. Thus, the simultaneous outage of both fine circuits shall be avoided.
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4.6 Recent practices and trends
In the following, a summary of the replies to a CIGRE-questionnaire is given.

It was circulated in 1988 and answers were received from 49 utilities. These utilities represent 1900 lines >
250kv, 3300 lines 150 to 250kV and about 7500 lines 100 to 150kV.

4.6.1 Protection philosophy, state-of-the-art

The following general conclusions can be drawn from the answers:

® |t seems that the utilities adhere to the classical protection concepts that have on one hand proved
successful in practice since years. On the other hand, the known weak points are more or less accepted
because of their low probability of occurrence (e.g. multiple faults ) or because time delayed fault
clearance or non selective tripping can be accepted to a certain extent (calculable risk).

® In most cases, the protection philosophy introduced for normal single-lines is also kept, with some
supplemaents if necessary, to protect multi-circuit lines.

s Distance relays most frequently with telecommunication in various forms of command protection
(blocking or permissive schemes) are still in predominant use (87% on 400kV, 85% on 200kV and 92¢%
on 100KkVY).

® Current differential protection is used to some extent with pilot wires; however, microwave or optical
fibre links are the exception. Here, most applications seem to be trial installations except in Japan where
the latter type of wide band communication has been widely applied for some years.

® No mention is made that digital msathods or equipment would be specifically used to provide protective
solutions for the problems of complex transmission networks.

4.6.2 Statistical Data

The percentage of multi—-circuit lines of the same voltage is not uniform and varies between ¢ and 100%.
The mean value is close to 50%, where the main application areas are Europe and Japan.

Parallel lines with circuits of different voltage level (e.g. 400 and 220kV) occur in some countries (DE, DK,
CH} with up to 50% share in the number of multi-circuit lines.

About 45% of the replies state that mutual coupling is considered and that remedies are applied (lower zone
setting to about 75 to 80% line-length or use of protection with telecommunication). The other haif of the
replies stated that it is not considered.

Only 37% require selective tripping and autoreclosure in case of double faults affecting different phases of
paraliel lines.

Wwith reference to fault statistics, the replies to the questionnaire show that the utilies can provide
information on fault rates as mean values, e.g. number of single-phase-to—earth faults per 100km and
year, though it is a bit surprising that these figures vary considerably from country to country (1-Ph-E faults
from 0.05 to 8.0 for 300kV and above, 0.35 to 10.4 on the 200kV level}.

It is, however, difficult to get comparable figures specifically for complex networks.
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Therefore, the information on double faults on muiti-circuit lines is mainly based on the information of only
12 replies. It should, however, be mentioned that two countries (Belgium and France) delivered detailad
statistics. They show that the fault rate of double fauits on multi-circuit fines is about 10 to 20% of the
comparable single—fault values stated above.

The reply from one US-utility and further available publications name higher values up to 50%. This again
indicates that the local conditions (e.g. tower footing resistance) and line construction may_cause a wide
variance as stated also above for the single—fault statistic.

Faults between circuits of different voltags levels seem to be extramely rare (1 to 3 cases within 10 years
per utility as an average. A maximum value of 10 was stated by one company, but this seems to be
abnormal). '

The corresponding average fault rate for intersystem faults is extremely low: 0,005 faults per 100km and
year. e

The following tables 4.2 to 4.7 show the summary of the CIRGE-SC 34 survey on current protection practi-
ces of 1989,

> 300 kV 200 - 250 kV | 100 - 150 kV
Total(:;rztt:iﬁtriezf) lines 1684 3438 9277
sampear\?cljlﬁlaggelseval 7% 43% 35%
differi?‘nrtatce)lltg;eeslevel 8% 13% 5%

Table 4.2: Existing parallel lines

> 300 kY 200 - 250 kV 100 - 150 kv
2.2 2.64 2.77
1-Ph-E-Faults min. max, min. max. min. max.
0.05 8.0 0.35 10.4 0.4 9.8
0.18 0.56 0.65
2-Ph-E-Fauits min. max. min, max rnin max
0.0 2.0 0.0 2.0 0.0 2.7
Double faults 0.06 0.1 0.39
(Simultaneous faults on the min. max. min. max. min, max.
two circuits of a parallel line) 0.0 2.0 0.01 1.13 0.0 2.0
Intercircuit faults ca. 0.004 ca. 0.005 ca. 0.004
(Faults between systems of min. max. min. max. min., max.
different voltage level) 0.0 0.05 0.0 0.05 0.0 0.12

Table 4.3: Fault rates (Faults per 100km and year)
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% of utilities use
on parallel lines

> 300 kv 200 - 250 kv 100 - 150 kv
Distance protection
without 15% 26% 74%
telecommunication
Distance protection AUDP: 43% AUDRH: 45% AUDP: 33%
with 97%  Pooe: 18% 80%  PODP: 209 39%  pOOP: 33v
telecommunication BODP: 18% BODP: 20% BODP: 17%
i CPCP: 40 : 3 :
Phas;c::tzr;%ar:’:son 24%  spom: sov 9%  Shap: Tou 3%  Shop e
; ; :60% :50% 166%
Differential 28%  Eobp. 10% 14%  FobR: 339 19%  FoOP: 179
protection MWDP:30% MWDPR: 17% MWDP: 17%
Travelling wave 7% a _
protection
Sensitive earth- o EP :- 64% o EP :. 723’9 o EP :. T0%
tault protection 50%  pepz: 22 57%  oepz: 2s% B7%  perz: s
Legend:
AUDP : Zone acceleration
PUDP : Permissive underreaching
PODP : Permissive overreaching
BODP : Blocking overreaching
CPCP : Composite current type
SPCP : Phase segregated type
PWDP : Pilot wire
FODP : Fibre optic
MWDP: Microwave

Table 4.4:

EP : Earth-fault protection, time delayed
Directional comparison, zero-sequence
Directional comparison, negative sequence

DEPZ :
DEPN :

Parallel lines, applied protection schemes
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® is phase selective tripping and single pole AR

required in the following case?

7 oa-e

Yes v 37%
No : 46%
No statement :  27%

e If "Yas", what are the applied measures?
- Phase segregated unit protection
- Phase segregated non-unit protection

- Distance protection with
AR-controited zone reach

- Use a teleprotection scheme and
accept 3-phase tripping of both lines
for near-line-end faults

- No statement

6%

4%

: 10%

: 10%

: 70%

Table 4.5: Parallel line protection, simultaneocus faults
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Is mutual coupling considered ?

Yes
No
No statement

45%
49% r— of utilities
6%

Are measures applied to avoid the adverse effects of mutual coupling ?

— Parallel line compensation
of the distance protection
of the fault locator only

-~ Application of a phase-segregated teleprotection scheme

- Using directional earth fault-relaying
(negative - or zero — ssquence)

- Use a teleprotection scheme and accept 3-phase tripping

of both lines for near-line~-end faults

- No staternent

12%
33%

4%

10%

10%
70%

Table 4.6: Protection of parallel lines, mutual coupling effect

¢ How is overreach prevented in the case of a switched-off
and earthed parallel line? -
L ~ |
Y Y
D D
x & & /
L L
- by mutual compensation 4%
( only possible with line side CTs.)
- by reduced zone setting 30%
- by a teleprotection scheme 28%
- by not earthing at both line ends 4%
- no answer 34%
e The reduced zone setting is:
50% 70% 80%
min. average max.

Table 4.7: Parallel line protection, distance zone grading
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4.7 Appendices

ix 1: Zero— n ling im n lculation

For overhead lines without earth conductors, the zero sequence mutual coupling reactance Xgym can be
estimated by the following formula:

A
(Xo = XL) - Xom =] 2 wx fx 4.6 x10-4 x log (o)

f: Network fraquency

Xom: Mutual coupling reactance

XL Line positive sequence reactance
Xo: Line zero sequence reactance
D: Geometric mean distance between conductors of the same line
3
D= -\/d1 «d2 - d3
A Geometric mean distance between one conductor and conductors of the other line

9
A= ‘\/ Daa’'s Dab’s Dac’+ Dba'+ Dbb'« Dbc's Dca's Dcb’- Dec!

For lines with earth wires a simple formula doss not exist but a specialized program must be used to
compute the zero sequence mutual impedance, or the real values have to be measured.

Example:

Approximate values of Koy = are given in the following table :

aMm
3 XL
X line positive sequence line impedance: 0.41 Q/km
Xp zero sequence line impedance: 1.23 {/km

d distance between the paratlel lines in meter

d 5 7.6 | 10 i5 20 30 50 100 | 200 | 400 | 600

kom [0.71]0.64 | 0.61|0.54 [0.51 |0.45 | 0.4 | 0.29|0.18|0.1 |0.08

Table 4.8 Approximate values of Kopy (50Hz)
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Fig. 4.32: Typical tower configurations
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Xom
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Fig. 4.33: Typical mutual reactances for 400 kV lines, p = 100 Om (50Hz values)
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Fig. 4.34: Typical mutual reactances for 400 kV lines, p = 300 'm (50Hz values)
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Xom
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Fig. 4.35: Typical mutual reactances for 110 kV lines, p = 100 Om (50Hz values)
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Fig. 4.36: Typical mutual reacctances for 110 kV lines, p = 300 Om (50Hz values)

- 53 -



Application Guide on Protection
of Complex Transmission
Network Configurations

Chapter 4

1) Set-up of the measuring circuit

1.1) Schematic diagram

r———————————— 1

I | Z=R+jX

w A +— _— ~

—o— — O———-C - —E
Ol v |
1 T | |

—O— . O — e —— |

!

() (Ell _____ _} S = voltage source

M = measuring equipment
Z = line impedance to be measured

Fig. 4.37

1.2) (S): LV supply at 50 or 60Hz systam frequency

Normally a source voltage of 220V is used to comply with the measuring equipment ratings.
Note: There are two possible cases:

a) The supply (S) can be an isolated (transtormer) and, if necessary, regulated (stabilized)
and adjustable.
In this case, it will be necessary to ensure that the supply has a harmonic content of less
than 2% for the harmonics H3 and H5 and of less than 1% for higher harmonics.

b) Another voltage source is the substation auxiliary supply. Generally, this supply is
220Vv/380V three-phase with earthed neutrai.
in this case, as the supply is obtained from the HV network, it generally satisfies the
conditions for low harmoenic contents.

1.3) (M}: Measuring equipment

e The "voltage"” rating of the maost appropriate voltmeter and wattmeter is generaily 250V, 300V
or 500V,

The "current” rating of the ammeter and wattmeter should generally be matched to 2.5A, 5A,
10A. They are then suitable for medium or long lines.

Note: It is necessary to make a preliminary calculation of the order of magnitude of the line
impedances to be measured in order to match the supply (S} voltage to the ratings of the
measuring equipment.

e The accuracy class of the measuring equipment must be 0.5%. This accuracy must have been
checked recently in a laboratory where reference equipment is available,

e Impedance measurement Z = R + j-X,
where X = L-w and o = 2-n-f;
f is the network frequency (50 or 60Hz).
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2)
2.1)

2.2)

2.2.1)

2.2.2)

Reading of the measuring values:

I in Amps
V in Volts
P in Watts.

Calculation of Z, R, X and ¥ -

Modulus of Z: 121 = V/I
¥ = arc cos P/(V: I}

X=Zsin¥
R =2 cos ¥ = V/I x P/(Vxi) = P/
Verification: Z2 = R2 + X2

Line Impedance measurements

The complete measurement of a three-phase line comprises seven distinct measurements:
Three ph-ph measurements: Zab Zber Zea

Thres phase-earth measurements: Zag, Zpg, ZoE

One zero sequence measurement: Zg.

Note: (f the line structure is dissymmetric and not transposed, there will be differences between
the three measurements for the same group.

E.g.:
For a horizontal bundle ling, we will obtain: Z,p &8 Zye < Zg, (the difference can reach 8 to 10%)
and Zag = Zpg ™ Zog

¢ For a line in which the conductor layout is similar to an equilateral-triangle, we obtain
Zab = zbc =5 2ca and Za > zb ~3 ZC

® For a flag conductor line, dissymmetry will be obtained both for Zph_pn and Zph-g

The presence of one or two steel-aluminium or steel guard-wires will modify the measured
impedances and also the dissymmetry.

These measurements are performed to determine the average values of Zph_pn and Zpy_g.The
values are then used to deduce the positive— and zero-sequence line impedances:

Positive sequence impedance per phase:
Zy = (Zap + Zoo + Zea)/12X3
The zero sequence impedance Zg is determined separataly by a single measurement:
Zy = Vollg = 3Vu/Ig: Ip = residual current
Note: For a dissymmetric non~transposed line, with or without guard wires, it is also advisable, in

addition to measuring Iy, to check the current values for the three phases a, b, and cand to
evaluate any dispersion with respect to Ig/3.

The phase-to-earth impedance measurement Zph_g will be used for a verification check, by
comparing the average measured value Zpp g = (Zag + Zpe + ZoE)/3 and the theoretical value
th-E = (221 +ZQ)/3.

The difference should not exceed 2%.

- 55 -



Application Guide on Protection
of Complex Transmission
Network Configurations

Chapter 4

2.2.3)

2.2.4)
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Calcutation of the dissymmetry
With respect to the average values calculated above, the differences
Zabjz - 21, Zbclz - 21, zCalz - 21

can be determined to estimate the protection measurement deviations and in particular the fault
locator measurement deviations for different fault-types.

Kilometric line impedances

If the impedances calculated above are divided by the exact length of the line in km, the kilometric
line parameters are obtained:

Zikm =Ry + Xy Argument ¥ in degrees
Zom = Ro +jXo Argument g in degrees
Zph-Erkm = Rph-g + ] Xpn-£ Argument fpn_g in degrees

For a double line or a parallel line, it will also be necessary to calculate the mutual kilometric
impedance (see section 4.1.2).

Zom/km = Bom + j-Xom Argument fgp in degress;

The values found above can be compared with the values obtained from a theoretical calculation on
basis of the line geometry.

The validity of the measured values can further be estimated by comparing them with the known
typical orders of magnitude;

For a HV line with a small cross-section single conductor per phase and without guard conductor,
the results will be approximately {at 50Hz):

X1/km 0.4 to 0.45 Ohm/phase Argument ¥4 - 50 to 75°
Xotkm 0.9 to 1.4 Ohm/phase Argument $5 - 70 to 75°
Xo/Xq &~ 3

For an ERV line with four large cross-section conductors per phase, and without earth wires, the
results will be approximately (at 50Hz):

X1/km 0.27 to 0.32 Ohm/phase Argument ¥ - 80 to 85°
Xomm 1.0 to 1.4 Ohm/phase Argument £ & 75°
Xo/Xq 7 4

For the same line, with two aluminium-steel earth wires, wa find approximately the same value for Z4
and ¥4, but a value of Zp = 0.7 to 0.8 Ohm/phase. This demonstrates that the effect of the earth
wires decreases the zero sequence impedancs by almost half, resulting in:

Xo/X1 = 2 t0 2.5
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3) Connection diagrams
3.1) Measurement of Zap (Zpes Zca)
. A B
o]
S o
2 M- 2 o -
i
Fig. 4.38

¢ Important Note:

The supplementary short-circuit of phase c with phases a and b, or not, makes no difference.
However, the supplementary short-circuit to earth at B can only be used if supply S is isclated
from earth, With an earthed supply S a phase-to-phase short-circuit without earth must be
used at B. This means that in this case, the short-circuit at B cannot be made through the line
earthing-switch.

3.2) Measurement of Z,

A B
—C < e
S M o b o
e
”)P’ Forsad
Fig. 4.39

& At B, the three conductors a, b, ¢ must be short-circuited and connected to the substation high
voltage earth; the short-circuit can be made by the earthing-switch.

® At A, it will also be necessary to use a link to a substation high voltage earth conductor in all
cases, whether the supply S is isolated or not.

3.3) Measurement of Zog (ZpE, ZcE)

=
Floos
—

)
[
pu
Fig. 4.40

At B, any supplementary short—circuits of phases b and ¢ will have no effect on the measurement,
At A, the same remark applies as above,

3.4) General Remark

All the line links must be made with low resistance conductors. Earthing rods with jaws connecting
them to the line and large cross-section flexible cables can be used.
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4) Double circuit line

4.1) It is absolutely necessary that the parallel line is completely isolated at both ends: the zero
sequence impedance measurement at the other line would otherwise be incorrect.

4.2) Measurement of the mutual zero sequence impedance Zgm

- o
A [_; b’ 8 .
L . a'
by
Y 2o
C -
b -

s m /e = 3l [
L_
o ,l v, o

Fig. 4.41

[ I BN

The same connection is used for one line as for the measurement of Zg (see 3.2).
At B, the paraliel line is short-circuited and the three phases are earthed.

At A, the measurement of V'g is made between the three phases connected together and earth.
Zom = V'pllg = 3V'o/Ig = Rom + |- Xom

5) Remarks on the validity of line characteristic data measured with a low voltage source

To ensure that the measurements are valid, it will be necessary to check that there is no
interference from an energized or on-load adjacent line, or any other source, such as of a nearby
electrified railway line. It has to be verified that the open line (without infeed) is free of interference
voltages. it is also possible to check that there is no noise current at the short-circuited line.

6} Measuring in substations - safety conditions

e With the line isolated, the busbar isolating switches are to be locked in the open position so that
an accidental operation of the circuit breaker is ineffective,

* The measurement or short—circuit connections are to be prepared with closed earth isolating
switches.
After opening the earth isolating switches and providing power from supply (S), readings are to
be made on the eguipment without touching the conductors.

e These measurement operations are forbidden if there is any risk of a storm arising on the line
path.

¢ When inductive voltage reducers are used, the secondary fuses are to be disconnected to avoid
any risks of voltage return by substation circuitry.

® The measurements shall only be performed by authorized qualified personnel completely familiar
with substation installations and the safety regulations for working at HV-lines.

Attention: There is danger of life by possibly induced high voltage!
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ix 4: Earth-faul n rallel lin
Distance measurement without mutual compensation

A Ic ZL B
Z z
@—ﬂ—«. D ) ZoM cﬂ_@
ia
< —
L ox f

a) Single line diagram

A e 2y B
— —1 7
Z3A1 icz Zsg1
—[ 1 — 11—
ZgAz IA1 X2 (1-x) - 21 Zsg2
i el | S
Ia2 x-Zy o l4 l (1) - 22

2

b) Positive and negative sequence network diagram

A o (ZLo-Zom) B
‘.
a0 x(Zg=Zom)  (1-x) {Zy9-Zom)

5

c) Zero sequence network diagram

Fig. 4.42

For a single phase to earth fault: [y = I, = I

Ing = &X)Zsp1 + (1-X) (Zsar + Z14)

M
2(Zsar + Zsg1) + 214

Ip2 = Iaq
Ing = (2-x)Zgpq + (1-X) (Zga0 + Z1p + Zom)
2(Zsap + Zspo) + ZLo + Zom

Ip (2)
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Calculation exampte: Parallel line, single infeed

Zggy = Zsp2 = Zggo = *

A lc ZL B
—
e G.B | PA PEB e—"——.
1 ‘A /-
B P
Fig. 4.43
Phase currents: Ilp =1pa1 4 Iao + Ing lig=1Ig1 +1Ig2 + Ipg
Residual currents: Ipa = 3 Iag Ing = 3 Igg

_ Zin=214, . Zom
ko = 32, kom = 3 Z4

(1) and (2) =» JC0 - X
Tap 2-x

For relay PA the measured impedance is Za

Vv fya + kg Ina + ko 1
Zp= YA oy 7 Aatkolna+ koy Inc
Ia Ia + ko IRa

x

k ———

z Zuy (1 ™ 2
=X +

AT 1+ ko

Measuring error

For relay PB: Igg = - Ico

The measured impedance is Zg
Kom

Zg = YA _ (= 20 (-
Ia 1+ ko

Measuring error
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Voltage and current at the measuring point:

Va = 2{Ia1-211) = Z1o 1a0 + Zom oo

Ta = 21pq + Inp

The figure 4.44 below shows the protection reach for a parallel line with the characteristic data ko =0.66 and
kom = 0.4,

It can be seen that protection P(A)} experiences an underreach that increases with the fault distance and
amounts to a2 maximum of 25% for a fauit at the line end in B.

Protection P(B) overreaches with a constant amount of 25%.

Measured
fault impedance
I 150
%
o
L~
100 ," AZ A - T
ol
-
‘I-... ~
0 10 20 30 40 50 60 70 80 90 100 o,

Notes:

Fauit location —

Fig. 4.44: Distance protection without mutual compensation

A commonly practised setting for the 1st zone is 80% (without signalling scheme or in permissive
underreach schemes}. Due to the fact that one protection is underreaching and the other one is
overreaching there is always an overlapping that allows a fast trip at least at one end.

The overreach of P(B) is not a problem because when it occurs for external faults the fault must lie
near B on the parallel line and the fault current must flow in reverse direction in B, i.e. the protection
anyway blocks as the fault is seen in reverse direction,

In a permissive overreach scheme or in a blocking scheme the Z1 coverage must always overreach
the line impedance and must take into account the reach reduction. In this case, the P(A) zone 1
has to be set to about 150% of the single-line impedance in order to keep a safety margin of 20%.

Consequently, it is normaily not necessary to compensate for the effect of the zero sequence
mutual impedance in a distance relay, but it is necessary to provide this compensation in a fault
locator.
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=faul I in
Distance measurement with mutual compensation

Although the distance protection with mutual compensation measures the correct distance-to-fauit on the
fauited line it may not operate correctly on the healthy parallel line.

PA2
A T Ie ZL B -
@_—‘i PA1 ) ZoM »— —
) s
o —
k- X o
Fig. 4.45
impedance measured by relay PA1:
v
Zpay = A O
Ig + ko  Ipg + kom * Inc
I, Ic = phase currents
Ipg.Jrc = residual currents
Impedance measured by relay PAZ2: Va = phase-to-earth voltage
Vv
Zpas = A (2)

Ic + kg Imc + koM * Ing

Ig + kg - Ipg + kopm - 1
(1) and (2) = Zpas = Zgpay+R——0 BB * 7OM ' 'RC
Ic + kg - Ipc + koM * IRB

Mutual compensation being exact:

s A ico {ZLo—Zom) B

Z x Z (1-x}Zgm 2
M q.-—:;—é?;?_

' /Bo X(ZE‘ZOM) (1-x) (‘_Z;L_‘Q_';ZOM)
fol

PA1

Fig. 4.46

with A =18 * ko - /rp + koM - Inc

2 Zpaz =X - A
Ic + ko * Ipc + kom * Imp

Without source in B

Ic = Ipc (1 + ko) + kom 5=
Ig = Ipg } $ A= 2 =x
Ie/lg = x/{2-x) (1 + ko) X _ 4 koM

2 -x
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i n- 2 is the st zone setting of PA1 and PA2, non selectivity of PA2 will be experienced under the
condition:

Zppo=n- 2, thatmeans x + Z - A<n-Z orx-A<n

This condition delivers the following equation:
X2(1 + ko — kom) = x * [(1 + ko)(2-n) +n - kom] +2 - n+ kgu=>0 (6)

Example:
ko = 0.66; kom = 0.4
1st zone setting 80% of Z|, i.e. n=0.8

P 1.26x2-2312x+0.84>0 (7)
Solutions are:
x' = 0.34
x" = 1.495 (not relevant)

The non-selectivity of PA2 exists for fault locations in the range of

0<x<0.34
To avoid false tripping of the healthy line, countermeasures must be taken. The mast common one is to
compare the magnitude of the zero sequence currents of both lines and to perform the compensation only

in that line where the zero sequence current is higher by a certain amount compared with that of the paraliel
line.

Distance Protection with mutual compensation

Measured

fault --100

impedance i e

(in %) (calculation | Paz (healthy line)

4

Paq (faulty fine)
40 /

]
80 example) //![
60 }

|

T

|

|

|

|

|

t

H 1 1 1 L 1

0 10 20 30, 40 50 60 70 80 20 100

34% Fault location (in %)

Fig.4.47: Distance protection with mutual compensation, measured faull impedances
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ndix 6: Faul ion on_parallel li
1) Parallai lines ending at the same substation

2)

2.1)

2.2)

As mentioned above it is necessary to compensate the zero sequence mutual coupling impedance
to obtain accurate measurement of the distance from the substation to the fauit.

Partly parallel lines ending in different substations:

FL

FL | Al

L—elLA
~ —=]RA

IRAC

—— =z

Fig. 4.48

Lines with power generation at each substation

The lines run parallel from substation A to point N.

Fault locators must be instalied at each terminal. The fault locators at substation A are provided with
mutual compensation. Their measured distance—to-fault is accurate for faults up to point N.

For a fauit on line AB, if the distance display of the fault locator (FL) A1 is greater than the distance
AN, oniy the display of fault locator FL B is accurate. On the other hand if the FL A1 display is less
than the distance AN, the distance displayed at A1 is correct and the display of FL B should not be
read.

Lines without power generation at the remote terminal in B or C

Two FLs must be installed in A at each feeder, one with mutual compensation, and the other one
without mutual compensation.

For example, no generation in B:

We call:
Lc the display of the fault locator with compensation
L the display of the fault locator without compensation.

If Lc is less than the distance AN (dan). Lc is the correct fault location.
If Lc is greater than day the distance to fault is given by the formula: D = L + dan'(1-L/Lc)
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This can be developed as follows:
L = VA - Gan zUia + ko IRa + kom Ipac) + dup 2(fa + kg Tga)

z(ILa + kg IRa) _ Z - (Iea + ko Ira)

With z: line positive sequence impedance {{}/km)
dan: distance from terminal A to point N "
dnyp:  distance from point N to the fault (D).

Va: Ph-E-voltage in A
I a: Line current in A
Ipa: Residual current in line A-B at A
Iract Residual current in line A-C
Lo = Va = Odan z(ha + ko Ipa + kom IRac) + dNp Z(N A 4 kg IRA)
z(iea + ko Ina + kom Irac) 2 - (ILA + kg Ipa + koM * Ipac)

I wa write

A= lLat ko Ipa + kom /RAC
Iy + ko Ina

we get: L =dan-A+ dnD
Lo = dan + dnp/A
= A=L/lg

Then: dnp =L - dan L
Le
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5 Protection of Multiterminal and Tapped Lines
5.1 Introduction

Muiti-terminal lines are lines having three or more terminals with substantial generation behind each.

Tapped lines are lines having one or more terminals with substantial generation behind them and taps
feeding only load. The taps do not have sufficient current feed-back to operate relays.

The feed-back at a tap will only appear in the zero-sequence system when an earthed transformer is
connected to a line without generation behind it. The tap may in this case be treated like an infeed-terminal
for the layout of the earth-fault protection.

A terminal may part-time be without or only with weak back-feed whan generation is switched-off. In this
case the terminal has to be treated like a tap, e.g. by a weak-infeed supplement to the line protection.

5.1.1 Application range

The main reasons for applying these network configurations are cost saving or environmental protection. By
connecting a branch or transformer directly to the high voltage line, no additional substation and circuit
breakers are required.

On the other hand protection problems may be introduced, especially when distance protection is used:
high apparent impedances may be measured due to intermediate infeed, or, in the case of tapped lines,
discrimination between line and transformer faults may be difficult.

Therefore, a close cooperation between system designers and protection engineers in an early stage is
advised.

Systen design may also lead to special requirements for the protection scheme with respect to fauit
clearing times, selectivity , etc.

For example, in the neighbourhood of power stations fault clearing times longer than e.g. 0.2s may be
intolerable because of the risk of instability.

A relaying scheme without telecommunication is therefore not an appropriate solution in this case:
sequential tripping may lead to unacceptable long fault clearing times.

The recent practice shows that there is no general tendency to apply these network-configurations more
often on all voitage levels. However, in 110/150kV-networks, tapped lines are becoming more and more
wide-spread.
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5.1.2 Most frequent network configurations

The typical multiterminal line (MTL-)configurations are (S: Strong source; W: Weak source)

MTL 1 @ Za Zg @ N
SIW SIW
Zc
SIW

Fig. 5.1: Equal legs

MTL 2 @ ZA _ Zg @

SIwW Zc SiwW

SIW

Fig. 5.2: One short leg

MTL 3 @ ZA _ ZB @

SIW Zc SIW

SIW
Fig. 5.3: Two short legs

MTL 4 N\ N\
O | HER O
\_/ <_____

o

Fig. 5.4: Mutually coupled MTL
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The most typical tapped line (TL-)configurations are:

N

TL 1 @ ¢ : + X\~
é i X : Circuit-Breaker

Fig. 5.5: Tap with earthed transformer

TL 2 @ N o V@
A FAY

Neutral not earthed

oo

Fig. 5.6: Tap with non-earthed transformer (Zp-tap infinite)

@10
T

Fig. 5.7: Tap without circuit breaker and earthed transformer

O
é):
<

Fig. 5.8: Tap without circuit breaker and non-earthed transformer (Zp-tap infinite)

Less frequent are:

TL 3

TL 4
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long line

LS @x . X@

Fig. 5.9: Tap with long line

Tha number of taps per line vary between 1 and more than 10,

Tapped lines with backfeed (TLB) may be considered as special cases of multi~terminal lines especially
when the back-feed fault current is too small to activate normal line protection

NE

S L3
w

Fig. 5.10: Tap with weak back-feed

Also here the number of taps may vary between 1 and more than 10. Taps with backfeed are in general
industrial or hydro plants directly connected to a Hv-line.
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5.2 Protection problems encountered

The main difficulties with distance relays are the different line lengths to the tap point and the different
source impedances behind the terminals. The infeed problem makes it almost impossible to cover the
major part of the line by zone 1 without being unselective with respect to adjacent lines.

5.2.1 Multi-terminal lines

Take for example the following three-terminal line:

| & ¢ mp m |
O I zZ ZCFf 1 {)
L /D
~—e— D F

d) Zgc > Zep

Fig. 5.11: Multi-terminal line

In the case of a three-phase shortcircuit at F a distance relay at A will measure an impedance Zma depen-
dent of the current ratio ip/la: :

Uan =2ZacIa + Zerlia +Ip)
Zma = Ualla = Zac + Zcp + Ipfia + ZcF

The true impedance between terminal A and the fault is Zac + Zop. But, due to the intermediate infeed from
terminal D, the distance relay at terminal A "sees” an apparent impedance Zma which is larger. The fault
seems to be farther away than it really is.

Different infeed conditions at the terminals and different feeder lengths make the protection problem even
more compiex to solve with distance protection. See also section 5.7 and ref. [5.5] for the more detailed
theoretical background.

if there are no telecommunication facilities available, special distance zone- and time-setting is required to
maintain selectivity. For the example of fig. 5.11, the setting of zone 1 of the distance relay at A may then be
chosen 0.8:-(Zac + Zcp) and the setting of zone 2 at least 1.2-(Zac + 2Zpc) to guarantee also clearing of
faults close to the remote terminal. Analogous settings should be chosen for terminal B and D. This setting
is called the "FACTOR TWO FORMULA" method. Section 5.7.1.1 provides a detailed guide for the zone
setting and the necessary calculation procedures.

The tripping time of zone 2 should be chosen longer than in the rest of the network (e.g. 0.6~-0.7sec.), to
guarantee a secure selectivity of the time grading.

In general, the protection problems with multi-terminal lines are related to reach problems, intermediate
infeed and different feeder lengths.

Another protection problem with respect to multi-terminal lines is the so called "outfeed” condition:
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B
* o
Zac ZCFf ZaF }"“-‘
¥ Ip

Zco

|
|
|
D—T-D | -
| ! :
W i p— e —

Fig. 5.12;: OQutfeed condition

This situation may occur in the case of a weak terminal D, interconnected externally to terminal B, so that
short—circuit current can flow out of terminal D and contribute to the short—circuit currant of terminai B.
Under these circumstances directional or phase comparison relays at terminal D may fail to operate
because the fault is seen in the reverse direction. See also section 5.7 and ref. [5.5] for the more
theoretical background.

5.2.2 Tapped lines

The main protection problems with distance relays are in this case related to:
e discrimination between line faults and transformer faults,

e control of the tap-autoreclosure,

® zero sequence infeed from an earthed tap-transformer.

For the solution of these protection probiems a current transformer and circuit breaker at the HV-side of the
transformer is a decisive advantage. Statistics show that they exist in practice in aimost all cases of tapped
lines. But there are some exceptions for which solutions have to be found. Generally, it is assumed that
current transformers (CTs) are installed at both sides of the tap-transformers that rmake it possible to use a
dedicated transformer differential protection.

5.2.2.1 Taps with circuit-breaker (TL 1, TL 2)

¢— O

-
O

@ Y-
®

b

—o— ' Current
Transformers

Fig. 5.13: Protection of a tapped line, with circuit breaker at the tap
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Possible protection problems:

® When transformer faults occur, there is a risk that both line and transtormer will be switched off.

® |[f single-phase autoreclosure is applied at terminal A and B, then a current contribution from terminal C

to the earth—fault in the line will be maintained by the healthy phases through the tap-transformer during
the autoreclosure dead time. Therefore, the breaker at C must also be tripped to make deionization of
the arc possible.This problem does not occur if 3-phase autoreclosure is applied because the infeed
from terminal A and B to terminal C across the healthy phases is then interrupted. -
Independent of the applied reclosure scheme it is always better to decisively trip the breaker at C to
prevent reclosing on transformer fauits. This tripping of taps may be performed by intertripping or by
local criteria, e.g. undervoltage relays, or a combination of both (permissive intertripping) .

Due to sarth current infeed from the tap (in the case of an earthed HV-neutrai) the problem of high
apparent impedances, measured by distance refays at terminals A and B, may cause problems for
phase~to-earth fauits on line A - B (see section 5.7).

A solidly earthed tap-transformer presents a Zero-sequence current source, i.e. an earth-current flows
from the tap to the fault point that is not seen (measured) at the opposite line terminal. This can cause
fault detection problems for earth~fault relays.

5.2.2.2 Taps without circuit-breaker (TL 3, TL 4)

>

l
A’ Sl

Fig. 5.14: Protection of a tapped line without circuit breaker at the tap

Although seldom applied on transmission line level, this configuration should also be treated. The main
disadvantage is that line and transformer cannot be separately tripped and consequently,

single—phase autoreclosure will not be possible: the arc of the line—to—-earth fault is sustained from
terminal C by infeed via the healthy phases through the transformer windings,

and in case of three-phase AR it is always possible that reclosure on a transformer fault occurs. This risk

has to be weighed against the cost saving of a circuit breaker. Solutions are:

~ blocking of autoreclosure via blocking links to the line terminals,

- or applying delayed autoreclosure after automatic opening of the tap-isolator (motor-operated
disconnector).
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5.2.2.3 Taps with (small) backfeed (TLB)
- D ol B
[ [
O e
A B

Fig. 5.15: Tapped line protection, tap with small backfeed

Normally there is a breaker at the tap point.

The following difficulties may be encountered here:
& Infeed problems

® Fault detection and selectivity problems with weak backfeed can make it difficult to trip the tap in case of
line faults (intertripping, tripping by local criteria, or a combination of both).

& Further problems as mentioned under paragraph 5.2,2.1 (taps with breaker}.

5.3 Protection schemes
The selection of the suitable protection scheme depends mainly on the critical fault clearing time:

® Delayed fault clearing (e.g. < 1s) and sequential tripping is acceptable.
In this case distance and directional or non-directional over—current protection may be suitable,
provided that selectivity can be achieved by proper zone- and time-setting.

e [Instantanecus fault ciearing {e.g. < 100...150ms} is required.
This requiremeant can generally only be fulfiled by applying communication channels.
These channeis are used to set up command protection schemes with distance or directional earth fault
relays. Alternatively unit protection schemes like phase-comparison or differential protection can be
planned provided that sufficient bandwidth is available.
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5.3.1 Protection based on non-unit principles

This kind of protection comprises distance- and directional O/C-relays and the various forms of permissive,
non-permissive or blocking type command protection schemes. Local undervoltage- or power directional
criteria are sometimes additionally necessary to increase selectivity or to ensure complete isolation of the
taulty network section.

5.3.1.1 Distance protection without telecommunication

Multi-terminal:lines

The instantaneous zones are set to underreach the distance from any terminal to the closest remote
terminal (as mentioned in 5.2.1). If a fault occurs near the farthest terminal, it may not be seen from the
other terminals, certainly not if the source impedances at these terminals are high and the distances to the
tap point are very short.

This may result in sequential tripping with delayed fauit clearing and consequential consumer supply
interruption.

If this can be accepted, selective protection without telecommunication is applicable. Its application in the
neighbourhood of power stations may, however, not be admissible because of the danger of instability due
to prolonged fault clearing times.

The outfeed problem is difficult to handle only with distance protection (without communication links). In
practice the terminals with reverse current will then only be tripped after at least one of the other terminals
has opened (sequential tripping).

Tapped lines

The problem of distinguishing between line and transformer faults is difficuit without telecommunication.
However, this deficiency can in many cases be accepted as the probability of transformer faults compared
to line faults is’low.

v
it

The tripping of the tap circuit breakers can be realized by local under-voltage relays (delayed to allow the
main line protection to operate first).

In the case of taps without breakers, transformer faults should be covered by zone 2 or 3 of the relays at the
main terminals. Fault clearing times may then be long, and there is a risk that the relays will not operate at all
due to the high transformer impedance.

Taps with backfeed can be separated from the line during line faults by means of local under-voltage and/or
directional relays.

With substantial zero-sequence infeed at the tap (earthed transformer) a distance relay can be used as
protection against earth faults.

Proper coordination of the pick-up/drop—out values and provision of an adequate time delay is, however,
necessary to prevent overfunction on external faults and to allow a sufficient voitage drop when the taps
feed motor load. These application cases prevail on lower voltage levels, mainly on distribution lines. A
detailed problem description and relaying solution can be found in references [5.1, 5.2, 5.3].
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53.1.2 Distance protection with telecommunication

Multi- terminal lines

The performance of distance relays can be considerably improved if telecommunication channels are
available. Then, the local criteria and the received signals from the other terminals can be combined to
enable high speed tripping for all terminals (permissive underreach/overreach, blocking overreach and
accelerated underreach protection). Zones 2 or 3 provide back-up protection in the case of a
telecommunication failure and for faults on the adjacent network sections.

Especially in the case of high source impedances at the terminals, coordination of the fault detection
sensivity and the maximum load transmission capacity is necessary. If this is critical, shaped impedance
characteristics may be required.

The relays are normally set to underreach the distance to the closest remote terminal:
for example the setting of zone 1 of the relay at terminal A in fig. 5.11 may be 0.8:{Zac + Zcp) -

The setting of zone 2 may be 1.2 times the maximum apparent impedance to the farthest terminal or the
setting mentioned in 5.2.1: Z, = 1.2 {Zaoc + 2 - Zgc) with a time delay of 0.6 to 0.7s,

Time~coordination with the zone 2 times in the rest of the network is important to ensure selectivity.

If one terminal is open (circuit-breaker switched off) for some time, for example during maintenance, the
relays of the other terminals may be set to underreach the distance to the remaining remote terminal each.
For example in fig. 5.11: if terminal D is open, the reach of zone 1 of the relays at A and B could be 0.8 (Zac

+Zge) -

In blocking overreaching schemes the reach of the reverse looking blocking zone must be set flarge enough
to detect all reverse external fauits that can be seen by the overreaching tripping zones of the remote line
ends. As compared to two-terminal lines a higher setting may be necessary due to the infeed-effect
through the third terminai (calculation procedurs similar to 5.7.1.2),

Outfeed situations are better dealt with by an underreaching scheme with a non-directional permissive
criterium like underimpedance, overcurrent or undervoltage. See fig. 5.12: if Ip.is high enough to start the
relay at D, the start criterium and the trip enable signals from the terminals A and B can be combined to get
tripping at terminal D. Otherwise undervoltage criteria or direct intertripping would have to be applied.

All schemes using directional overreaching or blocking zones as well as zone acceleration schemaes are not
suitable at terminals with possible outfeed conditions.

Tapped lines

With telecommunication it is possible to be more selective in distinguishing between line and transformer
faults, provided there is a breaker at the tap. In case of a transformer fault a blocking signal from the
transformer protection to the relays at terminals A and B (fig. 5.13) prevents these relays from tripping the
line. This requires however that the zone 1 time of the main line relays must be delayed for some
milliseconds to allow the secure arrival of the blocking signal.

If there is a breaker at terminal C, then it can be intertripped for faults on the main line. It is also possible to
reclose the breaker again. But in general, if no special measures are taken to distinguish between line and
transformer faults, it is better to decisively trip the tap breaker. Permissive local criteria for tripping the tap
breaker, like under-voltage, may be used in combination with intertrip signals to improve the security
(especially in cases of weak infeed).
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The settings of the distance zones at terminals A and B correspond to the normal two-terminal lines in the
rest of the network,

Distance reach problems may arise for single-phase-to-earth faults due to the earth current source of the
tap transformer. A permissive or accelerated scheme is recommended to cope with these problems,
For the setting of the overreaching zones the "FACTOR TWO FORMULA" method is recommended (see
5.2.1).

Shaped distance zone characteristics may be necessary to limit the reach in resistive direction and to avoid
liability to load encroachment and power swing.

In the case of taps without breakers (fig. 5.14) transformer faults should be cleared by sending intertripping
and autoreclosure biocking signals from the transformer protection to the breakers at terminals A and B. In
general, autoreclosure may be a risk with this line configuration because of the chance to reclose onto a
transformer fault, unless special measures are taken to block reclosure by means of signals from the
transformer protection or from a directional blocking device at the tap. This risk of damaging a transformer
must be weighted against the cost saving of protection and teiecommumcatron aquipment. This depends
largely on the individual utility's practical experience.

If high resistance earth—fauits are likely to occur, application of separate earth-fauit relays is recommended
(directional over-current relays). They can be used alternatively or in parallel with overreaching distance
relay zones in directional compariscn schemes.

For tapped lines with backfeed (fig. 5.15) it is advisable to intertrip the transformer breaker from the
protection at both line ends during line faults, to prevent infeed from the tap. Under-voltage and/or
directional power relays at the taps themselves can also be applied as back-up against communication
failures. Time-setting and voltage setting of under-voltage relays have to be carefully chosen to be
selective with external faults {5.1, 5.2].

High~speed tripping of the taps during line faults is also important for succesful fast autoreclosure:
it must be ensured that the fault arc extinguishes and the arc path is deionized [5.2].

The infeed problems of taps with backfeed (fig. 5.15) may be solved in a similar way like with muiti-terminal
lines, by applying permissive, blocking or accelerated schemes for terminals A and B with intertrip signals to
terminai C. Application of permissive intertripping is advised to improve security.

Tapped line prot‘rgétion applied on the EHV-level can require quite a high number of communication links,
especially when single phase autoreclosure is applied [5.25]:
® Intertripping links per phase from each line terminal to the tap if single phase AR is practised.

e Signal link to block the main line protection in case of a transformer fault.
® Breaker—failure intertrip links.
® Possibly reclosing links.
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5.3.1.3  Directional comparison protection

With this type of protection the direction of current or the direction of the short-circuit power of ali terminals
is compared. If ali measured directions point into the protected area, an internal fault is detected. If one or
more currents or powers flow out of the protected area, it is an external fault.

The protection scheme is very similar to the permissive overreach distance protection scheme.

The relays are generally started or released by over-current or underimpedance critefia. The direction
signs are transmitted to the other terminals. If at any terminal equality of all signs is established, tripping of
this terminal wilt follow.

Multi-terminat lines

For multi-terminal lines, directional comparison protection is successfully applicable unless outfeed
conditions can occur. If currents or powers flow out of the protected area at one or more terminals in case
of an internal fault, this protection scheme would consequently fail.

The starting relays should be set to overreach the remotest terminal under the worst circumstances with
respect to short-circuit power and infeed; they shouid not start at the highest possible load current. For
directional earth~fault relays sensitive settings are possible as the load current does not need to be taken
into account. Normally, such schemes have low set current starters for the release of the directional
measurement and the initiation of the signal transmission. A high set current element is provided to enable
tripping. The low set element should have picked-up before tripping is released at any line end. It has to be
considered that a larger setting difference margin is necessary for 3—ended lines compared to two—ended
lines.

Tapped lines

For tapped lines, a directional comparison scheme is also entirely suitable. In the case of fig. 5.13, with
earthed HV-neutral, infeed from the tap can only take place when earth-fauits occur on the Hv-level. It
may therefore be sufficient to provide the tap transformer with over—current earth-fault refays at the
HV-side.

The relays at A should be set to overreach terminal B and the relays at B should be set to overreach
terminal A.

The relay at C should be set to overreach the farthest of the terminals A and B.

The transformer is protected locally by its own protection that trips the allocated circuit breaker.

Taps without a breaker (fig. 5.14) can be selectively protected by applying directional relays at terminais A
and B, overreaching the transformer. A blocking element at the low voltage side would have to be added.
If the HV-neutral is earthed, an autoreclosure scheme may be admitted by adding a blocking device at the
tap.

This device consists of a directional over-current or a power relay that biocks autoreclosure if the fault is
located in the transformer. If a separate transformer differential relay or gas pressure protection is
available, blocking can also be realized by deriving a blocking signal when these protections operate.

At taps without a breaker, tripping should always be three-phase because these taps would feed current
into earth-faults and would prevent arc extinction as just mentioned above,

Taps with small backfeed (fig.5.15) may also be equipped with a directional comparison scheme, in which
terminals A, B and C are included. This scheme covers also two- and three-phase faults, because there
exists adequate infeed from the tap.

In case of low infeed from the tap an under-voltage criterion, as with passive taps, must be added.
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5.3.2 Power line protection based on unit principles

Protection principles that compare analogue measuring values from all terminals of the line configuration
enable absolutely selective protection schemes less sensitive to infeed conditions. In the normal case,the
measuring quantities are transmitted from each terminal to alt other terminals.

Pilot wire differential protection has been limited to distances in the order of 20km, By applying wide band
telecommunication, like microwave or optical fibre links, it is now also possible to protect long HV-lines up
to the order of 100km with unit type protection [4.22],

5.3.2.1 Phase comparison protection

This protection, principle is based on the measurement of the phase angle difference between the line
currents of the different terminals. If the phase angle difference exceeds a certain stabilizing angle, tripping
of the line will ocour.

Two kinds of protection are available: segregated and non-segregated phase comparison. if single pole
autoreclosure is being applied, then a segregated system, protecting each phase separately, is
recommended as it provides absoiute phase- and zone selectivity independent of additional
phase-selactors.

The phase comparison protection has moderate requirements on the bandwith of the transmission—-channel
as only current phase-positions (square waves) have to be transmitted. A one kHz slot of a voice channel is
sufficient for a non-segregated protection. Segregated protection needs about 4kHz.

Muiti-terminai lines

Phase comparison protection is by principle suitable for multi-terminal lines. It neads, however, infeed from
all terminals (In the case of a weak-infeed terminal, the "infeed” condition must: be simulated by generating
a release signal if the PCP-starting elements do not operate).

Basically this protection is designed for comparing two quantities. So there is normally a problem of mixing
the phase-information of three or more quantities. Moreover, one must be sure that no outfeed condition
can occur at any terminal that would block the relay, The reason is that the phase-angle of the current would
change in this case by 180° when outfeed occurs, no matter how small the current is, thus simulating an
external fault. For these reasons phase comparison protection is seldom used on multi-terminal lines.

Tapped lines

In the case of fig. 5.13 (tap with breaker), the terminals A, B and C can be equipped with phase comparison
relays. Together with the transformer protection a selective unit protection scherne for the tapped line
configuration can then be achieved.

A segregated protection system should again be preferred if single pole autorsclosure is practised.

Tapped lines without a breaker (fig. 5.14) may be equipped with phase comparison relays only at terminals
A and B.

it has, however, to be guaranteed that under load and through-fault conditions the load current at the tap
will not cause a phase shift between |5 and Ig that exceeds the set blocking angte of the PCP. For faults in the
tap-transformer or at the low voitage side, the PCP may however operate.

Biocking signals from a blocking device at the tap or from the transformer protection can prevent unwanted
tripping and reclosing in this case.
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Autoreclosure must be three-phase, because otherwise the voltage on the faulted phase would be
maintained during earth faults.

Phase comparison protection would also be applicable for taps with small backfeed (fig. 5.15). The relays
should be located at terminals A, B and C. The protection system should preferably be of the phase
segregated type if single pole autoreclosure is applied,

For the same reason as for multi-terminal lines (outfeed condition) the PCP is practically nat often used on
lines with high load taps.

5.3.2.2 Longitudinal differential protection

This protection principle is based on the vectorial summation of the currents of all terminals. To achieve
this, momentary or phasor quantities of the currents are measured and transmitted. For load or
through-fault conditions the sum of the currents is nearly zero. The relay operates when the sum exceeds
the set threshold level. Segregated and non-segregated systems are also available. Single pole
autoreclosure is possible if each phase is separately protected by its own differential protection system. In
case of a composite type relay additional phase selectors would be necessary.

The phase segregated type should be preferred for single pole AR as it provides equally phase- and
zone-selactivity.

Multi-terminal lines

From the protection point of view (selectivity, speed), probably the best protection system for
multi-terminal lines is longitudina! differential protection. It even widely covers outfeed conditions, as not
only the phase—-angle information, but also the current magnitude is used. See section 5.7 for more
background information.

Tapped lines

Longitudinal differential protection may also be applied on tapped lings, if the tap current is included in the
summation.

This means for the configuration in fig. 5.13 (tap with breaker) that relays should be installed at the terminals
A, B and C. In this way line and transformer can be protected separately.

For applying single pole autoreclosure a segregated system should be preferred. This type has the
advantage of strict selectivity and voitage transformers for phase selaction are not required at the tap(s).

Tapped lines without breaker (fig. 5.14) should also be protected at terminals A, B and C, if a separate
transformer protection is installed with intertripping links to the breakers at A and B. Single pole
autoreclosure is not possible in this case as the fault would be fed by the healthy phases through the tap
transformer.

Another way to protect this configuration is by installing differential relays at terminals A, B and D.
Autoreclosure should be blocked then if there is a fault in the transformer. This may be realized by a
blocking device at terminal C { reverse current or power). The protection scheme would then, however,
have to be stabilized against the inrush current of the tap transformer,

Longitudinal differential protection is aiso suitable for taps with small backfeeds (fig. 5.15). The relays
should be located at terminals A, B and C. The protection system should again preferably be of the
segregated type if single pole autcreclosure is to be applied.
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5.3.3 Back-up protection

Multi-terminal and tapped lines require carefu! consideration of the back-up protection especially as
concerns fault detection sensivity and provision of intertripping links.

Remote back-up may create problems due to the more critical infeed problem. As a conseguence of the
three-terminal configuration two intermediate infeeds exist for external faults. In addition to the
remote-terminal infeed an "in-line” infeed has to be taken into account (see fig. 5.18)

©

A
f

Fig. 5.16: Three terminal line with remote back-up

Therefore, the zone reach is two-fold reduced and may not be sufficient to provide reasonable line
coverage. In the worst case the back-up zone may not even reach the remote terminals. In this case local
back-up protection is indispensable. Intertripping links have additionally to be provided to both remote
terminals.

5.4 Automatic reclosing considerations

In general it can be stated that automatic reclosing can be applied both on multiterminal and tapped lines
without problems. There is only one iimitation: If the breaker at the tap cannat be tripped by the protection or
if there is no breaker at the tap, then single poie autoreclosure cannot be applied because of the coupling of
voltage from thé healthy phases to the fauited phase through the tap transformer,

Lines in the neighbourhood of power stations may be excluded from three phase reclosing at the generator
side of these lines to prevent very high generator shaft torques at reclosing on close-in two- and
three-phase faults.

This is, however, generally valid and must not be considered as a special case of multiterminal or tapped
lines. It is only mentioned here because power piants are often branched-in through line taps.
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5.5 Recent practices and trends

5.5.1 General remarks

The replies to a CIGRE questionnaire circulated in 1989 (see also section 4.6) brought forward in this case
the foliowing (see tables 5.1 to 5.3):

e The use of muititerminal and tapped lines is common in most countries, at all voltage levels.

& In general there is no tendency to apply mulli-terminal and tapped lines more often with exception of
110/150kV-networks, where tapped lines seem to be wide-spread.

® Wide band communication like microwave and opticat fibre, is the future trend also for protection
purposes.

> 300 kv 200 - 280 kv 100 - 150 kv
Total number of lines
(48 utilities) 1684 3438 9277
40 185 233
MTL 2.37% 5.38% 2.51%
T 41 96 1025
2.43% 2.79% 11.05%
Number of taps 1or2 1to4 1to8
tendency to apply
more often Yes : 8
MTL ? No : 23 Yes : 10 Yes : 8
No : 21 No : 19
Yes : 3
TL ? No : 23 Yes : 7 Yes : 16
No : 21 No : 11

" Table 5.1: Existing multi-terminal lines (MTL) and tapped lines (TL)
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% of utilities use on muititerminal lines
(MTL) and tapped lines (TL)

-82 -

> 300 kv 200 - 250 kV 100 - 150 kv
MTL TL MTL TL MTL TL
Distance protection R
without 8% 25% 14% 26% 40% 54%
telecommunication
Distance protection
with 62% 50% 71% 65% 40% 38%
telecommunication
Phase comparison
protection 7% 5% - 4% - -
Differential
protection 23% - 14% 5% 20% 8%
Sensitive earth o 7
fault relays 25% 25% 38% 48% 40% 38%

Table 5.2: Multi~terminal and tapped lines, applied protection schemes

® Selectivity problems with MTL ?

Yes
No
No statement

3%
27% of utilities
42%

® |f "Yes", what kind ?

- Different feeder lengths : 8
- Distance-zone reach problems 7

- Weak infeed conditions : i0
- Qutfeed conditions :
- Failure of telecommunication
- Reason not named

Number of answer

[\ I )

No

® Intention to use more often Wideband channels:

Yes

No answer : 33%

Microwave 14%
! 48% Optical fibre  :17%
Both 17%

P 19%

Table 5.3: Multi-terminal lines (MTL), protection aspects
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5.5.2 Multi-terminal lines

The protection schemes used do in general not depend on the network configurations considered
(chapter 5.1.2). Most frequently applied is distance protection with telecommunication.
The same is vaiid for compiex multi-terminal {ines.

The number of companies having selectivity problems with their protection schemes is about equal to
the number of companies having not. The major reported problems are reach problems, different feeder
lengths and weak infeeds.

5.56.3 Tapped lines

The number of taps per line varies from 1 to 11.

Almost ail companies have taps with circuit-breakers at the HV-side of the tap-transformer.
The most frequently applied configurations are TL 1 and TL 2 {(chapter 5.1.2).

Practically all companies use distance protection with telecommunication.

80% of the companies apply autoreclosing on tapped lines. On higher voltage levels single phase
autoreclosing is frequently applied, on lower voltage leveis three phase autoreclosing is the rule.

The lower the voltage level, the higher the number of utilities that do not trip the taps.

Tripping of taps is most frequently realized by under-voltage relays with or without permissive
intertripping from the main terminals.

62% of the companies have taps with backfeed. The taps are in most cases tripped by directional
over—current— or power relays.

On higher voltage levels reclosing of taps is often performed by dedicated autoreciosing devices at the
tap. On lower voltage levels manual local or remote reclosure prevails.

33% of the companies use shaped relay characteristics to cover increased apparent fault impedances
and to avoid problems with load encroachment and power swing.
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5.6 Application examples

ion = inal lin xample 1

System voltage: @ kv

length: |2-140| km length: | 2-80 | km
@—+—D ' {»~+ ~
short*) short™*}

impedance:| 0.8-56 | Q impedance:| 0.8-32 | 0

circuit circuit
power: power:
' 7500| MVA 3phase MVA 3phase | 7500

MVA 1phase MVA iphase

length: {0.1-30| km

type of
comm. links: impedance: [0,06-12 | O
PLC

short*)

@ circuit
power:
7500 | MVA 3phase

MVA 1phase

Fig. 5.17

*} shart circuit power of the infeed

Brief description of the applied protection systems:

Primary (Main 1-) Protection:
Today: distance protection
Near future: Current differential protection

Secondary (Main 2 or back-up) Protection:
Distance protection
Under voltage supplement as permissiive criteriurn for weak-infeed conditions



Application Guide on Protection
of Complex Transmission
Network Configurations

Chapter &

Iti—terminal lin X 2

System voltage: 500 | kv

length: km length: | 240 | km | .

O—0 «~ ©

short*) ; | 0.007 | : .{ 0.05 short*)
circuit impedance: +i0.085 impedance; +i0.65 Q cirouit
power: power:
0 MVA 3phase MVA 3phase | 9190
622 | MVA 1phase MVA tphase | 4890 |
length: 0.25 | km
impedance: 0 19
type of
comm. links:
PLC
short*)
circuit
power:
849 MVA 3phase
") short gircuit power of the infeed
831 MVA 1phase
Fig. 5.18

Brief description of the applied protection systems:

Primary (Main 1-) Protection:

Distance protection operating in an overreaching blocking mode in conjunction with power line carrier
communication links. As there are two parallel lines on the same tower, there is very strong mutual
coupling between the lines. As a result, zone 1 is set to 50% Z| , while zone 2 is set to 200% Z;_to protect
the lines under all conditions that may exist, including that of switching out and earthing both ends of the
parallel line.

Secondary(Main 2 or back-up) Protection:

Distance protection operating in an overreaching permissive intertrip mode in conjunction with a power
line carrier communication link. Same settings apply as for Main 1 Protection.
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= li xampl

single—-pole autoreclosing only, with prolonged 1st zone equal to Z3, dead time = 1s

System voltage: kV
length: 53.96'km iength: | 12.8 | km -
1 () {'-D + D-+ oF
4]

impedance:| j 22.38] &) impedance:| j 5.33

short _ short
circuit circuit
power *): power *):
6500 | MVA 3phase MVA 3phase | 3050
5400 { MVA 1phase MVA 1phase | 4500
type of length: | 56.82| km
comm. links:
PLC impedance: | ] 23.56 | O

@ short
circuit

3 power “};
1700 | MVA 3phase

*} short circuit power of the infeed

1700 | MVA 1phase

Fig. 5.19

Brief description of the applied protection systems:

Primary Protection: PODP

Distance protection using telecommunication

Secondary Protection: DPZS

Terminal 1: 24y = 22.170hm Zy = 1.20(22.38 + 2x23.56)0hm (0.7s) Z3=1.3+:2 (1.18)
Terminal 2: 2y = 22.170hm Z3 = 1.20(5.33 + 2x23.56)0hm (0.7s) Z3 =13+ 22 (1.18)
Terminal 3: Zy = 23.400hm Zy = 1.20(23.56 + 2x22.38)Ohm (0.7s) Z3 =132 (1.18)

(Setting calculations with the FACTOR TWO FORMULA, see page 91)
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tion t li xample 1
System voltage: | 400 | kV
length: {40-150{km length: |40-150|km -
S."°"_ impedance:| 12-46 | Q) impedance:| 12-46 | O short
circuit circuit
power: power:

MVA 3phase

25000 MVA 1phase

rated power

240 MVA
type of Usg.: |21 | %
comm. links:

FO, MW
80/63 kV

Fig. 5.20

Brief description of the applied protection systems:

Primary Protection:
Differential protection

Secondary Protection:
Distance protection without telecommunication

Tap Protection:
Under-voltage protection (PTT)

MVA 3phase

MVA 1phase | 25000
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System voltage: | 220 | kv

length: 24 ] km length: 41  |km
short impedance: 10 |[Q impedance:| 17 n short
circuit circuit
power: power:

MVA 3phase

76800 "MVA 1phase

type of
comm. links:

Mw

rated power

MVA 3phase

MVA 1phase | 7000

100 | MVA
Usci| 7 | %
25 kv

Fig. 5.21

Brief description of the applied protection systems:

Primary Protection

Accelerated underreach distance protection with intertripping signal to the tap

Secondary Protection:

Directional earth fauit protection, time delayed without telecommunication
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5.7 Appendices

In these appendices some examples are given for the calculation of relay settings and really measured
impedances. These calculations are made by hand, to get a feeling for the problems. In practice there are
various computer programs available for this purpose.

5.7.1 Multi-terminal lines

5.7.1.1 Infeed conditions

in the following, expressions are derived for the fault-impedances seen from the line-terminals in case of a
3-phase tault. Further, formuias for the current distribution are developed.

A B ‘
: | Ia C In+b I | :
4 [ ZcF % Zer | z

b /D

Z
£ A AC B E
Zeod
cD 2
—3— D
Zp
Zcp < Zac < Zpe
E
Fig. 5.22

The sources are assumed to have the same voltage E and the same phase-angle. Prefault load is neglec-
ted. Herewith the following equations are valid:

Up = IaZac + (Ia + In}ZeE =E = Zalp 1)
Ug = InZgF =E - Zglp 2)
Up = fpZcp + (Ia + Ip)ZcF = E - Zplp 3)

From expr. 1) the following measured impedance for the relay at A can be derived:
Zma = Ualip = Zac + (1 + Ip/ia)ZcF 4)
Subtracting 3) from 1) delivers:

Ta(Za + Zac) = Ip(Zp + Zcp)

In/Ia = (Za + Zac)/(Zp + Zcp) 5)
By introducing 5) into 4) we get:

Uallp = Zac + (4 ~ZatZac YZcF &)
Zp + Zcp

(two-terminal line: Ualla = Zac + ZcF)

In the same way expressions can be found for Ug//g and Up/Ip.
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These measured apparent impedances must be compared with the setting of the relays to determine if
reach problems can occur due to the infeed effect:

Setting of zone 1:

Measured impedances Settings (first zone) _

Zma = Unllp = Zac + (1 + 282 28C )7 0.85(Zac + Zcp) 7
Zp + Zop

Zms = Upllg = Zp¢ 0.85(Zgc + Zep) 8)

Zmp = Uptlp = Zgp + (1 + 201 200 7 0.85(Zac + Zcp) 9)
Za + Zac

The above settings are chosen for the case that Zcp < Zac < Zge.

Substituting 5) in 1) results in a formula for /,:

Ia = E Z
Za + Zac + (1 +£A'+—AQ YZcE 10)
Zp + Zcp

In the same way Ig and Ip can be derived:

-
B = Zg + ZpF 11}
Ip= E
Zp + Zop + (1 +£Q--'Ichl YZeF 12)
Za + Zac

it can be seen from the expressions 7, 9, 10 and 12 that the worst case with respact to reach problems will
occeur if;

® The leg BC i very long compared to the legs AC and CD.
® The source impedances Za and Zp are very high.
e A fault occurs in the neighbourhood of substation B.

If we assume for example that Za + Zac & Zp + Z¢p and that Zor =32Zac = 3Zcp, then therelays at A and D
will see an apparent impedance of 3.5(Zac + Zcp). This corresponds to about four times the setting of the
1st zone, The currents at terminal A and D are E/(Zp + 7Z¢p). These minimum fault currents must be
compared with the highest possible load currents when the setting of O/C fault detectors is considered.
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Setting of the overreaching zones (FACTOR TWO FORMULA)

The overreaching zones should at least see a fault near the farthest line-end of the multi-terminal line.

Fault
l Zac c Zpe % l
| — o
In T Ian + ID
A In B

ZBC > Zac and ZBC > ZCD

Fig. 5.23

For example, a fault at B should at least be seen by Relay Ra or Rp.if one relay trips, the other relay will also
soe the fault and trip because the intermediate infeed at point C is removed.
The relays Ra and Rp measure the following impedances:

Ia + Ip
Zma = Zac + 4:Te

{;‘H

Zac + Zgc + P . Zge

Ia
Error A
Ia + Ip Ja
Zmp = Zcp ¥ 7 -Zpc =Zcp + Zpe + * Zpc
D

r

Error D

The errors A and D can not be larger than Zgc at the same time, because either Ip/ia or I/l is smaller
than 1. The worst case is given when I and Ip are equal. In this case the error is Zgc for both relays. In
order to enable at least one relay to see the fault near B, the following minimal setting can be deduced (20%
safety margin):

Zra = (Eac+ 2 - Zpc) - 1.2

Zpp = (Zcp + 2 - Zgg) - 1.2

In general we get the following formuia for the setting of the overreaching zones:
Zog=(Ix +2-2Zy) - 1.2

where Zy = impedance from the relay to the junction point (C)
Zy = impedance from the junction point (C) to the impedance-wise farthest other terminal.

This setting approach is called the "FACTOR TWO FORMULA" method.
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Setting for single-phase-to-earth faults:

In the same way calculations may be carried out for single-phase-to-earth faults. In this case the zero
sequence impedances and the zero sequence infeeds have a strong influence. Additional reach problems
may arise due to mutual coupling with parallel circuits.

For single-phase-to—earth faults the apparent impedance is not only determined by the relative length of
the legs, but also by the zero-sequence infeeds and the Zg/Z4 ratio of sources and Iegs

Moreover, the kp-factors are very sensitive to the state of the parallel circuits (in service or out of service
and earthed). This effect is treated in section 4.2.1.1.2).
Exampie:; (see fig.5.24)

Suppose that there is a single-phase~to—earth fault in location F. The impedances measured by the relays
at A, D and B can then be derived from the series~connected sequence-networks as demonstrated in the
following figure5.24.
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— j B

—_——

Xy 1-ph-E-Fault )
(&)
Fig. §.24a
A i B
ZaD | {51 C Iy |
{ 7. £ | '
AC1
Uai L
g D o
£ ylo=h =1
= 130/3
A Iy B
Zaz | In2 C 2 |
Uaz Zac2
—— D
A 1 B
Za0 | Iao C To |
N : =
Uagp Zaco
—t+— D
Fig. 5.24b

Consider for example the relay at A.
We have to calculate in this network the voltage Uy, the phase-current |5 and the earth-current |ag:

Ua =Upp+ Uar +Ua2
In =1fpa0+Ia1 + a2
IaE = 3l a0

The measured impedance is:

{(Zg and Zy are data of line A-B)

]A"'kO'IAE 3'21
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5.7.1.2 Outfeed conditions

This situation occurs if one terminal is much weaker than the other terminals, so that the fault current is
flowing out of this terminal during an internal line fault:

A B
C l A ¢ Ia-lp F It l Ig @
E Za [ ZAac ZcF ; ZBF L Zs E
zZ I - —
coY o Inels -I
_4—T- D + ID
| ]
.
ZpB
Fig. 5.25
Uan = IaZac+ (o -Ip)Zck = E - Zalp 13)
Us = (lg +Ip)ZeF = E -~ Zglg 14)
Uo = (a-Ip)cr -IpZcp = Up + IpZpg 15)
From these equations follows: .
Zma = Ualla = Zac + (1 - Ipla)ZcE 16)
Zmp = Up/(/g +Ip) = Zgf 17)
Zmp = Uplip = ~Zep + Uallp - 1)ZcF 18)

The underreach for the relay at A chanches into overreach because of the '~ sign’ in equation 16); the relay
at D assumes a fault in reverse direction; the relay at B measures the correct distance.

if no telecommunication is provided the refays at A and B will trip first; after that the current at D will reverse
and the relay at D will trip (sequential tripping).

If we use a permissive underreaching schems, then it depends on the value of the current at D if this relay
will detect the fault and will fast trip after having received signals from A and B. If not, sequential tripping will
occur again.

A directional or phase comparison scheme will not operate correctly under outfeed conditions.

A differential scheme will probably be the best solution to protect three-terminal lines with possible outfeed
situations. The summation of the currents at the terminals A, B and D will give a positive result, independent
of the fault location on the three terminal line:

la=1Zll = | I + (Ig + Ip) + (~Ip) | =175+ 1gl 19)

it shouid, however, be considered that under outfeed conditions the differential protection is more highly
stabilized than under normal infeed conditions:

Is=Zlt1l = IIal+lig+Ipl+l-ipl=1ip+Ig + 2Ip (compared to /5 + Ig)

Distance relays as back-up protection remain necessary for the case that a telecommunication channel
fails (unless there are two independent telecommunication channels).
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5.7.2

Tapped lines, distance zone reach problems

One of the main difficulties with the protection of tapped lines is dealing with single-phase—-to-earth faults if
the HV-neutral of the tapped transformer is earthed.

Take the next configuration:

A B .
' A C Iatlc F Ig |
Zoa | Zoac Zock ZoBF ZoB
Zia Zyac 4 Ic  Zicr Z1BF Z1g8
= () F(Ph - E)
Zot 6
a) Tapped line, single line diagram
l a1 F 11 ]
f Z1AF Uri  Zimr I
Z1A Ua1 u Z1B
EL EL
y B
Z1aF Ur2  Zipr !
Ua2
Z1A] T f Z1B
A 3 B
| B0 C_ Iagtior Fl°
! Zoac  lot ZocF Uro  Zope
Uao
ZoA T Zot T ZoB
b} Tapped line, diagram of symmetrical components
Fig. 5.26
Uno = Upp + Zocrliao + fo1) + Zoac /a0
Uar = Upt + Z9aF 1a1
Unz = Urp + Z1aF Ia2
with Upg + Upq + Upz = 0 and Zgac + Zock = ZoaF We get:
Un ZoAF Ia0 + ZocF fo1 + Z1ar{lar + 1a2) 20)
In = Tao + a1 + Ip2 21)

Ip=I =1
= Iscls
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For the component-currents we get:

o = 291 . Zog + ZonF Io 22)
T Zor + Zoa +Z0Ac 201 (Zga + Zoac)
Zog +-ZogF + ZocF +
ZoT + Zoa +Zoac
Zig + Z1pF
Fay = ian = 1 1 Iy 23)

Zig + Z1BF + Z1a + Z1AF -

The current lp = Iy = I; at the fauit location must be calculated by solving the series-connected sequence
network. Take for example a tapped line configuration as follows:
® 110kV-liine, Zy = Z3 = 0,30/km, Zy = 0.750/km, kg = 0.5, line length 30km;
¢ Transtormer, 60MVA, UK = 10%, Zg7 = Zs7 = Zo7 = 200, tapped 10km from A:
® Sources of 500 and 1000MVA
Zoa = Z1a = Zap = 2502
Zog = 21g = Zpg = 12.50

¢ A single phase fault occurs at iine A~B, 20km from A and 10 km from B:

A B

| A C Ia +ic F iz |
ZOA = Z1A = 250] Zo =750 ZQ =750 ZO = 7.5 { ‘—Z-OB = 218 '_-12,50

21=30 Ic Zy=30Q Zy =31
!l ISC
Zor=200
Fig. 5.27

Zof = 100
21 F = "1,22': = 10-30
Iy = Iy = Ip = T10kV/V/3(10 + 2 + 10.3)Q = 2.1kA
Isc = IO+I1 +12= 6-3 kA
Tpotlor = 0.5 I = 1.05kA
a0 = 0.4kA; o1 = 0,65kA; Jag =3 -1Ippg = 1.2kA 22)
Iaq = faz = 0.33 /g = 0.7 kA 23)
Ua = 150+0.4kA + 7.5(1+0.65kA + 6Q+1,4kA = 19.3kV 20)
Ia = (L4KA + 2¢0.7kA = 1.8kA 21)
Zma = Ua/(fa + kg*IaE) = 10.3kV/(1.8kA + 0.5 - 1.2kA) = 8O

Positive sequence fault impedance Ziag = 602,
Error = 2Q: the apparent fault location is 6.7 km farther away than the real fault location.

The underreach in this example is about 33%. By repeating the calculation with different fault locations and
varying source strengths, we can find an optimal setting for the relays at A and B for single~-phase-to-earth
faults.
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6 Protection of composite lines

6.1 Introduction

in a larger number of cases power system elements like transformers, overhead lines or cables are connec-
ted together without intermediate circuit-breakers. In many cases CTs or even VYTs are provided at the
junction points to enable the sstup of independent protection schemes for the different sections. Fault
clearance, however, requires always the tripping of the complete composite line.

6.2 Protection problems encountered

The normal origin of difficulties is this lack of circuit breakers between the protected elements and the

current or voitage transformers at the needed locations:

® Autoreclosure is wanted for OH-lines but must be prevented under all conditions for faults on cables or
transformers

¢ The absence of CTs or VTs may necessitate grading distance zones across transformers. The
transformation of fault impedances from the fault- to the relay-side in magnitude and phase-angle has
then to be considered.

® Remote breakers have to be intertripped with minimal expenditure for signalling-links.

e Transformer inrush currents may adversely affect the line protection of transformer feeders.

6.3 Protection of a composite OHL-cable feeder

This arrangement appears relatively often, either when an overhead line is conducted into a substation or
when certain obstacles in the landscape (river, channel etc.) have to be passed.

Such compaosite OHL-cable combinations normally provide no problems for the selection and layout of the
protection. Only in connection with autoreciosing (AR) special provisions are necessary.

Selective AR has to be ensured, i.e. AR is normally only allowed with OHL faults. Cable faults are not
transient and therefore require definite tripping and blocking of the AR.

This is achieved by providing a separate selective cable protection that sends biocking signals to the AR-
schemes at both line ends when the fault occurs at the cable section.

Current differential protection or PCP are suitable for this purpose, as they are strictly selective and, additio-
nally, do not require VTs (fig. 6.1).

Block Block
-— AR PCPFH———— — PCP AR }—-

T 10

Prot. Prot.

. ] 3 ; . . ; )

Fig. 6.1: Protection of a composite OHL-cabie feeder

PO—
Y
D
(e

;
|
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6.4 Protection of transformer feeders

In cases where a line includes a transformer bank without a breaker inbetween, both have to be protected
as a unit.

The selection of the protective equipment for such composite arrangements depends mainly on the follo-
wing conditions:

®* Length of the feeder (OHL or cable) -

® Availability of CTs and VTs on the line side of the transformer bank

® Availability of pilot links:
- for differential protection
- for command protection systems with distance protection
- for intertripping

While it is always necessary to trip the transformer-line system as a whole for fauits on either or both
components, it is normally preferred to set up independent protection schemes that can selectively indicate
the fault location in the transformer or on the line section.

6.4.1 Transformer protection

The transformer bank is normally equipped with sensitive differential protection and gas pressure reiays.
They trip the local bus breaker directly and the remote line breaker via an intertripping link. The latter is
necessary because light internal transformer faults will probably not produce enough current increase or
voltage drop to operate the short circuit protection, e.g. distance relay, at the remote line end
The following possibilities exist:
¢ d.c. intertripping via pilot wires:
Special surge-proof relays are used at the receiving end, insensitive to a.c.-disturbances [5}. The
application of these d.c. links is limited to short distances of up to about 5 km.
® a.c. intertripping:
Frequency shift or coded voice frequency channels, directly on pilot wires, or carrier frequency systems
are used for this purpose.
® unbalancing the line differential protection:

Some line differential protection schemes provide an integrated intertripping function by a forced
unbalancing of the measuring system or the supplementary voice frequency circuit that normally serves
for pilot supervision.

e fault throwing:

in some cases fault-throwing switches are used on lower voltage levels to save transmission channels, A
special switch is used to put a fault on the line side of the transformer bank, initiated by the ilocal
protection. The remote end short circuit protection will then see the fault and trip its line circuit breaker.
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6.4.2 Protection of the line section

The line section can be protected by an independent line differsntial protection when CTs are provided
between transformer and line. This is normal, especially in the case of transformer—-cable feeders (fig. 6.2).

Back~i i_Back—I
[ _uP | 4P -
¢y m—f—_—-— 6P r——————— 1 l X
: | I |
| | | o
o—a @ Vo W : ________ - (5
N ____} Intertrip .
' r y initiation '
| Alt Al e Al ,

Fig. 6.2: Selective differential protection of a transformer feeder

6.4.3 Overall differential protection of a transformer feeder

In the case of very short line sections (below about 1km), an overall differential protection can be used as a
cost saving solution when no CTs are provided between transformer and line. The differential protection
must be inrush-stabilized in this case, as the transformer bank lies within the protectlon range. A transfor-
mer differential relay can be applied as outlined in fig. 6.3.

The current in the pilot wires can be reduced via intermediate auxiliary CTs (g.g. to 100mA) to lower the CT
burdens.

‘-_|rBack - r Back-1
' L._“I'E_i L_‘:EJ -
| [ ! |
i —{——-— GP e LI St p— - T o——
! 1 r
o - M ‘
[ |
______ L P
Nt

| T
Al7 . "][i 4 wires 1|] I
I [ < 1km L

4
| -

Fig. 6.3: Transformer feeder, overall differential protection
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6.4.4 Distance protection of the transformer feeder

At the transformer remote line end the instanecus zone of the distance relay can be set to reach about 50%
into the transformer, thus covering 100% of the line section.

Normal zone grading is possible for the distance relay at the transformer bank when it can be connected to
CTs and VTs at the line side (fig. 6.4). This latter protection can be spared if there is no infeed from
terminal A.

i
|
|

It | ———_ R Y & N
_I

|

A B
e .

ol - - - B - —— —™~ |

—— —

'
[

—— —

r r
| Back-, (PUDP) (PUDP) | Back-|
_P ] LY

Fig. 6.4: Transformer feeder, protection of the line saction

In the case, where the distance relay has to be connected to the bus-side CTs and VTs, the distance
measurement includes the impedance of the transformer bank.

A correct distance measurement through the transformer bank is possible with three-phase faults.
But, the setting of a selective underreaching zone can only be achieved when the line reactance is conside-
rable higher than the transformer reactance (X; > 2-XtgR) [12]. Further, the impact of the tapchanger has to
be considered.

The reach of the underreaching zone must be adjusted to about 90% of the minimum secondary ohms while
the overreaching-zones must at least cover 100% of the maximum secondary ohms according to the variati-
on range of the.4ap changer (fig. 6.5).
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. ' GP Al Pilot wire or

. optical fiore] 7t '
}—D’ 1
VY P | ] ereerefe——— v —— e, e s, vt
T $ o~ )—o—o—>
L. D j4—— v — s —— . W SR [————— S/R - D
Microwave
(PODP) (PODP)

U
Z1st zone < Z1r + 0.9 { “D‘Jz_)zrnln - Z

U
Zond zone > Z1r + fz‘ 2max * 2L
Fig. 6.5: Transformer feeder, impact of the tap changer on the zone satting

Further problems are presented by unsymmetrical faults and earth faults on the line section. The fault-cur-
rents, -voltages, and -impedances on the bus-side of the transformer bank are influenced by the winding
connections (Y-Y,Y-A, etc.) and the earthing conditions of the transformer starpoint(s) [6.5].

Normally, this would lead to an underreach of the zones and delayed clearance of faults on the line section.

When fast tripping for all kind of faults on the transformer feeder has to be guaranteed, the distance protec-
tion must be supplemented by a teleprotection scheme. The usual permissive under- or overreaching, or
blocking modes can be applied.

The energizing of the transformer feeder will cause the typical inrush effect with transient magnetizing
currents. The setting of the distance relay should take care of the fact, i.e. the starting elements should not
be set more sensitive than necessary.
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6.4.5 Application examples

In the following the protection system for two typical application cases are shown.

6.4.5.1 Transformer-OHL feeder protection

In this case it is assumed that the line section is longer than about 15km and that, theref;)re. pilot wire
differential protection cannot be applied.

The primary protection system consists of (fig. 6.6):

e Transformer differential and gas pressure protection

® Optionally phase comparison protection (PCP) or fibre optic differential protection (FODP}

The PCP can have (I1-, I2- and Ip-) over-current or rate-of-change of current starting elements. As the

PCP measuring principle is also based on currents only, there are no VTs necessary at the line-side of the
transformer bank.

The PCP and the intertrip function can use PLC, microwave or optical fibre channels.

The secondary protection can be a permissive underreach distance protection scheme (PUDP). The under-
reaching distance zone can be set to overlap sufficiently.

—— e e
| L ' '
Al AT |
" Alr or = — = — or .
| | pcp | Microwave PCP
or
u ap opt.fibre !
+—D o1 (—eoo—- : Li|—+
T é N/ NSNS Ny
PL
D fe—-——-——-+ S/R ————9-—- S/R [« D
(PUDP) (PUDP)

Fig. 6.6: Protection of a transformer feeder with long OH-line section
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6.4.5.2 Transformer-cable feeder protection

In this case, it is assumed that the cable section is below 10-15km, so that a pilot wire differential protection
can be applied. However, it is further assumed that the cable is longer than about S5km.

Thus, d.c. intertripping is not applicable, but, an a.c. channel {for example frequency shift channel through
pilot wires) is necessary to cover reliably the given signal transmission distance.

The proposed scheme now consists of the following protection systems (fig. 8.7):

® Primary protection:

- transformer differential and gas pressure relays
- line pilot differential protection
- frequency shift (FSK) intertripping equipment

® Secondary protection:
- permissive overreaching distance protection {(PODP) via Microwave

AlT :_"'_I _"_"J

I N PN S I S/R D

Microwave
(PODP) (PODP)

Fig. 6.7: Protection of a transformer feeder with short cable section
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7 Protection of series compensated lines

7.1 Introduction

7.1.1 Advantages and disadvantages using series-compensation

The very first series capacitor was commissioned on a high voltage power line about forty years ago. The
main purpose for using series capacitors is to decrease the resulting reactance of the transmission system
and, consequently, to increase its transmission capacity, The cost compared with building a new equivalent
overhead power line in this case was in order of 15-30%.

itis still economical to use series capacitors, particularly if there is a long distance from a generation to a
consuming centre.

Series capacitors can also be used to regulate the power flow in the network by switching them in and out.
Increasing transmission capacity sometimes also improves the stability of the network. A series capacitor
also helps to keep the voltage on a good level at the receiving end of the power line, and it can sometimes
replace shunt-capacitors or be a supplement to shunt compensation.

A capacitor bank consists of small capacitor elements connected together in series and parallel to form a
large bank with high capacitance and high rated load current. The elements are sensitive to ovarvoltages
and their lifetime is short compared with the power line itseif. So the capacitor must be taken out for
maintenance more frequently than for instance the power line.

A capacitor in a power network very often creates resonance phenomena of a subsynchronous nature with
different kinds of inductive equipment.

The series capacitor also creates many additional protection probiems comparéd with power line protection
without capacitors [7.5, 7.18].

7.1.2 Lacations

Often there is only. one capacitor bank on a power line, but sometimes the compensation is divided into two
or more banks at different locations (mid-line capacitors). Very often there is one bank at each end of the
power line (line-end capacitors).

Dividing the compensation between different locations gives a smoother voltage profile over the whole
power line. If the capacitor is placed in the middle of the line or split up and piaced at the ends of the power
line, it usually gives the smallest voltage discrepancy when the direction of reactive power—flow changes.

If there is only one direction of the reactive power flow it can be an advantage to place the capacitor at the
receiving end of the power line in order to get a good voltage level at this end.

The capacitor can hardly be designed to withstand overvoltages which occur when there is a fault on the
power system and a high fauit current is passing through the capacitor. Capacitors are therefore protected
against overvoltage by an airgap and sometimes nowadays also with a non-linear resistor. It is an
advantage to locate the capacitor so that the airgap will not flash when a fault occurs outside of the power
line, particularly on a parallel circuit. To lose the compensation at the same time as a parallel line is
disconnected is a very difficult situation for the power system.
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However, when the capacitor is located close to one end of the power line it is impossible to fulfil this
requirement becausse the primary task of the airgap is to protect the serigs capacitor against high voltage.
Some auto-apening scheme for the bypass~circuit-breaker is usually instailed for quickly reinserting the
capacitor in the network. A resistor protected capacitor gives some advantages in this case because the
whole compensation will not be iost when part of the fault current is going through the resistor; see fig. 7.1
and 7.2.

Placing capacitors near a substation gives advantages in maintainance and operation because the series
capacitor becomes a part of the substation,

If the series capacitor is located far away from substations it must be remotely controlled and is only
attended occasionally or during maintenancs.

7.1.3 Compensation degree

The ratio of the capacitor reactance to the reactance of the power line is called the compensation degree k,
see 7.1:

K= Xc/ (X1 + Xq2) = Xo/XL

A compensation degree below 40-50% and the location in the middle of the line usually gives no problem for
the line protection.

[ B

O—b - A
|~ X11 . X12
I -
- Xe -
Xs1 A = airgap Xs2
CB = circuit breaker

protection location

Fig. 7.1: Conventional airgap-protected capacitor

{F—cs
O -— A
—CZ3— R
X11 I X12
il
Xst R = non-linear (metal oxide) resistor  Xs2
A = airgap
CB = circuit breaker
O = protection location

Fig. 7.2: Resistor-airgap—protected capacitor
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7.2 Protection problems encountered

Series capacitors have a strong impact on line protection as a conseguence of the following phenomena:

Negative lumped reactance of the series capacitor connected in series with a distributed positive line
reactance.

Changing of the apparent impedances dependent on the capacitor protection gaps having flashed or
not. -

Voltage or current inversion when the short circuit impedances assume negative values,

Subsynchronous oscillations in the L-C-R circuit composed of the series capacitor and the source and
line impedances.

Dissymmetries due to nonsymmetric gap flash-over/reinsertion and reinsertion and amplification of the
existing dissymmetries of non-transposed lines cause circulating negative sequence currents.

Slow increase of the short circuit current in the L-C-R fault loop as a consequence of a superimposed
subsynchronous transient component.

7.2.1 Apparent impedances

The following figures show the impedances appearing to a distance relay located at station A.

A = §0° B
’D X1y = 50% Xc “50'6 X12 = 50% D‘+—
I
©| gap |P f
D [t -]
X
-f"" L
{ B
!
{
]
l’ ACDB gap not flashed
D' ACD'B' gap flashed
B
C
D R
A

Fig. 7.3:  Apparent impedances of a series compensated line
(capacitor at the middle of the line)
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A - o B
) o N Xe T 70% XL = 100%
T cl aap [P f |
D e i
X
7 e
/
]
]
,’ 100% ACDB gap not flashed
/ AB' gap flashed
]
/ B
! o’ o
A]C
100%
70%
D

Fig. 7.4: Apparent impedances of a series compensated line
{capacitor at the beginning of the line and VT at point C)

The figures demonstrate the measuring problems for distance relays:

® Fauits beyond the series capacitor appear closer when the capacitor is in service, i.e. distance
protection underreaching zones must be set very short to avoid overreach.

e Forward faults may appear to the distance relay in reverse direction (fig. 7.4).
Conventional faulty-phase polarized directional measurement detects the fault in the wrong (reverse)
direction.
Healthy phase- and memory voltage polarisation must be taken into account.
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7.2.2 Voltage inversion (Negative voltage)

The following figure 7.5 shows the voltage distribution for the normal service case and for a fault behind the
series capacitor (assumed that the gaps have not flashed over). it can be seen that the measured voitage
at the relay location is inverted. This causes the before mentioned false decision of directional relays.

\ )

Prefault voitage

Fault volt
U N/ a?e

Voltage

Series compensated line

E
|3
]

[Xs + Xp1{ > [Xgl

Fig. 7.5: Voltage inversion at a series compensated line

7.2.3 Current inversion (Negative current)

This situation can occur when the amount of the negative reactance of the series capacitor is more than the
sum of the positive source- and line-reactances in the total fault loop.

+X

[
|
]
{ |Xcl > Ixs + Xul
|
[
|

Voltage T Um

/J/
Fig. 7.6: Current inversion on a series compensated line

The short circuit current then becomes ‘capacitive’, that is, the current leads the voltage phase. This again
causes a faise directional decision of distance relays (voltage memories can not help in this case!). Also
phase comparison relays may fail because the current frorm the other line end to the fault remains normally
inductive. Thus, a through-fault condition appears to the PCP for an internal fauit. Fortunately, the
capacitive current causes a voltage increase on the transmission system and the gaps will normally flash as
the short circuit current is high due to the series compensation. In the normal case the protection must
therefore not cover this abnormal fault condition [7.17, 7.15].
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7.2.4 Subsynchronous oscillations and transients

During the fault-free service, subsynchronous oscillations may be excited in the L-C series connacted
network elements. Generators tend to seif-excitation in this case and the turbine-generator shaft may be
torsionally endangered [7.5, 7.17].

Under short circuit conditions a special effect occurs: The short circuit loop is no more an E-R circuit that is
accompanied by a d.c.-transient component, but an L-C-R circuit, where instead of the d.c. offset a low
frequency transient current oscillation appears. This leads to a slow current increase dependent on the
degree of compensation (see section 7.12).

The superimposed oscillation of the order of 20Hz also causes a fluctuation of the impedance measured by
the relay dependent on the individual relay filtering properties.

7.3. Protection of the series capacitor

7.3.1 General

A series—-capacitor station can be divided into two or three segments, all connected in series (fig. 7.7).
Each segment has its own airgap with by-pass circuit-breaker and its own protection. This is an advantage
when one segment is faulty because then the whole capacitor bank will not be tripped and lost, In some
cases the layout of the station is designed so that maintenance work can be done at one segment while the
others are in operation.

The airgap for each phase operates independently of the other two phases, but the circuit-breakers in the
capacitor station usually operate in a three~pole mods.

1S
a
L

CB CB CB
!

an | IO | O

IS
CB

L3

isolators
circuit-breakers

Fig. 7.7: A series-capacitor divided into three segments
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7.3.2 Protection of a conventional airgap-protected capacitor

A conventional airgap-protected capacitor needs many protection functions. The most coemmon types are
described in the following and shown in figure 7.8.

The most important protection is the airgap. it has to protect the capacitor from overvoltages. The capacitor
is designed for a certain rated voltage and, consequently, a corresponding rated current {IEC43). The
capacitor can usually stand just a few percent overvoltage for a short time. A high fault current passing
through the capacitor creates high voltage, and the capacitor is normally not designed to withstand the
highest existing fault current. An airgap will flash for a voltage lower than the withstand capability of the
capacitor. The setting of the airgap depends upon the design of the capacitor. A common setting is 2-3
times the rated voltage.

Normally the fauit current in the airgap is interrupted after 0.1s by the powsr line circuit~breaker initiated
from the line protection. The airgap is usually not able to withstand the fault current for very long periods. An
overcurrent protection, placed in series with the airgap, must short the airgap by means of a circuit-breaker
so the airgap can be deionised. If the fault clearing by the line protection is detayed for some reason, this
overcurrent protection will operate in the order of 0.4s. If the gap can flash for external faults, this protection
is instantanous.

The capacitor bank is usually placed on a platform insulated from ground. Sometimes one or two segments
can be placed on one platform. In the event of a flashover from the capacitor to the platform, a leakage
protection will operate instantanously and the capacitor banks will be shorted.

In order to detect faulty elements in the capacitor, unbalance protection is installed. This compares the
voltages of the capacitor elements in a bridge circuit. The protection sometimes consists of two stages, one
high set and one low set. The low set may be restrained by the load current, both are slightly delayed to
avoid maloperation from transients during switching.

Capacitors in power systems can cause resonance phenomena. A protection detecting ferro-resonance is
sometimes installed and nowadays also a protection detecting resonance between the capacitor and the
large turbo generator's torsional oscillation is also installed if network studies have shown that thers is a
probability of such phenomena. Ferro-resonance is more frequently encountered in low and medium
voltage networks.

if the circuit-breaker fails to short a capacitor segment, a disconnector will short the whole capacitor bank.

Usually all capacitor protection operates without any telecommunication with the power line protection at the
ends of the power line. Protection and control equipment placed on the ground requires a lot of information
from the platform. Nowadays optical fibres are used as communication media.

If the circuit-breaker fails to short the capacitor, an isolator switch wil short the circuit-breaker and the
capacitor {(a few seconds later) . Sometimes the breaker—failure function will intertrip the circuit-breakers at
the powsr line ends.
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communication
platform-ground

Protection and controi equipment on the ground

Over-current protection, detecting current in the airgap

Leakage protection, detecting flashover between the capacitor and the platform
Subsynchronous resonance protection

Unbalance protection, detecting broken elements in the capacitor

Control of the circuit breaker

Circuit-breaker failure protection

Platform isolated from ground

~N PO AWM -

Fig. 7.8: Protection in a conventional airgap protected capacitor station

7.3.3 Protection of a resistor-airgap-protected capacitor

As stated earlier, a new overvoltage protection for capacitors has been developed. It consists of a
non-linear resistor (metal-oxide~resistor), placed in parallel with the capacitor (fig. 7.9).

When the voltage across the capacitor rises, the resistance will become less and a great deal of the fault
current will pass through the resistor instead of the capacitor. The airgap is set to flash only for extremsly
high voltages, which normaily only occur when the faults are very close to the capacitor and the gaps are set
to avoid flash—over for external faults. The energy developed in the resistor will be measured, and if it has
reached the thermal limit of the resistor, a command is given to the airgap to flash. This scheme keeps at
least a part of the compensation in service during a fault on an adjacent power line. When the fauit is cleared
the compensation comes immediately back into operation,

- 111 -



Application Guide on Protection
of Complex Transmission
Network Configurations

Chapter 7

i off—
R
—{}—9¢
e I Te
I (o4
:‘..'_B—”_‘_.."‘
I Xe Ic

@ current that develops thermal energy in the resistor
Fig. 7.9: Resistor-airgap-protected capacitor

Figure 7.10 shows the most common protection of a resistor-airgap protected capacitor, which is almost
the same as in a conventionally protected capacitor.
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Protection and control equipment on the ground

Over-current protection, detecting current in the airgap

Leakage protection, detecting flashover between the capacitor and platform
Subharmonic protection, detecting subsynchronous resonance

Unbalance protection, detecting failure in elements of the capacitor

Control of the circuit-breaker

Circuit-breaker failure protection
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Platform isolated from the ground
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Fig. 7.10: Protection in a resistor-airgap-protected capacitor station
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7.4 Power line protection based on non-unit principles

Series-compensated power lines are often very important in a transmission network and delayed fault
clearance is normally not allowed. This makes it necessary to install protection in combination with tele—
communication. The most common protection is distance protection in a permissive overreach mode.

Most protection problems in series-compensated lines appear when using distance protection. For that
reason it seems to be a good start to analyse problems concarning ordinary distance protection and to try to
find out how protection with other principles or modified distance protection can cope with these problems.

7.4.1 Distance protection

7.4.1.1  Underreaching and overreaching schemes

In order to obtain section selectivity, the first zone of a distance protection must be set to a reach less than
the reactance of the compensated line in accordance with figure 7.11. Very often it is set to

zone 1 = 0.85 x[X11 + X12 - Xc]

The setting is usually the same if the capacitor is protected by a conventional airgap or a resistor—-airgap.

Zone 2
{,5 m Zonse 1 |x12 |
™ x11 X" Zone 1 -
| [#]

Zone 2

Fig. 7.11: Setting of the first and second zones in series-compensated lings

If the capacitor is shorted or is out of service, the reach with these settings can be less than 50% depending
on the compensation degree and there will be a section, G in figure 7.12 of the power line where no
instantanous tripping occurs from either end.

Zone 2
|"‘ Zone 1 « G+ |
N
X11 Zone 1 - |

Zone 2

Zone 1= 0.85x (X11 + X12 - X))
Zone 2= 1.3x (X11 + X12)

G = gap, where no instantanous tripping can occur.
The capacitor is shorted.

Fig. 7.12;: The reach of the firet and second zones after the capacitor is shorted
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For that reason permissive underreaching schemes can hardly be used as a main protection. Permissive
overreaching distance protection or some kind of directional or unit protection must be used.

The overreach must be of an order so it overreaches when the capacitor is out of service. Figure 7.13 shows
the overreach zone A. The first zone can be kept in the total protection but it has only the feature of a back
up protection for close up faults. The overreach is usually of the same order as zone 2. When the capacitor
is in operation zone A and zone 2 will have a very high degree of overreach which can be considered as a
disadvantage from the security point of view, -

")

i
{ - Xi1 Zone A X12
O—
Zone A - }
Xs1 Xs2

*) The capacitor is shorted
Zone A = 1.3x (X11 +X12)

Fig. 7.13: Permissive overreach distance protection

7.4.1.2  Negative relay impedance, positive fault current

Assume [Xc] > [X11] and in figure 7.14 a three phase fault occurs beyond the capacitor. The resultant
relay-impedance seen from the relay location to the fault becomes negative until the airgap has flashed.

It usually takes a bit of a time before the airgap flashes, and sometimes the fault current will be of such a
magnitude that there will not be any flash-over and the negative impedance wiill be sustained. if [Xs1 + X11]
> [Xc]in figure 7.15, the fault current will have the same direction as when the capacitor is shorted. So, the
directional measurement is correct but the impedance measured is negative and if the characteristic
crosses the origin shown in figure 7.15 the relay cannot operate. However if there is a memory circuit and
this one has been given a design so it covers the negative impedance one can be successful to clear a three
phase fault with the distance protection. As soon as the airgap has flashed the situation for protection will be
as for an ordinary fault. However, a good protection system should be able to operate correctly before and
after flashing as well.

If the distance protection is equipped with an earth fault measuring unit, the negative impedance occurs
when [3Xc] > [2X11{ + X11p). Crosspolarised distance protection will normally handle earth faults
satisfactorily if the negative impedance occurs inside the characteristic. The operating area for negative
impedance depends upon the magnitude of the source impedance and caiculations must be made from
case to case. See figure 7.16 and 7.17.

Distance protections of adjacent power lines shown in figure 7.14 are influenced by this negative
impedance. If the intermediate infeed of short circuit power by other lines is taken into consideration, the
negative voltage drop at X¢ is amplified and a protection far away from the fauity line can maloperate by its
instantaneous operating distance zone if no precaution is taken. Normally the first zone of this protection
must be delayed until the flash over has taken place. If the delay is not acceptable, some directional
comparison must aiso be added to the protection of all adjacent power lines. As stated above a good
protection system must be able to operate correctly both before and after flashing. A distance protection
can be used, but careful studies must be made for each individual case. :
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What is said here is valid both for conventional airgap and resistor-airgap-protected capacitors.

- I1
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Assume [Xg) > [X11] ! | 1 \‘
Xrl = X1 - I x (Xg - X11) '\ X1
Xr2 = X2 - 112 x (Xg - X11) . 1Zr1 ; R_
Xr3 = X3 - I13 x (Xg — X11) \ /
M+ 12413 =1 ~ 7
Xr = measured relay reactance T

Reactance X;q, seen by the relay
in station 1

Fig. 7.14: Protections in adjacent power lines are influenced by the neg. impedance
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Fig. 7.15: Characteristic of distance protection
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Fig. 7.16: MHO-Characteristic, crosspolarized
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Fig. 7.17: Quadrilateral Characteristic, Crosspolarised

7.4.1.3  Negative relay impedance, negative fault current

If (Xc) > (X11 + Xst) in figure 7.18 and a fault occurs behind the capacitor, the resultant impedance
becomes negative and the fault current will have opposite direction compared with fault current in a power
line without a capacitor. The negative direction of the fault current will persist until the airgap has flashed.
Sometimes there will be no flashover at all, because the fault current is less than the setting value of the
airgap. The negative fault current will cause a high voltage on the network. The situation will be the same
even if a resistor-airgap is used. However, depending upon the setting of the resistor, the fault current will
have a resistive component.

The problems described here are accentuated with a three phase or phase-to-phase fault, but the negative
fault current can also exist for & single—phase fault. The condition for a negative current in case of an earth
fault can be written as follows:

[3Xc] >[2 - X 11+ X100+ 2+ X511 + Xs10)

The good protection systems must be able to cope with both positive and negative direction of the fault
current, if such conditions can occur.

A distance protection cannot operate for negative fault current. The directional element gives wrong
direction. So, if a problem with negative fault current exists, a distance protection is not a suitable
protection. Fortunately this seldom occurs. In normal network configurations the gaps will flash in this case.
n X I2

i -

e

| xu14 ! f X121 |
Xp10 X120
Xs11 Fault Xs21
Xs10 Xs20

Fig. 7.18: Negative fault current
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7.4.1.4 Double circuit series-compensated power lines

Two parallel power lines ending at the same busbar at both ends will cause some problems for distance
protection because of the mutual impedance in the zero sequence system. The current reversal
phencmena will also raise problems from the protection point of view, particularly when the power lines are
short and when permissive overreach schemes are used.

See figure 7.19: The problem will be aggravated when the power lines are equipped with series capacitors.
The capacitor will compensate the self impedance in the zero sequence network while the mutual
impedance will be the same as on non-compensated power line. The effect of the mutual impsedance will
therefore be worse than for non-compensated double dines. If there exists negative impedance and
negative fault current at the same time and a good phase selection is required for single pole autorelosure,
the number of problems for a distance protection system will be tremendous.

Xag )ﬁc Xap ‘—éggn#c |

il X
Xc ]'XOM I—ﬂ—

ﬁo_”__ Xao XouXc |

Fig. 7.19: Series compensated parallel power lines (zero-sequence system)
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L1 -~ 4
——ip b ]
L2 L2 '

permissive overreach When the circuit-breaker
signal is sent to B has opened in B, the current
reverses in the healthy
QO location of the protection power line.

Fig. 7.20: Current reversal phenomena

If a permissive overreach system is used in accordance with figure 7.20 and a fault occurs in the far end in
one of the power lines, both protections at A will send signals 1o B. The protection on the faulty line at B,
which has detected the fault in the corrent direction, will initiate tripping. As soon as the circuit-breaker has
opened the current in the healthy power line will reverse and if the signal is still received from the remote
end, the healthy power line may falsely trip. {This was also discussed in section 4,2.2.) It is to be noted that
the current in the reverse direction wiil increase very much in magnitude due to the mutual impedance and
the series compensation.

To avoid the unwanted tripping, some manufacturers provide a feature in their distance protaection which
detects that the faultcurrent has changed in direction and will temporarily block the protection (transient
blocking function, see 4.3.1.3).

Others will temporarily block the signals received at the healthy line as soon as the parailel faulty line
protection initiates tripping.
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The second mentioned method has an advantage in that not the whole protection is blocked for a while. The
disadvantage is that a local communication is needed betwesn two protections in the neighbouring bays of
the same substation,

Distance protection used on series compensated lines must have a high overreach to cover the whole
power line also when the capacitors are out of service. When the capacitors are in service, the overreach
will increase tremendously and the whole system wiil be very sensitive for false telesignals. Current reversal
problems will be accentuated because the ratio of mutual impedance against selfimpedance will be much
higher than for a non-compensated line.

in principle a phase- segregated unit protection and particularly a longitudinal differential protection seem to
be the best protection in the case when short power lines are compensated. It will cover the underreach,
negative impedance and partly also negative fault current prablems,

if a non-unit protection is to be used in a directional comparison mode, schemes based on negative
sequence quantities offer the advantage that they are insensitive to mutual coupling. However, they can
only be used for phase-to-earth and phase-to-phase faults. For three-phase faults another protection
must be provided.

7.4.2 Directional comparsion protection

7.4.2.1 Directional comparison travelling wave protection

This kind of power line protection is a directional comparison protection. It can be very fast and make its
measurement only when the fault occurs and a short time thereafter. Then the protection seals-in. it
measures the changes of voltage AU and current Al. These values can be calculated in a steady-state
manner when a voltage source is assumed at the fault-location in accordance with the Thevevin's
therorem. The settings of AU and Al give the reach of the protection, while comparison of the signs of AU
and AT give the direction. The protection is set in an overreaching mode, as in all directional comparison
schemes. If the signs are equal, the fault is in reverse direction. If the signs are different, the fault is in
forward line direction. In principle this protection is better than distance protection and can cope with all the
problems presented in the chapter on distance protection, like underreach, negative impedance and
negative fault current. However, in parallel power lines it has the same problem as all overrsach
protections. Figure-7.21 below shows the protection principle for different fault locations.

The disadvantages of this protection is that the protection is only active for a short time after the
occurrence of the fault and then seals-in (blocks) a certain time. This means it has some weaknesses
concerning evolving faults.

This kind of protection should be designed in such a way that it will not operate when arresters flash. It
shouid have different measuring elements for earthfaults and phase-to-phase faults and be at the same
time a good phase selector.
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Fig. 7.21: Principle of travelling wave protection
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7.4.2.2 Directional residual overcurrent protection

This protection operates only with zero sequence components, and thus it can only operate for earth faults,
it also works correctly for series faults (interruption in one or two phases). The directional relay is fed with
zero sequence voltage and current and one can say that the protection operates with the zero sequence
quantities AUy and Alg similar to the travelling wave method demonstrated in figure 7.21.

The protection is set to an overreach mode and has the same advantages compared with distance
protection as the travelling wave protection, except that it does not operate for non—earth faults. it has the
disadvantages that the reach varies slightly with the source impedance. The protection will be more
compiicated if it is used in combination with singlepole reciosing, because an internal fault situation appears
to the relay during the dead-time when cne pole is open. This protection must therefore be blocked during
the dead-time.

It operates with steady-state quantities and the protection is always active which is considered an
advantage compared with the travelling wave protection. It works for series faults as well if an interruption is
located inside the protection zone. The reach of the overreaching zone is limited by an overcurrent residual
relay. Figure 7.23 shows how the protection operates for different fault locations on lines with or without
compensation,

i

ea;th 3Vyp
direc ——
I>

| -\

. —l
signalling

Fig. 7.22: Directional element of a residual current comparison protection
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Fig. 7.23: Principle of the directional residuai-current protection

Negative sequence overcurrent protection

Similar functions as in 7.4.2.2 can obtained by using negative sequence instead of zero sequence quanti-
ties. The use of negative sequence quantities has advantages in parallel power lines where the mutual
coupling exists in the zero sequence network. This protection can be preferred for series~compensated
parallel power lines described in section 7.4.1.4. The protection has the same disadvantage as the residual
current protection concerning single pole autoreclosing.
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7.5 Power line protection based on unit principles
7.5.1 Phase comparison protection

A phase comparison protection compares the phase position of the currents at each end as compared to
the remote line end currents. For the through-fault condition the angle is small. In the event of an internal
fault the angle is high. The protection operates when the angle difference is larger than thesetting value.

angle Iy~angle I» > angle @

The protection is often used on series compensated power lines. It has no underreach problem and no
problem with negative impedance. It is not affected by mutual coupling. However, it will not operate in case
of negative fault currents until the gaps have flashed.

With a resistog’?—.airgap—protected capacitor it must be taken into consideration that in some internal fault
cases the angle of the two fault-loops will deviate from the normal about 180 degrees because there is a
resistor in one of them.

in a number of older installations the composite-type of PCP is still in service. It is, however, no longer
considered as up-to-date practice. The perceived problem is that the mixed—-current output of the symme-
trical-component filter may not be sufficiently high for certain combinations of internal fault types and un-
symmetrical flashing of the capacitor protective gaps.

Phase-segregated types are therefore recommended.

7.5.2 Longitudinal differential protection

This protection operates when differential current has reached a value sufficient to overcome the restraint
developed in the peculiar design. The differantial current is defined as the sum of the current at all ends of
the protected section taking the magnitude and the angle into consideration.

1d=11+[2

During normal operation Id is nearly zero and for external fauits as well. Normally the protection is stabilised
with through current and the operating value depends upon the amount of stabilising current. it can be used
for series compensated power lines because there will be no underreach problem and no negative impe-
dance problem. At negative fault currents the angle will be roughly the same at both ends of the power line,
but the magnitude of the current will in the normal case be different and the protection can operate. Howe-
ver stabilising current can be of such magnitude that the protection fails to trip.

Up to now, pilot wires have been used as communication media and consequently the protection could be
used only for short power lines. Developments in optical fibre or radio link communication make it now
possible to use this kind of protection over longer distances. If phase selection is of importance, it should be
designed as a phase-segregated protection.

In principle this protection shouid be useful especially on shorter series compensated power line sections.
The distance overreach problem in combination with current reversal could be managed in a better way,

However, the advantages of strict phase- and zone~selectivity of this unit protection can also be used on
longer lines. Series-compensated lines of 180km length are protected in Japan by the Microwave type PCP.
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7.6 Automatic reclosing (AR) and reinsertion

When the compensation degree and location of the capacitor are such that the airgaps flash only for faults
located on the power line and not for external faults, the high-speed reclosing can be organised in the same
way as on a non-compensated power line.

If a fauit occurs in the neighbourhood of the capacitor, the airgap flashes but the circuit-breakers of the
capacitor segments do not close because the overcurrent protection in series with airgap is delayed by
approximatly 0.4 s in accordance with the figure 7.24. The fault clearance time at both ends of the power
fine is much shorter, so the current through the airgap is interrupted, and the overcurrent protection on the
series—capacitor will reset. Also in resistor-airgap-protected capacitors the same scheme can be used
because the airgap will normally not flash for external faults.

The circuit-breakers at the end of the power line reclose and, if the fault is transient, everything reverts to
the same situation as before fault occurrence. If the fault is sustained, the procedure will be repeated and
the circuit-breaker at the ends of the line will stay in an open position. It is to be noted that the airgap is
cleared without any operation from the protection at the series capacitor station. The same philosophy is
valid for three—-pole AR as well as for single~pole AR.

If the capacitor location and the compensation degree provide a situation that the gaps also flash for exter-
nal faults, the automatic control circuitry in the capacitor station must also be included in a high-speed-re-
closing scheme. See figure 7.25. When such a fault is cleared by the protection outside the series compen-
sated line, the load current in the airgap is sustained and the by-pass circuit-breaker has to close as soon
as possible in order to protect the airgap.

The time setting for opening the circuit-breakers of the capacitor bank is about 0.2 s. It is important to let
the by-pass circuit-breaker reopen, because the compensation has to be kept in operation when one or
perhaps more power lines have been lost.

The same procedure will be repeated if the fault is sustained. With intarnal faults the by-pass
circuit-breakers has to close and reopen during a normal high-speed reclosing operation. The automatic
control circuitry in the series-capacitor station must harmonise with line AR-automatic control circuitry. A
delayed reopening function also exists which normally takes place after 30 s. The described philosophy is
valid both for single and three pole reclosing.
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0.4s for external faults
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cB1 f - than 0.4 s, the capacitor will be shorted
by th ~ L ker initi
CB = circuit breaker y the by-pass circuit brea er initiated py
Fault A = airgap the over—current protection. if the fault is
sustained the circuit-breaker will be
a1 90ms 420ms 90ms reopened once again after 30 s.
130ms 420ms 130ms
cg2 (dead time) —_—
CB3 no operation in the series capacitor station

bt ! !

fault 1st fault reclosure 2nd fault
inception clearance clearance

Fig. 7.24: High-speed automatic reclosing, internat fault
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) CcB3 the gap will flash
instant. for external faults
> A ’
CB4 o " cB82 —
CB1 i The capacitor will be shorted
- - instantanously by the by-pass
CB = circuit breaker circuit breaker initiated by the
Fault A = airgap over—current protection. If the fault
is sustained the circuit-breaker will
be reopened once again after 30 s.
closed 80ms  dead time 90ms
CB4a 420ms
“open _L——— —_—— — —_— —

ciosed ’—— B —
'} 1; f

ist fault 2nd fauit

clearance clearance
Fault Reclosure
inception

Fig. 7.25: High speed automatic reclosing on an external fault

7.7 Protection against high resistance faults and pole-discrepancy

None of the protections described above can be set with such sensitivity that it can operate for high-resi-
stance faults and series faults. The residual current and the negative sequence current comparison descri-
bed in sectionj’.4.2.2 and 7.4.2.3 can be set with high sensitivity but the overreach at low resistance fault
would be too long and the protection would not be secure against false carrier signals. It is not recommen-
ded for detection of high resistance faults without modifications.

In the U.S., good results have been achieved by using the magnitude of positive sequence current as a
restraining factor. Typical arrangements use as operating quantity

Io-K-|Iy|orfp - K-| It}

It is claimed that high-resistance faults up to several hundred ohms can be detected with the usual CT ratios
applied on EHV lines.

Alternatively or additionally a protection can be added which fulfills the requirement of clearing smail zero-
sequence currents. Normally a low-set residual current relay can be satisfactory. To obtain the best selecti-
vity it should have an inverse time characteristic. All bays should be equipped with such relays having the
same primary setting and the same characteristic. This means that the relay closest to the fault will have the
highest current and consequently will trip before the others. This protection will trip if the capacitor e.g. stays
with two poles (phases) in operation and one out of operation. This protection usually does not start any
high-speed reclosing equipment.
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7.8 Subsynchronous resonance SSR

A seriss compensated network has a natural electrical frequency in the subsynchronous range. This can
cause resonance with the mechanical system of a turbine-generator shaft. The problem is mainly related to
large turbogenerators, where mechanical frequencies of 10 to 40 Hz are common. Damage has occurred in
service, but has been found to be a very rare event. Hydrogenerators are not affected since their mechani-
cal frequencies are usually below 10 Hz.

Subsynchronous oscillations can be created by switching operations and by faults in a network. Counter-
measures are available that either suppress the oscillations or bring the system out of resonance. As a last
step, a threatened generator can be disconnected.

Subsynchronous resonance (blocking) filters and controllable static var devices have been used to counter-
act SSR but represent very expensive solutions. Small oscillations can be very effectivly suppressed by
means of a suitable exciter contro! system (PSS).

By-passing of the series capacitor, or part of it, brings the system out of resonance, but can have certain
disadvantages such as reduced system stability. Animprovement can be obtained by means of a dual-gap
protection, introducing a non-linear resistor in parallel with the capacitor. The effectiveness of such a me-
thod has been investigated for a 420 kV series-compensated power line connected to a large nuclear power
generator. The resuit was very encouraging. A triggered gap may be need, however, to get the resistor
sufficient fast operative.

Subsynchronous conditions can be detected by means of subsynchronous oscillation relays (7.18) and by a
direct monitoring of the shaft speed and torque oscillations on the generator. A method using thin metallic
pulse bands secured to the shaft has been developed and succassfully tested on large generators. The
pulse are picked up by eddy-current transducers and processed in electronic circuits to give speed and
torsional deviations or derivatives of these. The accuracy is very high. In this way the shaft behavior can be
monitored at different locations, which is also of bensefit during stresses caused by other operating conditi-
ons such as network faults close to the generator, high speed power line reclosing etc. The resulting signals
can be used to control the excitation, to trigger capacitor protections, and to disconnected the generator.

7.9 Placing of instrument transformers

If the series capacitors are located in the end of the power line there can be different ways to place voltage~
and current transformers. The following figures show the most common alternatives.

In figure 7.26 the instrument transformers are placed between the busbar and the capacitor. Here we can
have negative impedance and probably also negative current. A distance protection will have some difficul-
ties if the requirement exists that the protection shall trip before the airgap flashes. The advantage is that
the capacitor belongs to the power line and in the case of a shunt fault in the capacitor the power line
protection will operate. A directional comparison or a unit protection should be preferred. If a distance
protection is used fauits on the adjacent line must also be taken into consideration.

Fig. 7.26: The instrument transformers are placed on the bus-side
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In figure 7.27 the voltage- and current transformer are placed on the power line-side of the capacitor. A
distance protection will in this case not have any negative impedance. It will have a pure line to measure on.
However, if one takes a fault on an adjacent line into consideration, the reach will also be limited to the first
zone. It seems to be necessary to include the capacitor in the busbar protection or have a differential
protection covering the capacitor itself. A distance protection can perhaps be equipped with features so it
can also operate for faults between the busbar and the capacitor. If carrier is used for the protection, it has
some advantages that signalling will not be disturbed by a flashing airgap in the same way as in figure 7.26
where the voitage transformer is placed on the bus-side.

cB CT
-6
3 CvT

Fig. 7.27: The instrument transformers are placed on the line- side

In figure 7.28 the current transformer is placed on the bus-side and the voltage transformer on the
line-side. This is common when there is a 2-breaker system in the substation. See figure 7.29 The
advantage of this system compared to figure 7.27 seems to be that a possible unit protection will cover both
the power line and the capacitor,

Fig. 7.28: Current transformer on bus-side and voltage transformer on the line side

CB
CcT

CcT

CvT
cB

Fig. 7.29: 2-circuit breaker system
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7.10 Applications

7.10.1 Sweden

In Sweden, eight 400 kV power lines are series compensated. The compensation degree varies between
70%-30%. All lines are mid-line compensated. Sometimes the compensation is divided into two banks in
different locations on the power line. All banks except two are protected with conventional airgaps. Two are
protected with resistor-airgap. All conventional ones will in the near future also be changed to the resistor—
airgap version.

The basic requirement for the 400 kV Swedish network concerning protection of a series compensated
power line can be summarised as follows:

Fault clearance time for close—up faults is 80 ms and for faults at the far end 130 ms. Two sets of protection
are used, SUB1 and SUB2, and they are based on different principles. Circuit-breaker failure protection is
installed and its fault clearance time is 250 ms after the occurrence of a close-up fault.

High speed three-pole autoreclosing with a dead time of 420 ms is practised. There is no synchrocheck
except for power lines going to large thermal power stations.

SUB1 has distance protection of the electromaechanical type. It is zone switched type and operates only for
phase-to-phase faults and three-phase faults. It has a memory circuit. The first zone is set to underreach
and the second and third zones are set to overreach even in seriss—compensated power lines. These relays
are considered as a back-up protection. To achieve an overreaching instantantanous zone as recommen-
ded in section 7.4.1.1 for the permissive overreaching scheme, an extra measuring relay is installed. This is
necessary because a switched scheme has only one measuring relay.

The distance protection mentioned above has no impedance measurement for earthfaults. Instead a direc-
tional residual current protection is used and this is connected in an overreach mode. Two zones are de-
layed and are considered as back-up protection in a similar way as with the distance protection.

A sensitive residual over—current relay with an inverse time characteristic is used to detect high resistance
faults, CB pole discrepancy and phase—discrepancy between capacitors. The high-speed reclosing equip-
ment and the circuit-breaker failure protection are placed in the SUB1.

SUB2 consists of a static switched type distance protection also containing earth fault measuring units. It is
equipped with a memeory circuit. This protection operates only in the underreach mode.

A travelling wave protection is placed on the same panel. It has both an underreaching and an overreaching
mode.

Protection in SUB2 initiates high speed-reclosing and circuit-breaker failure in SUB1. Mostly, a common
power line—-carrier equipment with different channels for SUB1 and SUB2 is used.
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7.10.2 Norway

Basic requirements

The protection of the 420 and 300 kV series compensated power lines shall
¢ clear the faults within 100ms
¢ enable single- and three-pole autoreclosure _

Series capacitor, location and protection

The series capacitor locations are selected to ensure the bost voltage profile in the power system. For the
protection, this results in negative relay impedances in addition to several transient problems.

The capacitors are protected by ZnO-resistors, airgaps, and by-pass circuit~breakers. For internal line
fauits, the airgaps are allowed to flash immediately.For external faults, the Zn O —resistors in paraliel with
the capacitors are dimensioned to carry the maximum short circuit current for 120ms.When the energy
capacity of the Zn O-resistors is expired, the air gap is triggered and the by-pass circuit-breaker is closed.

Line protection

The present standard on series compensated lines, and also on the adjacent lines, comprises two indepen-
dent sets of line protection: Main 1 and Main 2.

Main 1 pr t
One full scheme distance relay with the following characteristics/settings:

¢ Impedance starting elements, with quadrilateral characteristic

Separate measurement of direction and distance

Low set residual current detector (370 > 600A) releases the phase to earth measuring units
High set residual current detector (3fo > 1500A) blocks the phase—phase'measuring units

Directional decision is based on heaithy phase polarization and a digital voltage memory
(rectangular wave oscillator sychronized to the pre—fault voltage).

Directional comparison scheme
® Current reversal blocking feature provided

A sensitive resid_ﬁal current relay (3/o = 758A) with inverse time characteristic is included to cover high
resistance earth-faults.

i L ion
Travelling wave relay with the following characteristics/settings:

& Three directional wave detecting modes:

- Independent mode, operating on close-in high level fauits without directional comparison

- Dependent mode with directional comparison. Typical setting of the directional wave detectors:
di > 1500A, du > 40kV

— Neutral current controlled mode, operates similar to the dependent mode, but is set more sensitive
and is controlled by the residual current (3o > 500A)

Measurement per phase

One microwave channel

® Buiit-in back-up three-phase underimpedance relay (one zone), setting comparable to the distance
relay zone 3 reach, delayed 0.9s.
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Comrnunication
The series compensated and their adjacent lines, have two separate communication channels each: one

power line carrier link for the distance relay and one microwave link for the directional wave relay.
Two separate channels are necessary because:

e the directional wave relay operates with "weak end infeed logic".
* the distance relays cannot operate with this feature in series compensated networks.

Busbar protection

There are no special requirements to the busbar protection itself. But, due to the series capacitors, remote-
ly located distance relays may overreach and trip in the second zone if the fault is not cleared instanta-
neously in case of faults between the current transforrmer and the circuit breaker. Therefore the busbar
protection initiates a permissive trip signal to enable the distance relays to trip the remote end breakers
within 100ms,

Unsymmetrical faults, evolving faults and single phase operation of the capacitor protection, combined with
10 + 39 tripping, requires strict single-phase operation of the breaker failure protection.

i racti
For single pase tripping, high speed reclosing with a dead time of 900ms is applied. In case of three phase

tripping, one end is high speed reclosed with a dead time of 400ms, and the other end is thereafter reclosed
through synchrocheck.

7.10.3 Western North America

Series compensation is widely used on the EHV transmission lines of Western North America. Since a
number of different power companies or authorities are involved, practices vary.: However, certain general-
izations can be made.

Both line-end and mid-line series capacitors have been used on various lines. Line-end installations have
typicaily been designed for 35% compensation at each end, but 70% compensation at a single end has also
been used. Older capacitors, installed in the 1860s and 70s use airgap protection; newer installations have
the resistor-airgap type. Line relays for series compensated lings typically use two static protections, of
either the same or different principles, depending upon the philosophy of the operating company. Phase
comparison, travelling-wave directional comparison, and permissive overreach, with either distance relays
or directional-overcurrent relays, have each been used.

For lines with line—-end capacitors, a preference has been developed for installing the VTs for permissive
overreaching schemes at the line-side related to the series capacitors rather than at the bus side. The
advantages which are claimed for this approach are (a) a longer reach can be set on the zone 1 relay,
where used, (b} the negative reactance problem is eliminated for internal faults {cross and memory polari-
zing is relied upon for external faults), (c) where the CVTs are used also for coupling of HF carrier signals,
installation on the line side eliminates the gap-flashing noise from the carrier channel.

Because of the low source impedance at many stations (high short—cicuit power), negative fault current is a
possibility. Most of the relay systems in use rely on protective gap flashover to prevent negative current.
Many also have some means of coping with negative current for high resistance earth faults. These limitati-
ons have proven to be satisfactory in service.
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7.10.4 South Africa

Eskom uses singie and three pole tripping on approximately 80% of their series compensated lines. On the
remainder, three pole only tripping is employed. Fault clearance times for close up faults are 60-70ms, and
for remote end faults are 80-90ms. Eskom has mid-point (50% compensated) and single end-point {70%
compensated} series compensated lines.

Eskom's series compensated lines are equipped at either end with one of two protection schemes, the one
scheme being an earlier generation of protection relaying than the other. Both schemes have duplicated
main primary protection relays.

On the older schemes, these primary protection relays, which are of the high speed electronic type, consist
of a positive sequence distance relay and a negative sequence directional and overcurrent relay. Three
phase fauits are covered by the positive sequence relay and all unbalanced faults by the negative sequence
relay. These schemes are used in both three pols only and single and three pole tripping applications.
When applied as a single and three poie tripping scheme, a phase selector relay is incorporated to ensure
correct phase selection for single pole tripping. On the more recent schemes, the primary protection re-
lays, which are aiso of the high speed electronic type, are "full" distance relays comprising six directional
underreaching (zone 1) measuring elemants and six directional overreaching {zone 2) measuring ele-
ments. These latter schemes are always applied as single and three pole tripping schemes.

The zone 1 elements are used to initiate direct tripping on series compensated lines as they are applied as
hybrid overcurrent/distance functions. This is achieved by implementing a level detector in the operate
signal set according to the capacitor bank gap flashover voltage level. When applied in this way, the zons 1
elements suffer a certain amount of pullback in reach and can be set to 100% of the line impedance. They
wiil not operate for faults beyond the remote terminal of the line, but wili operate for heavy faults close to the
relay location. The zone 2 elements are applied as solely distance functions and are set to overreach the
remote terminal of the line. All schemes have a memory circuit in their voltage polarising signals.

Blocking elements are also incorporated within the primary protection relays. This enables the protection
schemes to be operated in the Hybrid Directional Comparison Tripping mode.

IDMT earth fault protection is incorporated to cater for high resistance earth faults. This protection is also
duplicated on the more recent schemes, but not the older schemes.

A duplicated single pole breaker failure protection is installed on the more recent of the protection schemes
on the series compensated lines (approximately 50%) . The time delay between initiation of the breaker fail
relay and a bus trip output is 120ms for a three pole tripping condition and 240ms for a single pole tripping
condition. For the latter, a three pole retrip command is issued to the breaker after 120ms. On the older
protection schemes, a single breaker failure protection is installed with a time delay of 120ms.

The schemes may be selected via a switch on the panet for fast or siow three pole reclosing. The dead time
for fast reclosing is identical at both ends of the line and is set to 500ms. The dead time for slow three pole
reclosing is set to 3s at the end selected for dead line charging and 4s at the end selected for synchronising.

7.11 Recent Practices and Trends

The attached charts summarize the replies to a CIGRE-questionnaire issued in 1989.
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7.12 Transients on series compensated lines

A network with series capacitors is essentially equivalent to a series oscillating R-L-C circuit which, in case
of faults, is excited to oscillate.
— )
£ s %

Fig. 7.30: Short—circuit loop of a series compensated line

]
r~
O

|
l

The differential eguation of this circuit is:

.\ de] di 1
Em ' sin(wt+ A) =L =—804+ R =50 4+ — [ dt
m ( ) dtz dt C SC

By resolving this equation, the following expression is obtained for the short-circuit current:

Ise :-E-Zm- - sin{wt + A - ©) + e~%t (Ky cospt + Ko sinft)

With the constants:

Ky = Ip —E2 . sin(x - @)
1 z R X R
Ky = — [Em - sin\ — Upgg —— g — Em = cos(A - Q) -~ Emp -—— sin(A - ©
2 8L m co 5 m Z m 27 ( )]
1
= 2 -2
Z \/R + (wL oG } . 1 -
XL = Xc ~
©=arctg g ce=T BENc Tz
Em Amplitude of the feeding voltage
X = oL Reactance of the short-circuit loop
Xe = 1/0C Capacitive reactance of the series capacitor
R Ohmic resistance of the short—circuit-loop
Ueg Potential difference across the capacitor at fault-inception
Io Load current at fault-inception
A instant of fault-inception

The short~-circuit current is therefore composed of a steady-state part and a damped sinusoidal transient
oscillation. This latter has the frequency B and dies out with the time-constant «. It is an equivalent to the
d.c. component which appears in a normal L-R short-circuit-loop.

In figure 7.31 the short-circuit current Ig ¢ is shown for different degrees of compensation (k = Xo/X) and
different instants of point-on-wave fault-inception.

A particularly characteristic feature is the delayed beginning of the oscillations and the overshooting beyond
the stationary value after a few cycles.
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60 Hz

188 kv .
82 0

12.9 0}

f
E
wb
R

Fig. 7.31: Current transients in an L-C-R circuit at fault-inception
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Fig. 7.32a: Short circuit current of a series compensated line, 100% compensation
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Short-circuit at voltage zero-crossing
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Short-circuit at voltage-maximum

i £ . sin (wt+A—0) +E9 g0t . gin ot -'—;- sin (s-8) et . cos Ot

Z BL
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Fig. 7.32h: Short circuit current of a series compensated line, 57% compensation
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