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System planning, cperation and control become
more and more difficult. That is due to four main
reasons:

- electric supply plays a leacing part in
the life of mocern society. so 2 large cisturbance
and, obviously., & black-out can be sericus For the
whole community (interruption of any activity, loss
of money for the manufacturer, risk of disturbing
the public security in large cities...);

- increesing dimensions of the system compen-
ents and use af new technics (mainly nuclear powsr)
are reasons why system disturbences cen have very
large finsncial impact for the utility (repsiring
of dameged system components; starting, as e back-
up, of expensive units...);

- reciprocel actions bstween netwark and
genereting units ere more and more intricate, sc
system operators have less and less mergin;

= lcading of generating end transmissi
facilities 4D to their critical limits cue ta post-
porecd realiscetion of these fTacilities.

50 we can easily understand why ut
have done and zre coing their best to implarant any
means that cen b2 considered (regarcing both expen-
citures and technical feesibility) in order o pre-
vant, detect, sclve critical and dengerous situe-
tions.

The corresponding meens must be ssarchea for
in the planning stege (system lay-out, genaration
sites selection...} and during the design of the
system components (mainly generating units). These
preventive means are to be accompanied by curative
meens, suvch es protective devices and autometic sys-
tems able, in reel time, te detect and to sclve

ritical eng damgerous situaticns or, at lesast, tec
minimize adverse effects of disturbances.

This report is meinly dealing with %he sscong
type of meens [curative pres); so this repors:

- analyses wnat are the criticel an
ous situations that can appear on an elact
tem (local disturbances, such as short circu
global cisturbances, such as freguency crog,
well):

1 Q

- examines, wi
aretective cavices an
them to perferms corrc

with basic gcals [such as repicity, security, sei-
ectivity};

- looks for the possibilities for harmoniza-
tion of the pretective devices of the gsnerating
units anc of the cemponents of the retwsrk; this
to minimize the adverse affects of disturbences for
the system as a whaole.

This report has four parts that are mare or
less self-sufficient. The first three parts are
desling with the means helping to solve a eritical
or dangerous situation. The last part is dealing
with the means helping network restoration.

- The first part is mainly treating fatigue
and stresses of turbine gensrator shafis incuced
oy network faults, switching operations anc asnor-
mal operaticn cenditicns.

- The ze2cond part examines criteriz end equip-
ments for lsclating, In case of disturbznce, gerer-
2ting units from the network. This part takes zlso
into zccount the cese of out-of-step operaticn cof
ong unit.

- The thirc part is ralnly dealing with £is-
sances that can affect en electrical system

Iderec &z & whole. So this part examines
rie for cetecting situeticrms thet are potentisl-
ngarous and states the meens to be used to
the evelution of such a situaticn., This par:
o tekes into account the cese of out-of-step
operaticn between parts of a network.
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- The fourth part examinss the means enabling
ocperators to perform & fest network restoration
after 2 black-out. This kind of stucy is necsss
because & network collepse rust be cersigered as

a

safety and expenditures (that mesans that the pre-
ventive and curative means to aveid a tlack-out can-
not be atcsolute).

It is necessary to point out, as it is dorz all
through the report, that, in almost all the caszs, a
campromise has to be reached:

. Detwszen minimizing the zrdverse effsct af a3
systam disturtence on generating units (mesning that
units should be separated vary guickly from the nat-
work],

. and causing 2n additiormel dizturnance to the
cwverall system if an excessive amount of power is
removed from the syster.



1 st PART

THE EFFECTS OF HV NETWORK FAULTS AND SWITCHING

CONTENTS

Pegs
1. 1nTPODUCTION 5
2. TURBINE GENERATOR TORSICNAL STRESS PROBLEMS
2.1, BASIC PHENOMENA
2.2, INITIATING PHENGMENA
3- MEASURES TO PROTECT THE TURBINE GENERATOR SHAFTS AGAINST 7
EXCESSIVE STRESSES CAUSED BY SYSTEM DISTURBANCES AAND
SWITCHING EVENTS
3,1, GENERAL
3.2, PREVENTIVE MEASURES
3.2.1, Preventive measures =gains:t high cycle,
low stress fatizue
3.2.2. Llire and Unit Switching Actions
3.Z2.3. Preventive meesures 2zsinst low cycle,
high stress avents
3,3, P=OTECTIVE MIASURES
3.3.1. Netwerk Protection
3.3.2 Sushar Frotection
3.3.3. Protection Operating Time
3.3.4 Autoreclcsure Practice
3.3.5 Generatar Protection
b, TORSICMAL STRESS MONITOR '
5. CONCLUSION T

5. PROPOSAL OF WORKING GRouP 34,01

REFERENCES 12



1. INTRODUCTION

The power generating units and the transmis-
sion netwcrk operate as 2n interaective system.
Faults end switching acticas in the network cause
electrical system tramsients which stimulate tor-
sional cscillations zlong the turbing generator
shaft,

In the past, the generator thres-phase termin-
al short-circuit was considerec es the most eritic-
a2l mechanical stress condition for the turbine
generator unit.

Intensive investigations of torsionzl stress,
esteblished that even higher stresses can occur
on certein network faults and switching sctions end
that the turbine generator shatt is endangered by
plastic deformation and by cumulative fatigue
damage and consequential reduction in life ex-
pectancy. This problem has gained considerable
importance with the growing size of turbine gen-
erators anc the increasing power system short-
circuit capecity.

Further, subsynchrconous resaonance and sub- .
synchronous pulsating elactrical corponents can
cause long lasting leow amplituce shett vitrations
which may be cumulative ang ceuss dangerous loss
of fetigue 1ife.

As concerns system cperetion and protectien
2 convlict situetion is obvipus and asks for e
belancec sclution,

On ths one hend, whan necessary, one should
trip the generating unit =5 fest as possible on
cccurrence of a network disturbence end reduce
the ameount of switching zctions ic save life-time
of the turbine generater shaft.

Cn the other hang, cre should keex the power
generating units as long 2s possitle orn the system
tc maintain stability anz continuity of the power
supply. Eut, one would have to accept certain
risks of plastic deformztion of couplings end
shafts anc cof shaft fetigus in this case.

From the protection point of view, one should
lacreese tne speod and decandatbility which could
imply socme loss in security.

The synchronizing check conditions should be
nede more secure {smallsr angle, lower voltage
ifferencel.

This however implie
.

e certain risk to the
system integrity due 5

©
scssible:

i
al
~ loss of gereration end transmission facil-

- blzeking of resyrghroniza tion of generation,

2, TURBINE GENERATOR TORSIONAL STRESS
PROBLEMS

BAEIC FHENOMENA /5, 14, 18/

2.1,

The torsicnal stress problems of TS5 shaft are
caused by:

- sustained subsynchrencuys pulsating electrical
components in the network or subsynchrancus
resaonance,

- feults end switching actions in the netweork,

- out-of-step cenditions.

The stress problems can be qualified as:
possible loss of fatigue life,

- possible occurrence of high torques,

If the stress conditions last too long or occur
too frequently, considerable expenditurs of 1i+e
time ar even camage to the TG shaft could be ex-
perienced. Two instances of TG shaft damagz cue
to subsynchronous resonance have been reported /10/.

Due to the high inertia af the gensrator ang
turbine rotors of thermal units and the low camping
of low freguency oscillations, shafts are suscep-
tible tc excitation of low freguency.

Turtine blades could be susceptible to excit-
ation of higher freguency oscillations (100/122Hz)
732/,

Probleme of torsional stress are most imoortant
for biz tnermal generating units, whereas hycre
generating units are eguipped with turbines with
higher stiffress of the sheft and of relative szell
inertie of the rotor in ressect to that of the
generator.

For thermal vnits, the critical size for +h
described problems seems to te apout SO0 MVA &
higher.

This is due to the fact that:
- for generators of such lerge size, the strecssas
at rated pewer are high because of the incra
density of current and flux,

- the stifiness of the sheft decreases with growing
machine size because incressing of the rated powsr
by enlarging of the dimensions of generating units
can anly be achieved by increasing the length of
the shaft,

- these large units are connscted to AV netwark of
high short-circuit power.

2.2, INITIATING PHENCMENA

The impect of all opersting disturbances cz=r be
categerized in terms of thke number of successive
electrical (air gap ftorgue] tramsisnts /14/:

Class 1 - B5ingle torsicral excitstion
Class 2 - Double torsicrel excitation
Class 2 - Multiple tcorsicnzl sxcitaticn
Class 4 - Torsional respnence

& typicel guantificaticn of the impact sf tne
differant fault conditions =znc swiiching cpsraticns
an the torsional tatigue of steam turbine generator
shatts is given in the following Table (from CIGFRE
Peaper 11-0E., 1880%.



Fauit Conditions and Switchdng Operetans.
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As regards network faults, these
anc rultiple torsjonal excitation are
tc ferigue end high torgques much mare
feults with single excitation.

with double
in relztion
severe then

The rezson 1s that in case of doucle enc mui-
tiple excitation, each excitation may have such
svell phase shifts that cach stimulation acts
the a=plifylng sense anz the resuliting cscil
torque can reech 2n extreme high level.

in
[
T,

rg

In tre cese of @ fast cleered short-circuit in
one clrcuit of & multiple cennection between gENES-
ator anc network, the follewing torsioral escita-
tions will be experienced by the shefi:

1. Fast negative Jump oF the air gap torgue of the
generater at faelt jnception. The megnitude of
this Jumg depends on:

- ithe load of the generatcr before fault
inception;
the remaining average lcad of the gererator
during the fault,

2. First 50 (80) Hz alternating air gap toroue after
fault inception due to the OC component cf the
short-circult current in the stater.

3. First 100 (120) Hz eltermnating air gap tcrque
curing the shert-cireuit due te the inverse compc-
nent of the short-circuit current in the s ator in
cese of an unbalanced fauit.

4. First chenge of the air gap torgue cdue to velt-
age regulator action after fault inception.

[
=

First change of the turtine torque cue to speed
control action after faglt inception.

B, Fast Jjump of tHe
voitege recovery at
the mcment of fault

2ir gap torque at the moment of
the generator terminals at
clearing,

The sign and megrituce of this Jumo of the tcroue
cepencs on the Jump o&f the statar current at the
mement of voltage recovery and therefore depends on:

&. the

the

angle between the EMF of the generator ang

gquivalent {THEVENIN] EMF of the nelwcrk,
B. ihe Impedance between the EMF of gererator anc

network and se on the subtransisnt reaclance

of the gemeratar, the reactarce of the step-up
transformer anc the sscri-circust the
ngtwork,

ower of

The angle at the mcrant of veltage recovery ce-
rengs on:

- the

-~ the

- the

the

fault clearing

sSarte,
time.

7. Second S0 (6C) Yz eilterneting air gep tomrque
efter voltage recovery cue to this voltage re-
covery on the generatcr,

8. <Seccnd 100 (1201 w2 alterneting sir gap torque
due to the fact that & circuii-treasker does not
interrupt the three preses at the same tire.

8. Second change of e air gap torque cue to
voltage regulator sction after voltage recovery.

10, Secong change of turbine torque due to speed
contrel action after veltege recovery.

This 1s an extensive
imgortant for the shads
and B,

history of events, the most
duty are excitatipns 1, 2

If the angie betweer generator £MF and the net-
work EMF gets too nig~, out-cf-step operation may
occur with acgitional excitations af the shaft.

If fast autoc-reclescre is appliec end she re-
clesyre is unsuecesstul, acoitional excitations of
quite the same types es menticner above occur.

Studles performec by utilities and manufacturers
ceronstrate that extreme higm risks te the gener-
ating units can otcur in case of three-phase faults,
i1¥ fast three-pele autc reclcsure {RSR) is applied
on:

= ilnes of the netwzfk

4
in
f2ults on shart electrical ¢

ctase of three phase
istance of Big units,

connection lines -e*ween geErerating units anc
the network /3,41/.



3. MEASURES

SIVE
STRESSES CAUSED BY SYSTEM DISTUSBANCES
AND SWITCHING EVENTS
3.1. GENERAL

Excessive stresses in shaft give rise to the
protlem of :

- plastic deformation of couplings and shefts
742/

- shaft fatigue.

The shaft fetigue problem is discussed warld-
wide/31/. As results from answers to e CIGRS
5C 34 guestionnaire, practically all wtilities
having stegam turbinre units larger than about 300 MVA
are concerned by the possibility of shaft fetigue
tamage. However, a genersl consensus on the quan-
titative amount of loss of fatigue life and suitable
countermeasures has not yet been achieved.

This may be due to the following reasons:

- Network disturbances which could cause high
fatigue damage in one incident {a.g. 3-phase fault
clesrsnce or false synchronizetion) sppesr very sel-
dom., The worst case is hoped never to appear or at
least to be tolezrated cue to the very low protanil-
ity of occurrence.

- The cumulative effect of loss or fatigue life
can cnly be estimated by scphisticatec probability
studies /11/. The modelling and simeistion prograrms
invclve a large number of parsmeters which scatter
cansiderably [(e.g. fault statisties, network pera-
maters) or are atfected with 2 significant urcer-
tainty (shaft metellurgical propszrities).

- In order %o limit the studiss to an econooicel-
ly Justifiable excense, simplificetions have to b=z
made (gensral population of fault statistics, cons-
tant fault rates, even fault distribution).

- Thus, prosebility methods may be useful to
develap general strategies {e.g. guealitstive com-
periscn of different sutoreclosing practices /347,
but will be difficult to aspply ir the indivicuel
practical case.

- The determinatiaon of fatigue demags and cor-
responcding life expenditure is an extremely ccmplic-
ated matter /8/. It depends not only cn steel
meterial properties, but alsc on the manufacturing
and cperating history and on the nature of the
applied stresses /14/. The existing sophisticatec
calculation methods for conversion aof & shaft toroue
history into the corresponcding loss of shaft life
(stress 1ife time curve, Rain Flow Metheg, etc.}
must therefore be correctec by practicel englneering
factors which lze< to cormsiderable uncertsinties
gspecially when they are not based on the manufac-
turer's design knowledge and experience.

The present methods and programs pernit the
guantitative comperison of the impact of different
network disturbances and of the effect of counter-
MEasuUres.

Further cate must be collected from in-service
stress menitaoring and evaluation equipments to
allow a maore accurate cumulative fatigue demage
assessment.

- All messures must be harmonized as to their
effect on genersting units and the transmission

netwerk. In meny cases, measures have an opposits
impact., In case of a network disturbance, an
earlier separaticn cof the turbo generator unit from
the gric provigdes nigher security egainst fatigue
damage but increeses the risk to the network (ip-
tegrity, statility). A delayed separatian backs
the grid integrity but bears the higher risk of
fatigue camage at the turbo generators,

The problem of decision is, therefore, often wvery
complex and may, for the same problem lead to
contrary decisions depending on the individual power
system conditions. One example is the criterion
far tripping the turbine generator unit in case of
an out-of-step concition. Saome countries intend tao
keep the machine cn the system even for a larger
number of slip cycles (France vp to 20 at the present
timel to enstble a controlled network decoupling in
favour of grid stebility. The majority of utilities
with strong networks and most of the menufacturers
require an uncelayed trip of large units in the
first siip cycle to gprotect the turbo generator
shaft ageinst leoss of fatigue 1life.

Though there ars some uncertainties which concern
the sccurate absolute values of loss cf life per
incicent, the order of magnitude 1s generally ac-
cepted,  This is established by the fact that the
Figures pu! lished in cdifferent pzpers /3, 14, 31,
32, 37/ show comperaole values in this respect.

In the following di=zcussicn of countermeasures
against loss of fatigue life we distinguish between
the lew-cycle (high stress) fatigus and the high
cyczle {low stress) fatigue.

The low cycle fatlgue is caused by a lower number
of high stress amplitudes which ccour with heavy
disturbances 2nd consume a high amount of fatigee

ife per incident. From Table 2. wz can take
the most severe low cycle incidents:

Tapie 2
Ineigent C.anSs.umpuon of snafr
fatigue iife per incident
False syncnronization . <20 %

Close-in thres.phase fayly i
ang clearing

Nonsuccessful highspeed reclosing -
- . up to 100 %
into a clese-in three-phase fauit

Pole Slipping after a severs

Faull <20%*

* order of magnitude im a very unfavourable

seconas out-of-steo at full loaa.

case, sucn as §

high cycle fetigue is cherscterized by a high
of lew torsicnal amplitudes. It appeers

whern a ceontinuous sunsynchreonous excitetion exists
in the netwcrk (subsynchromous converter cascades.
or 2 subsynchroneus resonance oeccurs (series campen-
sated netwerk), The worst cendition happens when
the exciting freguency coincides with a natural
torsional shaft freguency.

The
nurter

High cycle fatigue also occurs with incidents
certaining & low number of relatively small stress
amplitudes but with a high repetiticn rate of the
incident itself like with switching ections.

In the following we distinguish between prevent-
ive end praotective measures.



Preventive are all mesasures which help to orevent
the occurrence of plastic deformation anc fatigue.

These measures can be providec in the grimary
(HY) system, e.g. a better lightning protecticn to
reduce the number cf favlts. Meesures arrangec in
the secondary system (control system, monitoring
system) or in the tertiary system [(loed dispatch)
are also considereg as preventive.

Protective are all measures which help to clear
the dangercus situatlon which has arisen, with
ceonseguent minimization of deformation and loss
of fatigue life.

These measures are psrt of the 1G6-Unit angd net-
work protection and the sutoreclecsing system.

3.2. PREVENTIVE MEASURES

The following points should be considered to
prevent plastic deformation end cumulative loss of
fatigue life.

3.2.1. Preventive measures egeinst high cycle, low

stress fatipue. Avoid resonant conditions

The power system should be checkecd for potentiel
excitation rechanisms., Applicetion of series com-
pensation can lesd to subsynchronous rescoance.
This is now a wall-known affact which has caused
two shaft failures in the Mohave station in Mevada,
USA, im 1970 and 1871 /10/. The advantege of
higher transmission capability must be w2ighec
ageinst the danger to TG~Unit shatt,

Control systems encd devices have been developsc
to damp the subsynchronous cscillations. Other
devices use a current relay which detacts sub-
synchronous componsnts in the generator current and
initiates corrective actions (e.g. removal of a
portion of series cepecitocrsitefore any significant
loss of life occurs /32, 42/.

Controlled rectifiers anc converiers can cause
subsynchronuus pulsaeting components in the elsc-
trical torgue of the generatar which result in
tocresionel resonance. A cass iz reported where
power converter controlled asynchronous motors
(boiler feed wztar pumps) caused torsional vibra-
tions in the turiine generatar /37/. The further
excitation of these vibraticns has been avoided
by guickly passing the critical speed range of the
pump. Stimuletion of torzional subeynchronous re-
sonance has peen found to be caused by HVDC system
inverter banks 741/, The rectifier control system
had to be changed in this cese.

Such vibratjons of small amplitude with a large
number of loacd cycles cen only be detected by con-
timuously monitoring the torsional duty of the
s5haft. The sensitivity of the monitcr mest be set
beiow the fatigue endurence limit of the TG-Unit.

3.2.2. Line and Unit Switcning &ctions

Switching actioens inm the powsr system cause
active power changes at the TG-Units which stim-
ulate torsional wvibrations,

Factors like pre-event lecading of the machine,
proximity of the gensrator to the switching point,
etc., determine the torsicnal stress amplitudses.
These vibrations last for tens of seconcs due to
the weak damping of the TG-shaft.

&

Torsional shaft oscillations which exceed the
stress endurance limit build small leoss of fatigue
1ifa increments which can accumulate to remarkable
logs of life figures. For a plant with several
outgoing lines, 1t was estimated that the unit may
experience 10 to 40 shocks per year with average
AP velues petween 0.1 and 0.3 p.u. /327,

A "Screening Guide for Planned Steady-State
Switchling Operations to Minimize Harmful Effects
on Turbine Generators” hes been published by
I.E.E.E., /34/. The recommended guicelines permit
a maximum AP or AI of 0.5 p.u., per switching
action. This provides for a Iimitestion of the peak
regligible loss of life in the orcer of 0.01% per
incident.

It would be of great advantage 1f future
centrol and monitoring systems with on-line load
Tlow and state estimatinn programs would alse
provide /32/:

- the capebility to select the switching
2ctions cn criteria which result in a minimum
stress to the TG-shaefts,

- the capablility to adjust the loading of the
generaters and lines so as to minimize thz severity
c¥ the switching svent,

Howaver, 1t should be kept in ming that the
ropoged minimization of stress would naturelly
2sult in reduced switching freedom, which could
he dangerously limiting in the emergency cese.
natabis
on both
impedance.

This
erence of angle between the voltage

2s of 2 trensmission facility of low

2.2.3. Preventive measures agsinst low cycle.
stress events

high

These meesures are mainly zimed at events lika
false synchronizing, & three-phase fault angd beck-
Jp clearance or a fast three-pole reclosing sfter
g close-in three-phase short-circuit, which can
consume & very high emount of fatigue life per
in and can cause serious deformetion of coupl-
i shafts,

& Improved TG-Unit Canstruction

Up to now, the generator terminal twa ang
three-phase fault is the cdesign criterion when
assessing the impact of electrical disturbances.
Scmg countries (U.K., fFrance, Sweden) seem to lock
for the 120° felse synchrecnization as an additional
sign criterien /33/. In the U.X., studies are
irected towards the use of shear bolts on special
25 shafts between the maln sha¥t secticns design-
to sheer at torgues greater than the targues
rresponding to the generetor terminal fault,

LU T )
(3 I =L BT () B4

A manufacturer ststement considers, however,
5 chenge of the design criteria as premeture es
czleulation metheds end the determinetion of mater-
2l characteristics are in an zarly stegs of cavel-
e

b. Imprevements in the transmission network

Measures against conductor gelloping and im-
provements in the lightning protection can be pre-
pesad.  Some utilities apply speciel precautions
curing maintenance and repair wark on lines anc

In one country, corsideration is being given



to connecting large TG-Units through two half-sizeg
mrein stap-up transformers into separate network
parts or twa separats busbasr sections which are
gecoupled in case of & clese-in multiphese fault.
This maasure shall keep a miniman load on the gan-
grotor to slow down the retor sczeleration during
the fault time ond, therefore, reduce the resyn-
chronizing shock at the instant of fault clearance.

c. Irfluence of regulator

Tt can be assumed that the voltege regulator
as wall as the turbine regulstor and fast valvinrg
have no significant infiuvence in case of instantan-
eous fault clearing (< 150ms} and HSR /31/., Thus,
the impact of the most critical low cycle fatigue
ceses (three-phase fault c¢clearence sng uvasuccessful
HSR into & three-phase fault} cen harcly be lowered
through regulator systems.

2,3, PROTECTIVE MIASURES

The retwork pretecticn must guarzntee a re-
lianle anmg oulick Feult clesrance toc prevert molticle
torsional excitation which could cause plastic de-
formation, high loss of fatigue life or even sheft
crack initiation in the worst case. In case of
transient faults, the tripped line must be restorsac
2s fzst as possitle 1o prevent network instability
and to ensure a continuous supply of energy. The
reclesing practice, however, must te hancled care-
fully in orZer to evaid an amplifyling cf the fault
induced torsicnel shaft cscillations., This may
recuire soeme restrictiorms in the reclosing pregram.
The generetor protecticn should enly come into
zcticn when the netwcrk preotections fa21i %o cleer
the fault in 2 precetermined time or when high cycls
failigue siress encangers the shaft [subsyncnronous
resonance in the networkl.

Netwcrk Frotection

A widely practisec way toc {ncrease the prot-
ecticon cCepencability 1s tc provice two reduncant
line protectison systiems which opercte (n a 1 out of

-

Z cannection.

These protections should preferably have oif-
ferent operating principles, e.g. distance protec-
tion and phese comparison protection or cifferen-
tial protection.

The protection system must especlelly te
cagable of providing fast clearance In the case of
‘aults.

clese-in meltiphase

>~

Maxinum Shalt Yorqua Toae. (pul
-

The worat congditicns occur whan the circult-

broaxer {s closed onto an earthec feacer. The

istance relays should, thersfore, be squipped with
a voltage memory to ensure correct directional
reasyrement with clese-in three-phass faylts., The
distance protection should further be proviced with
a so-called "switch onto fault facility", {.as.
with closing the breaher, an offset zone or the
storting elements shovld be releaseo to trip for

s short time interval {e.p. 200 ms),

3.3.2. Busbar Srotection
Busbars ere equipsed with a fast busbar prot-
sction. It is nmot usval to double this protection.
On the contrary, a check-zone is sometimes provided
which is connected to focrm & two-out-of-two scheme.
Here, the trend goes tc more security teo avoida the
risk of lesing a2 larger ~umber of feecers. In cases
cf high short-circuil oower, however, high set
current releys or short zone distance releys sre
sometimes ysec to cescozie bus sections te recuce
the “wvecltege reccvery e<fect® om the torsional

.

stiress Inf{tiation,

3.2.3. Frotection Joerating Time

The torsionel Ircact depends stirongly on the
precise Instant when the fault Is cleared relative
to the sneft wvitretions excited by the fault in-
cicence. The following figure {from /14/) shows
the typlcal course of the maximum shaft torque as
a functicn of the faull zlearing time.

The curve exhibi+s an vpward trend, indicat-
img that ihe ¥y of more severe snaft
stress Increates with the fault ¢leering time. This
is cf courss cue t¢ U

—— <t
srooabil

+

TL theat the generator
t the system wvoltage

ia

E

EMF-phaser advances agzlns

phascr proporticrelly toc the fagit duration. How-
ever, it can alsc be czen that reduction cf the

facit clearing time irn the arder of one or twe
cycles will nct necessarily lead to lower torsionel
stress. This is due %z the undulatcry course of the
time siress curve.

The expense for further recduction of the feult
clieering time (& 100ms) may thus not be Justified
if only torsioral shafif stress is consicersd. The
cdecisive criterion remains the critical fault clear-
ing *ime, determined by the stability limit es-
peclally in weeh netwerks, and the possible re-
duction of the beck-up rrotection times (e.g.
brezker fzilure pretection],

Fault clearing times higher than astout 1%0ms
however, £an cause Cargerously increesed torsionsl
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shaft stress and can leac tc 2n out-oi-steg situa-
ticn of the TG-Unmit with the risk of nigh loss of
fatigue life {up to ebout 2C%, (see remark at the

ccttom of Table 2).

3.3.4, Autoreclosure Practice

Reference N®11 cefines a variety of reclosing
strategies. The calculatiors cescribed in this
reference have shown thet the unrestricteg high
speed reclosure {(HSR) can cause high losses oFf
fatigue life and even shaft crack initiation 1in
case of an unsuccessful HMSR into a three-phase
fault close to a power statien. Few years ago, it
was generally accepted thet HER should nct be per-
formed eon lines terminating at power stations; at
the present time, some utilities have backacd away
from this strong position., There is also increes-
ing use af high speed check synchronizing to centrol
HSR.

A further means to recuce the impact on the
TG-shaft is to apply "delayec reclosing”. OJelay
times of about 10 seconds are recommended te a2liow
the damping of the shaft oscillations.

The "Sequential reclosirg" gdesignates a prac-
tice of reclosing first from the enc whick 1z re-
mate from the plant, after whizch the olant enc
breaker is closed automatically using synchrocheck
relays, This gractice lowers the risk of closing
onto a clese-in fault, howsver, it is of lsss
benefit in closely interconnzcied power systers
where practically all lire %terminels ere elzciricel-
ly cleses to large TG-Lnits.

"Selective reclosing” is e practice whare HSR
is =2llcwed only for single-phese or single and
phase-to-phase Taults. Herewith, the dangerous
case of HSR into a three-phase fault is siiminstac.
This stretegy is becoming mars popular.

The practice with the lowest impeact on the
TG-shaft is the "single-pole autoreclosura”. The
loss of fatigue 1ife increments are here telow
0.1% per incident.

Many utilities heve chargec tc more conservat-
ive recleosing practicas es & consequence af the
recognized potentizl for excessive sheft fatigue
duty from HBR /3,11/. An I.2.£.E. working zroup
is organised to develop guidelines cn recolsing
practices.

Eazch TG-Unit 1s 2xposed tc 2 high number of
torsional fetigus incidents during its life tirme
(say about 40 years]. The amcunt of fatlgue
loss in this time depends on & lot of param
like fault statistics. autcrecleosure pract
system perameters, TG-shaft material props
etc.

———UNSUCCESSFUL RECLOSURE
,-chw = T——SUCTEESFUL RECLOSURE
=L =T i
=iodo !
S s SAed !
< £
£ <of Y
fa
bo I
3| @ Q4 10 169 100
2 SHAFT FATIGUE LIFE CXPEMDITURE. %,

L-G single-phase earth fault
L-L-G: double-phase short-curcuit + esrth faglt
30 three-phase short-circuit

The cumuleteg lcss of TG-shaft fatigue life can
be estimated by probability celculation methods
{Monte Carlo methoa). Thus a compariscn of the
cifferent typss of 2utareclosurs is possitle as
regargs the impact on shaft fatigue cuty /11/.

Tre earlier figure shows 2 typical diagram.

Though this method may be questionable as to
the gquantitative accuracy in the individusl case,
it can be useful to develop and compare different
siratzgies of autorzclosure.

3.3.5. Generator Protection

As outlined in Section 2.2., the delayed clear-
ance of a clese-in threze-ghase Teult cen sndanger
couplings and shaft line by the risk of plastic
cefermation and cause & considerable loss of fatigue
life.

In some countries (Germany, Belgium, Nether-
lancs, Switzerland, Dermerk]}., & genersastor beck-up
protecticn is used to trip the TG-Unit in the case
wnere the network protection has not cleared the
fault within a set time of sbout 90 to 150 ms,

The measuring criteria are:

- high regative jump of active power

- high overcurrent

- low resicual voltage at the high voltage
Sustar of the plant.

The setting is determined on the besis aof tor-
siznel fatigue calculatiaons. A typical setting mey
jo1=H]

4P = 0.8 p.u.; U<D.4 p.u. R Y WN;|> 150 ms,

A high loss cof fetigue life must bhe expected
(u4p to 20% accorcding to pege’ when 3 T6-Unit falls
cut of step aftar 2 three-phase short-curcuit ang
goes intc pele slipping cparatisn 37/, Most
msnufacturers recuire the tripping of the unit in
the first slip cycle.

For this purpose an out-of-step protection relay
must be provided. The classical out-of-step relays
trip, when the swing impedance lacus crcsses the
urnit step-up transfcrmer,

In some countries (e.g. Frence) the TG-Unit
is reguired to stand several pole slips and up to
now tripping 1s initiatec after a predetsrmined
number of slip cycles.

Here & deviaticn of opinions about the with-
stand capebility of TG-Units and af the scceptable
rizks of fatlgue cdamage, shouwld be clarified by
farther studies,

4, TORSTCHMAL STRESS MONITOR

Equipmant using cigital enc analog computer
technigues has been ceveloped for permanent monitor-
ing ¢f the torsional duty of couplings enc shafts
of generating units.

A torsional stress monitor calculates on line
“ne torsiornal stresses and the allied loss of
fatigue cue to faults, abnormsl operating conditicns
anc switching operations in the power system,
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As menticned in Paragraph 3.1, gredictlive estim-
af the torsionzl duty of snaft lines of gen-

ng units during their service 1life is very dif-
L.

a0
=)

o

So the opticns differ about the necessity of
protective measures anc the setting of such protec-
tions.

With respect to the sbove mentionec arcblems,
it could be of importance to equip, In general,
large generating units with this equipment to gein
experience sbout stressing of couplings and shafts
by disturbances and to moniter the expenditure of
fatigue life.

The output of this equipment could also be
helpful:

- i1f a cecision needs <c be taken during the
service life of a genersting unit as tec whether it
is necessary to Install a protective relay to caver
an extreme sxpenditure of fatigue by the stress due
to one disturbance.

Example: If, after say 12 years of service, the
manitering device indicates a loss of fatigue 1life
of, for example, BO%, and & orectical risk exists
thet a further 40% be locst by conly ore cisturbance,
shouvld appropriete protazction be providec

- in an ettempt to compere the risk to both
the shaft of the unit and the integrity of the power
system by adapting the setting =¥ the fatizue prot-
ection guring the sarvice lifs oFf ths gensrating
unit,

Example: If after, szy, 12 years of service, the
monitering device incicates a loss of fatigue life
of, “or exemple, only 20%, while the protective
relay egainst fatigue failure limits the loss of
fatigue life to & meximum of about 12% oer one se-
cure disturbance and such 2 disturtence is consider-
ec to occur cnly seldom, then the setting of this
Frotection could be made less restrictive. In this
€ase the risk to the integrity of the powsr system
cecreases without an intcleratle increese in the
risk for ths shaft,

5. conclusion

GEMERAL

wWorld-wide attention is paid tc the problem of
the risk of pccurrence of high torsicnal stresses
in couplings encd shafts ¢f large gensrating units
due to faults, abnarmel operating conditicns zna
switching cperations in the power system.

Trese stresses cen give rise to plastic deform-
aticn end fetigue. Computer programs are available
for stress celculation, torsional monitoring eguio-
ment cen record the stresses irduced by disturaances
and protective devices are developed to switch off
gensrating units from the network if the risks o
the units are tco high.

further, more restrictive three-shass autors-

closure policies can be ecdepted for lires Sirectly
cannected with power plants.

SALANCE DF RISKS

Oue to the asbove mentioned risks to the gener-
ating urlits and the consequent restrictive policy

which applies toc unit protection and reclcsure,
there is a growing trend towargd decreesed integ-
rity of the power system. This is hardly acecept-

abla.

To minimize this adverse effect of aoplying
lerge generating units one should try to balance
the risks of deformaticn engd fatigue ta the shaf-
and the risks to the integrity of the power system
due to preventive end protective measures sgainst
ceformation and fatigue.

Predictive estimation of the risks to the
shaft {s difficult for two reesons:

First: The torsionel stresses depend strongly on

the type of disturbance, on the moment of
fault inception/fault clearing/autarecleosure, on
the pre-fault load, etc.

Thus these stresses cepend on events of large-
ly stochastical neture. Also only stetistical ir-
formation is available for estimation of the numter
of =zach type of netwark disturbance applied to the
shaft during the service life of the generating
units.

Secord: Computer programs to celculete the strosses
curing and sfter the disturbances ars avai-
lzble but a sufficiently orecise evaluztion of
these siress time functions into terms cf shasi
fatigue is still a problem. To make it mere com-
plicated, there is a significant scatter in the me-
cheanicsl propertiss of couplings and shafts,

TORSIONAL STRESS MOWNITOR

Computer based torsicnal stress monitors
containing assessment of stresses and fetigue are
aveilable on the market /38/.

These devices provide & complets history of
the torsional duty of the monitored tursine gener-
etor as well as for high and low cycle guty, if
installed before the beginning of operaticn of the
generating unit.

The autput of these equipments cculc be usad

to bslance the risks to the generatinmg o 5 and o
the integrity of the power system.

b, PROPOSAL OF WORKING GROUP 34,01

This Paper states the present state-of-the-
art in a s5t111 evalving figld,

Howevar, in many countries an increasing
nurbier o7 large gererating units are or will come
into service.

With regerc to high stresses in coupiings
ang shevts most ef these big units are susceptitle
to cisturcances in the nretwork. Thesz units are

cften strongly interconnected.

At the occurrence of & three-phase short-
cirzuit there is 3 risk of 2 simultanecus %ris of
e number of large units by their proctection against
deformaticn or fatigue of the shaft. This is &
serious risk for the integrity of the power system.

Considering this, Working Group 34.3% pro-
poses Lo form @ Working Group with mamtcrs of
Stuoy Committees 11, 32 and 34 to issue & joint
Paper dealing with all the aspects af this topic.
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2 np PART

"CRITERIA FOR ISOLATING POWER PLANTS AND EQUIPMENTS
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CONDITIONS OF VOLTAGE, FREQUENCY CR OTHER”
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1, GENERAL

The continuity of supply to the consumers de-
psnds on the overall availability of both the gen-
erating units and the transmission and distribution
system.

A fault occurring in one of the components of
the overall system:
- causes camage to the component in gQuestion,
- may endsngser outside adjacent equipment.
- may endanger the goad operstion of the sys-
tem 23 a whole,

Elimination for trip) of 2 faulted component

from the overall system:

- stsos further camage to the fzulted component
{t5elf,

- reiieves the Cenger from the fault tc the
cverall syster gperaticn, tut creztes & new
cisturtence due to the funciicrel elimin-
etion of the feulty comporent.

Elimination {(or trip} of an encangered component

from the system:
- relieves the equipment from the canger in
question,
- cayses an adoitional disturtance for the over-
all network operation, due to the functional
elirination of a heelthy component.

S0 the corrective ections in cese of fault must
establish a compramise between the peositive conse-
quences (minimize damege tt equiprent} and the
negative consequences (danger for gverall system
cperationd.

This part of the report dezls with the above
menticned consicerations fcr the generating units
with respect to the network.

Criteria for intervention on a generating unit
are the following:

- faults in the generating unit itself, {.e.
below the HV breaker connacting the generator to
the network:

. Electrical,
» Other,

- disturbances in the cutside system, endanger—
ing the genereting unit:
. Faults,
. Abhnormal service conci<iens e.g. low
frequency.

2, FAULTS INSIDE THE GENERATING UNIT ZONE

2.1. POLICY OF INTERVENTION

2.41.4, Direct consequences of fault itself

- Damage to equipment of the units Is proper-
tional to the severity of the event [e.g. fault
current} and the cduration. One should 2lso note
that, acccrcding to type and location of the fault,
the repair anc outage times cen greatly very {e.g.
compare a phase-to-ground faull on cverheac connect
tion between step-up transformer anc HV treaker
with @ stator sarth fault fn the unit).

~ Cemege to outside equipment

In general, only high current fayit phenomena
may sffact the outside system, particularly faults
at HV side of step-up transformer.

- Canger for the good operaticn of the overall

system, Same remark as for damage to outside equip-
ment,

2.1.2. Consequences of fault clearing by unit trip

- Unit trip stops further damage to the affect-
ed equipment and 1limits the repair and cutage times.

- Unit trip alsc eliminates danger to adjacent
equipment (provided there was some danger).

- Unit trip eliminates the danger for overall
network operaticn due to the original fault, but at
the same time creates a disturbance to the network
due to the loss of unit production.

2.1.3, Eeasic consicderations of intervention policy

« Fer high current urit faults, during which
aisc aziacent gquipment may Le encengered and
rossibly 2lso the oversil network cperation, one
shoule proceed to immecietely trip the unit, both
Sor ingide demage limftation and outsice disturbance
limitation {lces of production will be less severe
than the possible damage caused by the original
fault.

- For ell other fauits and conditions, the
resulting camage (when not tripped irmedietely)
shoulc be weighed against the overall network
ccnsequences assoclatec with the loss of unit prod-
vction {when tripped].

- If en fnternel f=2ult is fed Ly the generator,

tners is nc point in lsiancing the unit with its
ayxiliaries as this woulc not eliminate the inter-
rnal fault.

Z.2. ZHUMERATION OF INTIRNAL DISTURSANCES AND
USUAL METHODS OF DETECTION

Z.2.% Electricael cisturbances

2.2.1.1. Phase-to-phase faults /1,3,4,5/

Phase-to-phase faults in generating units are typical
igh current favlts, and may therefore also affect
the HV netwaork, particularly if the fault is

situated at the HV side of the step-up transformer.

Fessible consequencss:

- high dynamic and thermal stresses,

- considerable dacege at the fauit location
(particularly {f fault situated inside the
generator itself),

- network voltage drop (mainly for HV side
faults) and assccisted provlems.

Methoos of detectlon:

- generator differential protection (for faults
inside the generator),

-~ cverall differential protection (faults in
genetator or step-up transformer),

- uncerimpedance relay connected at the MV side.
A first zone of such relay, covering up to
part of the step-up transfermer, ensures
back-up of the differential protection,

- KV sice distance relay, locking into the
step~up transfcrmer, ensures back-up of the
cverall ¢ifferential prctection for HV side
faults,

Froctective actions: .
= immecieste trip cof thne unit, for iimiting of
the camage to the unit and disturbance to the
e twork.
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2.2.1.2. Stator earth faults /1,3,4,5,6/

With the quite generally adepted practice of
unesrthed generator neutral, single phase to ground
faults in the stator produce only very low currents
[ # 10 A), far below sensitivity of the differential
protection.

Ppssible consequencas

- although currents are low, they may consider-
ably burn into the iron core of the generator
i1f they are not cleared in a short time. Core
damage causes substantial downtime and repair
effort:

- there is a considerable risk for evolution
into phese to phase fault.

Methods of detection :

- several principles exist, which may ensure
protection from the terminels down to typiczal
BO-9Q % of the winging, the remaining 20-10 %
to the neutral point not being covered. They
rely on measurement of zero sequence guantities
at rated freguency.

- 100 % protection is generally based on measure-
ments at other than main freguency /8/.

Protective acticns

- immediate trip of the unit for limitation of
the damzge.

2.2.1.3. Faults in step-up transformer [and
auxiliery transformer if not protected by
a separate breaker) /1.5/

These may be high current faults or low current
depending on type and leocation.

Possible conseguences
- for high current faults, refer to 2.2.1. 11

- for low current feults, there is a risk of
evalution into high current faults.

Methods of detection :
- gas relay 1
- frame leakage relay :

- differential relay and impedance relays (for
high current faults)

Protective acticn :

- immediate trip of the units for limitation of
the damage.

2.2.1.4. Motaring of generator /1,4,5,6/

Continuous active power reversal in the gen-
erator may accur in case of intentional or accident-
s8] prime mover trip while still connected te the
network.

Periogic power reversals may indicate out of
step cperation, this item is covered in 2.2.1.1./

Another way of causing motoring is inadvertent
closing of HV gircuit-breaker or generator isolating
switch while unit is at rest or on turning gear.
Then the generator tries to start as an induction

motor.
Possible consequences :

- after mechanical turbine protection trip,
prolonged motoring could aggravate the turbine
prablems. Fast generator trip is therefare
recommended)

- for normal shut-down procedures, there is a
widespread practice to trip the turbine first
and then to trip the generator by detecting of
the matoring condition. This may avold overspeed
problems.

- prolenged motoring may overheat the turbine ;

- generator trying to start as an Induction mctor
may break a shaft or winding.

Detection

- Wattmetric relay :

- temperature detectors {at the last stages).
Protective actions

- metoring while wunit previously at rest
immediate trip of the HV circuit-presker :

- power reversal following a turbine trip signal
immediate trip of the generator ;

- power reversal without
delayed trip ;

turtine tripg : time

- 1f overhest
wards trip.

attemperater sprays and after-

2.2.1.5. Short-circuit in auxiliaries at critical
locations /3/

Faults inside the auxiliary electricel system
are not likely to affect the generator or networh
directly electrically, however, the caonsequences on
the asuxiliaries mey be detrimental.

Possible conseguences
- local damage at the fault location ; -
- auxiliaries insufficiency with conseguential
unit trip.
Detection 3

- wvarious types of relays [differential,
overcurrent).

Protective actlans
- fast elimination of the foult
- quick transfer of supply, if this may
eliminate the fault.
2.2.1.6 Single rotor earth faults /1,4,5,12,13/

Although not so demgerous in genmeral, cases have
been reported where 2 single rotor earth fsault was
the only external sign of & very damaging internsal
arcing.

Possible consequences

- risk of a double roeter sarth and associated
damage :

- possibly symptom of other internal faults
[winding shorts or interruptions with arcingl.
Damage to windinmg, reotor body or rotor end
retaining rings may be substantial.
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Detection :

- wvarious types of detection exist, based on
applying & test voltage between rotor winding
and ground or between the rotor winding and
the shaft through shaft brushes.

Protective actions :

- alarm to prepare & planned shutdown ;

- delayed or even girect trip (reguired by
some manufacturers).

2.2.1.7. Overvoltege /1,4,5/

Generator output overvoltage generally indi-
cates an abnormal situation in the generator exci-
tation system, or a severe overspeed in case of
hydraulic units.

Possible conseguences :

- overfluxing

- risk of insulation damage or flashover.

Methog of detection @

- wvoltage relay.

Protective actions :
- alarmy

- intervention in exciter {field reducing resis-
tor for example) mainly for small units ;

- delayed trip for sustained overvoltege.
2.2.1.8, Overheating of transformers

Transformer overheating may be due to an
overload or due toc some disturtcence in the trans-
former conling system.

Possible conseguences @
- excessive ageing of transformer insulation :

- risk of internal faults at hot spots.

Method of detection :
- top oil temperature
- thermal Teplica

- girect measursment of winding temperature /14/

Protective actions :

- alarm with manrual intervention on generator
ogtput ;

- possibly a delayed trip.
2.2.1.9. Dverfluxing /7.8/

Dverfluxing octurs when the ratiao U/f is
increased above the design value, due either to an
excessive voltage for a given frequency or
cohversely & lower then required frequency for a
given voltage.

Generator step-up transformer and auxiliary
transformer are concerned.
Passible consequences

- overheating of steel core gue to saturation
and of adjacent structurel steel due to
excessive stray flux.

Detection :

- overfluxing relay {(possibly 2 levels).

Protective acticns :

- voltags/frequency limiters assoclated with
voltage regulators

- alarm ;

- delayed trip, co-ordinated with the generstor
and step-up transformer overfluxing capabili-
ties.

2.2.1.10. Loss of field /2,4,5/

Considered here are (total) loss of field
voltage and interruption of field current.

Both events result in asynchronous operation of
the generator at speed higher than rated speed. The
actual asynchronous operation point depends upon :

- machine constants and excitation circuit condi-
tion (defines torque-speed curve of the
asynchronous operaticn mode) ;

« the prefault power cutput ang governcr charac-
teristics (defires mechanical torgue speed
curve of the prime mover).

Possible congequences

- severe voltage depression {due to the Mvar
consumption of the asynchronous unit) and
assogciated effects

- overheating of demper cage, field overvoltages
if open circuited field or if rectifiers in
the excitation circuit ;

- small pulsating tergues [if Xd ¥ Xgl) may
induce mechanical shaft oscillations :

- averheating of stator parts due to increased
currents andg stray fluxes.

Method of detecticn

- DC underpower relay, detects abnarmal flow
of power from exciter to field winding :

- opffset MHO relay, based on the machine impe-
dance, seen from terminals, in asynchronous
mode

- reactive power relay, detecting Mvar absorbed
by the asynchroncus unit

- 4internal angle relay, detects rotor pole
slipping by comparing the rotor pesition with
the network voltage phasor reference ;

~ combination of offset MHO, directional and
yngervoltage relay:

- combination of machine impedance detection and
low excitatior voltage detection.

The lest two detecticn methods not only detect
loss of excitation voltage or interrupted field, but
also exceeding of the underexcitation limit curve.

Protective actions

~ alarms ;

- [delayed) trip of the unit.
2.2.1.1%. Dut of step cperstion /1,2.4,5,8,8/

Out of step concition occurs when one part of
a system {in this case one generator} runs at a
different frequency from cther part(s) of the same
system. This gperation is characterise:s by period-
ic fluctuations of current ard voltage.

The paint of the system where vojltage moment-
arily falls to zero during each cycle is called the
system centre,
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The cut of step operaticn may be caused by steady
stata instability (exceeding of the maximum limit of
transmittable power) or by transient instabllity
(ron recovery after system disturbancei. If the
system centrg during out of step operation i{s Inside
the step up transformer or below, it is likely theat
the unit is in out of step compared to the network.

If the system centre 1s beysnd the step-up trans-
former, the out of step condition is probably among
several generators or areas.

Possible consequences :

~ disturbance of unit auxiliaries and consumer
loads, particularly those ¢lose to the system
centre ;

- 1ndiscriminate operation of some netwark
protections ;

- mechanical anc thermal stress tc generator
stator winging., ingreased stray flux losses and
heating ;

- segt up of shaft torsiornal pscilletions due to
pole slipping pulsating torgues.

Methods of detection (for generator application]
- simple impedance protection ;

- detection of apparent impedance vector varia-
tion at generator terminals through crossing
of two typical impedance loci.

Practical examples are :

. couble tlinder
. double circle or quagrilateral characteristic
. lenticular characteristic.

Olstinction between inside ang outside system
centre is made through comparison of the crossing
peint (with the axis of the lens) to & preset
value. Inside centre is considereg first zone,
vutside centre is considered second zope. Trip
order is issued after preset number of lens crossing
{different for first anc second zonel.

- internal angle and reverse active power scheme.

Checks the internal angle with respect to a maximum
value for counting of pole slip cycles.

The method detects enly inszide system centres.
For external system centres. it is completed with
reverse active power relay counting the active
power cycles cof the generator.

Protective actions :

- Policy one : wait for possible resynchronisation,
and anly island the unit when epproaching the
damage limit /1/ ;

- Policy two : fast islanding of the cut of step
generator to minimise damage to the generator
and disturbance to the network. For hydro vnits
only policy two is epplicable due to their low
camping torgues.

2.2.2. Non electrical faults

Typical case : low lievel of turtine oIl tank,
These faults have no direct (eliectricall
impact ; in case of trip however, loss of ynit pro-
ouction has conseguences for the system as a whole.

The enumeration of these non electrical faults is

beyond the scope of WG 34.01. However, if any

breaker failure scheme is implemented at the HY
substation, it should be designed so as tp cope
with generator breaker fallure on trip order cof

mechanical [and other) origin (no local electrical
fault criteria availablel).

2.3. EXTERNAL SYSTEM PROTECTIVE DEVICES SENSITIVE
70 UNIT FAULTS, HARMONIZATION WITH UNIT PRO-
TECTIONS

Direct electrical impact of unit faults on
adjacent equipment or network behaviour as a
whole 1s only possible in case of heavy current
phenomena [currents » rated current of the unit].

Three practical cases are :

~ high current faults in the unit : phase to phase
faults and 211 types of HY side faults ;

- loss of field ;

- out of step operation,
In 8ll these cases the unit is to be tripped.

instentaneously or time delayed, for limiting
Zamage to the unit as well as network interference.

2.3.1. High current faults in the unit

- Ffor this phenomenen the proper unit protec-
tions provide instantaneous tripging.

- Metwork protections that might see the fault
namely
. distance relays
. overcurrent relays
. undervcltege relays

should therefore be tice delayed by a suitacle
grading interval to ensure selectivity.

2.2.2, Loss of field

1

The loss of field condition in a unit might
be felt by the followlng protection types in
the network :

. overcurrent relays

. undervoltage relays

. distance relsys (higher zone reach)

- For a matter of co-ordination, the time delay
of the loss of field trip should be co-orcinated
with the time delay of any of the above mentioned
relays if they may see this fault.

2.2.4. Out of step operation

Relays (undervoltage, osvercurrent and distance
relays), referred to in 2.3.2., are also sensitive
to cut of step conditions,

If instantaneous trip or time delayed trip is
performed on the generators, selectivity for over-
current and undervoltage can be ensured by adding
an adeguate selective interval.

The distance relays of the network will see an
apparent Impedance vector which may well enter their
operate region, even in first zone when the relay is
vlpse to the system centre. A time delay co-ordina-
tion is therefore not prectical and if one wants to
avpig distence relay operatiom on prolenged out of
step, an adegquate out of step device should be
provided. These devices are mainly based on the
fact that network faults ceuse a sudden jump of the
impecance vector into the relay operate area
whereas out of step ¢auses continuous motion of the
impedance point from the normal load impedance inte
the relay sensitive area /4/.



3., FAULTS OR DISTURBANCES IN THE NETWORK
3.1. POLICY OF INTERVENTION ON GENERATING UNITS

3.1.4. Oirect consequences of the fault itself

- Qamage to the network equipment (not in the
scope of WG 34.01) .

- Damage or disturbed operation of generating
units either cirectly or indirectly due to
auxiliaries insufficiency s

- Danger for the safety of the system as a
whole, e.g. stability (not in scope of
WG 34.01]).

3.1.2. Consequences of separation of the encangered
generating units

- The unit is safeguarded against adverse effects
from the network fault ;

- Regarding oversll network bekaviour, the
situation is deteriorated due to loss of pro-
ductien of the unit as well as lecss of aveil-
able short-circuit power.

3.1.3. Basic consideration for intervention on
generating units

in any case the separation of a generator from
the system will result in an additional constraint
for the operation of the network as a whole. The
consequence of nan separation should be weighed
against the consequence of separation of the unit
from the network.

As the unit itself is not faulty, it is ad-
vantageous to try end isleno with the auxiliaries
or with a partial system so &s to be able to
resume service quickly. It should be noted that
some generating units may not be capable of
islanding.

The following different types of separation of
the generating units may be distinguished :

- trip of generating unit (protecticn against
electrical adverse effects) ;

- trip of generating unit [auxiliaries insufficlent
no stsble islanding operation is possible)

- islanading of genersting unit with pertisl system
(with view to rapid restoration) ;

- islanding of generating unit with suxiliaries
only (with view to rapid restoration].

Tripping : no rapid restoration is contemplated.
Islanding : rapid restoration is kept in mind.

The success of an islanding operation is
subject to adeguste timing of the actions after
fault inception.

3.2. ENUMERATION OF NETWORK FAULTS AND DISTURBANCES
AS SEEN FRDM THE GENERATING UNITS

3.2.1. Low level asymmetrical operation/1,2,3,4,5/

Possible consequentes

- presence of negatlve secuence currents and
thus additional heating of the rotoers. There
is no immediate danger due o the heating time
constant.

Detection methods :

- negative seguence relay matching I3 .t and Iz
continuous chaeracteristic of the generator;

20.

other criteris e.g. step-up transformer neutral
current and/or neutral voltasge could be used to
detect abnormally cleared network faults or
situations.

Protective actions @

3.2,

for low level alarm ;

at higher level 1slanding i

trip could normally be avoided for these
external types of favlts,

2. High level fault current /1,2.3,4.8/

Resulting from faults or erronecus operations,

Possible consequences

high trsmsient torgues (refer to 1st part of
this report) ;
voltage orops causing :
possihle instability of the generator
itself ;
possible drop-out of auxiliaries resulting
in trip for internal reasens ;
pvercurrent conditions.

Methods of detection :

transient torque detection [refer 1st pert) :
generator instabllity detection (refer 2.2.1.11):
undervoltage relays ;

cvercurrent relays

impedance relays op HV ano/cr LV sice of step-
up transformer ;

speed detection on critical suxiliaries e.g.
primary pumps of nuclear plants.

Frotective actions :

3.2.

3.2,

transient torques (refer ist part) :
generator instability (refer to 2.2.1.11) ;

the other criteria (undervoltage, overcurrent,
minimum impedance etc) are used to initiate
islanding operation {with auxiliaries or with

3 partial system}. The success of such islanding
operation is subject to an acdequate cesign of
the power station suxiliaries, particularly the
maximum ecceptatle voltage drop and duration,
Also turbine governor and generator voltage
control are important.

3. Oisturbance of eguilibrium generstion-loag

3.1. Active power cdeficiency /1,7.8,59,10/

Active power deficiency results from fault

clearing, false tripping, network splitting and
causes a frequency drop.

Possible conseguences !

loss of auxiliaries and then unit trip for
internal reasons ;

reduced cooling of autoventilated machines at
continuous operation at low frequency ;

turbine blade vibrations ang fatigue damage

saturation problems as {w/f] increases.

Methods of Cetection :

frequency drops may be detected by under-
freguency deviation relays :



- euxiliaries' disturbance can be detected, for
gxample by speed monitoring on critical crives
{primary pump of PWR) ;

- saturation problems may be detected by appro-
priate relays (refer 2.2.4.9).

Protective actions :

- when during underfrequency conditions the unit
suxiliaries become endangered, islanding may
be initiated so that recovery is ensured

- for the turbine blading, it is considered now
that the off-frequency operation fatigue 1is
cumulative over the frequency deviation. In
other words the damage at various coff-
frequencies is not accurring at the same Jo-
catieons and thes does not add up. From these
consigerations protective schemes have been
derivea totalling the off-freguency operation
in various sepearate freguency bands, each of
them having its own maximum acceptatble time
limit according to manufacturers cata /7/.

3.2.3.2 Active power excess /1/
May resuit from load rejection or network
splitting.
- Lonsequences : frequency rise.

- QDetection and action is normally ensured by
the turbine governor control. A mechanical
overspeec protection is provided on the
turbines {with fast valving)., Electriceal
overfrequency protection cen be used to antici-
pate mechanical trip hy islanding.

3.2.3.3. Reactive power deficiency /2/

A typical case could occur in case of less of
field on a nearby generating unit.

Pessible consequences : voltage drops, less severe
than in the case of high level fault currents, but
of pessibly longer duration:

- risk of overloag of generator ;
- risk of overload or unstability of auxiliaries
leading to trip for internal reasons of the unit;

Methods af detection :

- undervoltage relays and/or overcurrent relays ;
- auxiliaries speed dection.

Protective actions :

- islanding of the unit (refer alsc 3.2.2)
3.2.3.4. Reective power excess

A typical case may octur with load rejection
on high Mvar consumers (e.g. HVDC link terminsljor
with network splitting.

Conseguences :
- voltage rise with mainly saturation problems
[urf risesi.
Methods of detection
- exciier control system ;
= owverveoltage relays ;
~  overfluxing relays.
Frotective actions :
- normally the exciter control shoulc intervene

- the other criteria could be used for alarm,
islanding and even trip if the exciter
cannot redress the situation.
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3.2,4, Sustained oscillation of voltage ang freguency

These cescillations (frequency rangs 1 Hzl, of
fairly large amplitude sometimes but without loss of
synchronism, may oceur In case of {nappropriate
exciter and governor regulator characteristics in
relation with the typical network structure.

Consequences :

- high cycle fatigue
- flicker
~ problems with auxiliaries.

Actions :

Protection should be sought rather than adapt-
ation of contreol system parameters so as to stabilise
the system as a2 whole (Power system stabilisers).

3.2.5. Dut of step cperation between network parts
/2,47

Out of step aperetion mostly occurs after
faults in too wesk a network structure.

Possible cunsequences
- quite similar to thcose described in 2.2.1.11.
Methods of detection {at unit level)

- some types of out of step relsys may also
detect out of step cperation with system
centres outside the unit.

Protective action :

- refer tg Fert 3 for cverall network protective
actions

- ot unit level & back-up islanding action can
be performed.

3.2.5. Subsynchrornous rescnance /2,11/

Subsynchronous rescrance conditions arise when
zlectrical system interactions with turbine genera-
tor torsional oscillation modes result in negative
damping of these modes.

Particylar cases occur with series lime com-
pensation anc predominantly HVEC interconnected gen-
erators.
Consequences :

risk of high cycle fatigue of shaft.

Detection : detection relays are available [e.g.
current relay with adequate filtering)
11

Action @

- subsynchronous resonance is & combined gener-
ating unit network problem and should be
avoiced by adequate design and system operation.

- in case of occurrence in practical situvation,
alarms and islanging (in second step) could be
performed at unit level.

3.3. HARMONISATIDN OF UNIT PROTECTIONS AND NETWORK
PROTECTIONSFOR NETWORK FAULTS

As a rule, normal network fault clearing should
not necessitate islanding of units. Otherwise, major
netwcrk pratection improvement is required.

Uf the Taults mentioned in 3.2, the following
ere normally felt by generator protections and need
thus harmonization of protective actions. 4



3.3.1. Asymmetrical opseration

Normally, no problem should erise as elimina-
tion of fault conditions (leading to asymmetry) is
fast compared to the operation time of relevent
generator protections,

In case of abnormal clesring, units will be
islanced. In order to avoid major loss of generation,
it §is sometimes advisable to introduce some network
splitting befors islanding the units. Scme aiffi-
culties may arise due to the different measuring
quantities at the splitting point (U2, Ug } and the
units (Iz ., Ig ).

3.3.2, High fault currents

Generatar protections that are sensitive to
high current network faults (e.g. Imax or Imin)
should te time graded sc as to allow first operation
of the proper network protections. Systematic use
of busbar differential protection may facilitate the
overall coordination.

On the other hand, the time delay for initiating
islanding should be compatible with the recovery
capabilities of the auxiliaries (maximum limit on
time delay) if one intends to isiand the upit.

4.3.3. Disturbance of eguilibrium of active or
reactive power (deviation of voltage or
frequencyl.

Fregquency deviations, high voltage and aver-
fluxing are not felt by the classical network element
protections [distance, differential, phase comparison
...) and need no coordination with them.

If there is am overall network protection scheme
for such conditicns (e.g. including network splitting
and load shedding), it is essential thet the pro-
tective actions an the individual generating units
are in line and coordinstec with the actions of this
overall scheme (particularly for freguency and low
voltage criterial /7,%,10/.

In any cese, if low voltage criteris are used
for genersting unit islanding, they should be time
delayed for coordination with network protections
(see also 3.3.%). The time celey should be compat-
ible with safe unit recovery after islanding.

3.3.4. Oscillation

No specific protection exists in the network
and no specific protection exists on the units.

2.3.5. Dut of step operation between network parts

Network splitting should iﬁteruene before unit
islanding, which only assures back-up for said
condition (see also the 3rd part of the reportl.

3.3.6. Subsynchrongus TESCRANCE

Some corrective actions ere possible inm the
network, e.g. change of configuration. bypass of
series capscitors.

Frotective acticns on the generatocrs shouslo
time graded with respect to the network actions.

e
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1. INTRODUCTION

Utilities operating large networks are very
preoccupied with the events that can lead to a
collapse, more or less dramatic, of their systems.

These problems are more and mare critical
since @

- electric supply has a leading part in the life
of a country (it is not difficult to imagine
what can arise if a large ares is short of
electric power during several hours) :

- electric systems becoms more and more intricate :

. the rated power of tha units and the
short circuit copacity of the network are
increasing ;

. the transmission lines are more numercus with
a larger power transmitted and a higher
voltage level ;

. some particuler compaonents of network (series
capacitors for instancel] are more widely used ;

- operation of netwerk cen be more risky, due to
some delays in commissioning primary plant ;

- the adverse effects of disturbences in modern
high voltage networks with large generating
units ares more severe ;

- interconnection between networks being now
applied very often. there is a risk that the
collapse of a network leads to a black-out in
the neighbouring networks {if no special care
is taken) :

- network collspses
expenditures :
. for the country :

invelve very large money

interruption of any activity:

. for the utility : large emounts of energy not
sold, costs of restart of thermal units shut
down during the collapse. snd probably demages
to saome generating units and network components.

So it is obvious that the utilitles try to
decrease as far as possible the risk of having &
network collapse,

They are mainly acting in three weys, ragarding:

- measures that can be taken to minimise the
occurrence of a dapgerous situation (for instance
fast clearirg of network short-circuit) ;

- actions that can be performed, if possible
automatically, to prevent a critical situation
from svolving to a dangerous one ;

- actions that can minimize adverse effect of
black-out {for instance network splitting,load
shedding, fast restoration).

In this Paper, we are mainly dealing with the
two last types of actions. 2o we analyse :

- which warning criteria (freguency, voltage
value ...) can be used to detect a criticel
situation

- how these criteria can be reached.
and practically ;

theoretically

- how these criteria can be used to avoid a
black-out or minimise its effect.

Some exemples of integrated techniques for
system stabilisation are also given.

It is necessary to point out that, during the
evolution of a critical situation, several phenomena
are generally occurring at the same time (for inst-
ance veltage drop and low freguency) ; so, studies
are carriedoyt to try and identify in the aggregate
critical situations. A short chapter gives some
information about such a global approach to the
problem.

2. ANALYTICAL APPROACH

Several phenomena can initiate an avolving
dangerous situation on a netwark.

Generally a black-out can be dus to :

- 1incorrect balance of load and generation leading
to an incorrect value of freguency and/or voltage

- incorrect voltage profile on network leading to
a voltage collapse ;

- incorrect power exchanges between areas, this
phenomenon can be either static or dynamic
{following & network incident) and can lead to :

. 2n overload [and then tripping of network
items) :
. electromechanical escillations ;
. a less secure network (risk of instability in
case of tripping or if a short-circuit occurs) ;
. out of step conditiaons.

Z.1. FREQUENCY

2.1.1. Basic phenomenon

An incorrect value of frequency (too low or
too high velue) is due to an incorresct load-
generation balance. This unbalance is normally
automatically corrected by the governors of the
generating units and by the lead frequency control
(LFCJ). But in case of e large disturbance, these
actions an generetion can be not large and not
fast encugh, so further actions are to be perfarmed
repidly.

Significant unbalance can be due mainly to :

. very bad forecasting of the load or very
bad scheduling of the units ;

. tripping of important generating units.,
substations or transmission lines :
sectioning of systems into several parts

. tripping of tie-lines.

In case of a freguency very different from the
rated value, there are, of course, constraints on
the customers lecads but there are also important
risks for the system itself., for instance :

. islanding or even tripping of a lot of units
{mainly due to incorrect auxiliery supply and
asctual limits of the turbine itself)

. misoperation {non tripping or, on the contrary,
unwanted tripping) of equipment protecting
lines against short circuits,

2.1.2, Freventive actions

According to the risks menticned above, util-
ities usuaily perform preventive actisns., mainly

- by improving methods for system planning, defining
system parameters (for instance units character-
isties), load forecasting, generation scheduling
and for achieving sutomatic generation control
[AGC)

- by preventing extension of network faults ; to
fulfil this, several utilities have improved
their protective system (high speed protections,
duplicated functions, back up system, high speed



signal transmission bHetween substations ...J) and
use more widely automatic reclosing [single and/
or three-phase!

- by improving the protections of the units in
order to keep them connectsd to the network as
far as possible, and to avoic a larger disturt-
ance an the system due to @ sudden and largs
lack of generation ;

- by improvinmg, in the same way, the devices that
can trip the tie-lines, in order to isolate the
disturbed system from the neighbouring systems
only when the risk of disturbance spreeding is
too great.

2.17.3. Corrrctive actions

al Criteria used

In almost all the networks, actomatic actians
are besed on a frequency measurement. But some
utilities think that the use of this criterion
only can be dangerous in some cases, mainly

-~ actions performed can be insufficient or, on the
cantrary, too harsh (foar instance in case of a
frequency drop, shedding a toc large amount of
load can lead to a too high frequency with
transient phenomenal ; to improve the actions
performed in such a case, it 1s interesting to
take into account the derivative of the freguency
and than "calibrate” the action to the
disturbance ;

~ actions can be performed too early, meaning that
unnecessary actions can take place during &
transient evolution of the fregusncy ; to avaid
such a case, 1t is possible to take into account
the derivative of the freguency, or to introduce
a time lag before performing the action, [but
then, there is a risk to react too late in some
cases].

Electronic freguency relays are now widely
used because they are more accurate and fast. So
it is possible to have many different settings in
order to perform actions more specific and less
harsh.

Freviously the measurement of df/dt was not sc
easy Lo achieve with accuracy and reliability., Now
it is easier with electronic and even digital
devices. so this criterion begins to be used more
widely.

bl Actions performed

In case of too high a freguency, acticns are
performed mainly on generation. But genesrally they
consist enly af islanding the unit when the fre-
quency is too high regeraing the security of the
power plant.

It 1s necessary to point cut that such a
solution is risky, because it can le=d to the
trippirg of a very largs amount of ganaration and
then to a freguency drop.

Some utilities begin to take into account
such a risk and to implement devices atle to rapidly
decrease genaration and/or to trip only a few units
accoralng to the level of frequency.

In case of freguency drop. some uctilities
usually increase rapicly and automatically the gen-
gration mainly by

- starting fast units such as hydro power plants or
gas turbines ;

- changing of hydro units mode from pump or syn-
chranaus compensator ta generatar

- increasing the power transmitted by HVOC links,

But the general rule in almost all the utilities
is to decreass the load by :

- tripping the hyoro pumped storage plants ;
- performing loag shedding.

Some utilities vsually perform preliminary or
complementary splitting of the netwark, in orcer to
correctly operate the sound regional networks, to
confing the risk of black-out within 3 small area
and to aveoid any additional trouble due to inceorrect
power exchanges between areas,

One way of decreasing the load could be to
decrease the voltage value, but such a solutian seems
to be ysed nowhere probably because it is essy to
achieve such an action and also because it is diffi-
cult to calibrate the load shed by this method.

Regarding the load shedding some important
remarks can be made :

- the amount of lvad shed must be as far as possible
in accordance with the freguency cdrop ; to achieve
that goal, it is possible to take into account the
freguency derivative® {Ttaly.Brezill, cr tc have a
lot of small load shedding steps (Canads,Australis,
Portugall, or to compute predictively the generaticn
deficiency that correspond to a combination of
rate-cof-change of Trequency and freguency deviation
(Australial, [(see Chapter 3} ;

- if tie lines are not tripped before performing
load shedding, it is necessery to ccordinate the
load shedding policies of the linked networks

- the load shedding relays must be s=t and must
have response time coordinated in order to let the
turbine governors react ta the fregeency drop
betore starting load shedding and also in orcer to
nave finished load shedding before tripping of the
units ; however, on specific systam conditions and
in the case of a large generation deficit, the
frequency rate of decrease is very fast and thus
it can be negcessary to perform load shedding with-
out waiting for the governors actions.

Load shedding must not introduce consiraints on
the network, for Instance

. it can be necessery to trip shunt capascitances to
avoid overvoltages ;
load shedding relays are blocked {cr time delayed)
on generating sreas, in order to perform lcad
shedding first in consumption arees and then to
avaid overload on transmission lines.

x Since the frequency derivative 1s approximately

af  f af

at - =— where f is the frequency before the

T @
disturbance, AP the amount of power unbalance, P
the spinning capacity ang T the average assumed
system inertis canstant.



» the load shedding relays must not operate in cese
of power osciliations, out-of-step oparation or
low voltage conditions.

Automatic reloading is generally not used.
The reason 1s prcbably that the frequency return to
the nominal value is nct a valuable criterion since
it is necessary, before performing reloading. to
have & sufficient power margim on generating units
and to check that reloaging will not lead to dan-
gerous situations on network (low voltege, over-
load ...J.

However, Sweden is reported to perform suc-
cessfully autometic restorastion after load shedding.
Automatic restoration following loag shedding is
also used in the USA by AEP and Pecific Gas &
Elegctric /14/.

The future

cl

In case of a large disturbence.for instence
tripping of several large units due to =2 busber
fault), first the freguency i1s pretty steady thanks
to the help from the other networks thraough the tie-
lines; but after a few seconds the tie-lines can
trip (due to overlcad, cut-of-step operation...)
and then the freguency cecreases very guickly, so
thet the load shedding relays, based on a frequency
measurement, can operete toc late.

$0, some studies are pertormed te get a vel-
uable criterion directly from the load frequency
control in order to shed the load, split up the
network... befere the freguency collapse and tis-
lines tripping.

2.2, VOLTAGE

2.2.1. Basic phenomenon

The phencmenon feared by utilities is mainly
a voltage collspse which is at first graduzl but
rapid after few minutes.
cperating netwocrks, beceuse:

. gradual decrease of vcltage has initiatec black-
out in several systems or, at least, hes led to
very critical situstions /1/:

. the problem being mainly a locel one, it is not
gasy to find 2 simple and valusble critericn warn-
ing of an evolving dangerous situation,

This phenomenon of voltage colilspse 2ppears
when the power to be transmitted is very neer to
the meximum possible eccording to voltsge velues &t
power plants end impedance value between generation
ang lead. When this criticel point is exceeded, any
increase of load invelves a voltage drop esnd a
large increase of the reactive power lost in the
network impedance. This phencmenon is accelerated
(and becomes non reversing 17 no care is taksn)
tacause of the automatic operation of the transfor-
mer tap-changers which zssess that the voltege is

This prcblem worries people
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decreasing ard 50 Con.../ 2/,

In some networks, mainly netwarks around
large cities including many uncerground caebles, same
sucgen changes on system conditioms can leag to =
dangerous 1ncrease of voltage value.

In case of a voltage value very different
from the rated cne, there are constraints on the
consumers loads but there are elsc important ricks
fcr the system itseif [(far instance islancing or
even tripping of units, miscperation of protee-

ioaps...].

2.2.2. Preventive actions

Voltege collapse can be aveidedg by:

- Adequate planning ¢f reactive power generation
and otsorption (locetion of power plants, retec
cos of the units, compensation of the netwerk,
compensation of the lgec... ).

- Improving the performances of the units.

- Helping the sysiem operators to maintain sutcmatic-
zlly & right volteage proile: for instance,
provement of the avtomatic voltage regulstors of
the units, implementziion of secondary voltege
regulation (the reactive power gensrated by the
units of an area is zutemeticelly controllec
eccording to the voltege messured on the busbars
of the main substatiens ¢f the srea), and zven of
tertiary wvoltage regulations,

.

2.2.3. Corrective actions

The problem of voltzge collapse is not, at
the present time, very well controllec and very few
utilities usuelly perform autematic actions in such
& case.

This can be understood. since the =

zsiest
criterion to reach (voltege value) is & locz! one
(peculiar to each substation) and 1s not sufficiant
te evaluate correctly the proximity of the critical

point /2/.

On the other hanc it is not convenient to
teke into account, at substation level, values af
ective and reactive powers transmitted in the sur-
rounding network, in oraer to evaluate the critical
point (it woulc roughly consist of performing loac
flow calculation}. One utility (France) is rsported
toc intend to control scme shunt capacitors lccated
cn high voltage netwerk according to such & zzlocul-
aticn performec automestically at substation lsvel,

It is also possible to get an estimetsz of the
reactive losses in the network by measuring wvolizge
phase angles between substations /37 [(#).

¢ The sensitivityd 0i3/4QiJ increeses rapidly as

a function of ¢ 1j, =ccording to sin ( Pil -
Gij), with Qij reactive power flowing intp

& line from the end i, § 1j voltege phase angle
betwaan tha gnds 1 and j. @ 1ij line angle.
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Ancther criterion thet can.be used to per-
form automatic acticn, {s related to the sscondary
voltege regulaticn {if anyl. For instance France
intends to energize some capecitors locatec on high
voltege network when the reserve af reactive power
of generating units aveileble through the secondary
voltage regulation becomes too low.

Actigns performed in case of critical evol-
ution of the voltaege value are mainly the following:

~ Change cof the rezctive powaer generated hy the
units:

* automatically by the primary regulatiaon [(AVR]
and, in few utilities, by the secondary voltage
regulation (which is maintaining the voltage pro-
file of a whole regicneal aresal,

#* manually In case of emergency;

- Switching on/ocff reactors, capacitors, synchronous
compensators (this is done menually by & large
number of wtilities); -

- Remote ccntrolling. in some utilities, of the
transformer tap-changer reguletion in orcder to
bleck them or to cecrgase their setting point
(with the purpose to inhibit the unstabilizing
action of the tsp-chengers in cese of volicege
crllapsel;

= Local load shedding and/or loczal network splitting
(in very ¥ew utilities anc in few cases vary
criticell;

- Very rarely, changing the perameters of the volt-
age reguletions (focr instance, in Frence, in case
of emergency, It is possible, only menually at
the present time, to incresse the gain of the
secondary voltage rogulation);

- Use of the units of the other areas: decreasing
the generstion of active power and increesing the
generation of reective power in the crea with
lack of reactive power so that generating units
at large electrical distsnces can cooperate as
2fficiently as poessible with the units in the
area with low valtege.

2.3, INCORRECT EXCHANGES BETWEEN AREAS
2.3.1., Besic phencmenon
Power exchanged between arees of the same

system can, in some czses, lead to criticel situa-
tions. There can be:

- thermal overlcac of power lines aor transfcrmers,
this overload can reach a lot cof other lirss or
transtormers hy sesuential trippings (tripoings cue
to averlcsd protaciion or to some damage causso to
overlcaded network components} (See the Freanch

Slack-out in 1578) /17

- instebility (loss of steedy state stability when
the synchronizing tcrgue is too weak regarcirg the
pawer transmittec) 74/ /5/;

&) The sensitivity§ 013/4dij increases rapidly as
a function of & ij, according te sin (i -
613j), with Qij reactive power flowing into
a line from the end 1. & 1j voltage phase angle
between the ends 1 ancd i, € ij line angle.

- dangerous operation of the system with the risk
of losing the dynamic stapility (meinly if &
nulyphase fault occurs].

These exchanges between areas can reach danger-
ops limits:

- because of the system structure itself: generation
by nature far from the main towns (for instance,
hydroc power plents located in the North of Sweden
and Quebec!;

- when the gensrating units scheduling is done main-
ly on leesf cost basis or limited by cther cons-
treints [meaning thet the network security is not
surely achiesved):

- when tha action of the automatic generation con-
trol (AGC is generally based only on economicel
constraints) is not menually corrected from time
to time by the system cperatoers, according to
network security sssumption;

- in case of casval tripping of gzhersting units,
transmission lines or transformers.

2.3.2. Preventive actions

Preventive actions must be considered at the
system planning level (lcecstion of gemesreting units,
network Iimpecance cetween generation and loac...).

Scheculing of units and power lines rust take

care of the risk of incorrect exchanges Oetween arsas,

mainly in case of tripping of a system comgonent.

Improvements can te made a2t saveral levels:

- metering system delivering enough information to
pecple oparating the system and allowing security
checks to be made by the computers of the control
centres,

- eutomatic generation contrsl including constraints
related to network sscurity,

- implementation of network stabilizers,

~ fast clesrarce of network short-circults thaenks
to & fast aad relisble srotactive system,

- use of automatic reclosure {including single-prase
onel con trensmission lines,

- commancd of the translent behaviour of generating

units (fast excitation, fast valving, generator
braking...J.

2.3.3. Corrsctive actions

al Overloac

In this case, the distursance affects generally
a small zres; thus the easiest criterion used to
detzct an overloec is the locel measursmant of ocower
]

(ef current) flowing through trensmission lines and
transformers. Some utilities usually improve the
measurement by taking Into acccount some additional
informaticon such as air temperature, oll temperature
{for transformers), memory of the previous overloads
and even wind speed.

Corrective acticns, mairly local load shedding
and change of local generation, are performed man-
ually by almest all the utilities.
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Nevertheless, it Is passible to guote some
interesting rscent gevelopments as an example where
the constraints are checked automatically @n trans-~
miseion netwcrx and actomatic systems contrel cirect-
ly generation anc even loac¢ shedding (see Chapiar 3].

b) Stability limits proximity

Until recently, the proximity of the stapil-
ity limits was checkec only by the netwcrk operators
by power measurements made on some mein power lines
and In some cases, with the help of on-line loed
flow calculetion,

Now, & few utilities are reported to cperate
their system with the help of sutomatic systems
acting directly on generstion to overcome temparery
stability canstraints on network (see Chapter 3j.

Some countries tried to reach cirectly a very
valuable criterion to cetect the proximity of the
stanility Ilimits- phase angles between the valtages
of the mailn busbars and angles between the gensrator
shafts, This meesursment can be achisved bty model-
ling the transmissian lires (USSR) /6/ or ty checking
the shift of the wvoltage angles referring to very
eccurate clocks (Canacda - Frencel /7/. Such 2
criterion can be very useful since severel control
applications can be foreseerm: excitation control of
generators, dynamic breking, thyristor contrclled
phase shifting transfarmers, load shedcing, gensra-
tien rejection, system seperation... 73/,

0f course, when there is a risk of losing
stebility, the most efficient way to come back to
8 segcure state of the system is to contrcl gensre-
tien ang, in case of emergency, to perform local
load shedding. Except for the few examples stated
in Chapter 3, ell these actions ere usually parform-
ed manually,

It is interesting to mention the TERCO
(Jepan) practice: +to prevent ocut-of-step cparation:
according to the large amount of power flowing
through the mein lines, some gererators can be au-
tomaticelly sllowed to trip preventively 1f a Fault
occurs on a meighbouring transmission lire and i
this fault is not claarad fast enough 78/,

c} Instebility of the system

Until now, in almost 211 the eystems, power
gscillations, phese swinging and out-cf-step oper-
ation are detected by cperating people fincing out
cyclic changes in some measuresments of power or of
voltage.

Some utilities have developed pclizizs to
react in cese of out-ot-step operation tetween
perts of netwerk in orger to prevent network cellap-
se. The criteria mainly usad zre:

+ Charging rste of 1mpedance cetecting relay (detect
gR/dt or dx/ct) (Jecen) 711/,

. Cyclic changes of voltage velue {Rumaniz, France)
Y 2 E

713/ or of U cos¥|,

. Cyclic chamges or reversal of the phase angle
bgtween two substaticns: this detection can be
done in the same way 25 stated in Chaptsr 5] or
directly by epplying phase comparison methcod for
volteges, [instead of currents as it is cene for
power lines protectieon) [Japan] /8/; 1t can be
gstimated that the most Important improvemsnts in
the field of out-of-step detection will be reach-
ad by using phase measurements from several points

of the systaem and a centralized protection able %o
cecide the suitable actions (unit tripping, network
splitting...].

In case of loss of stability between areas,
there are twe mair policies:

- elther to perform network splitting, Im & control-
led manner, in order to get segregsted systems
able to operate by themselvas (#);:; these sub-

.systems can be determined In advance (for ins-
tance, as 1t is done in France, by implementing
out-of-step detectors on the lines linking sub-
systems}, or these subsystems caen be determined
and controlled in real time (Jepan) /11/:

- or to trip the line or the transformer being the
centre of the out-of-step swing locus, this can
be done by specific detectors [(voltage phase com-
parison for instance) or by letting the distance
relays operzte (no anti-hunting device); but if
such a methoc is applied there 1s a risk of se-
quential (end then toco late} trippings due to this
locus shifting from a tripped line to another
nat yet tripped.

In both ceses, it is necessary to imgplement some
cut-of-step protections at power stations able to
trip units (see 2nd part]. at lesast as & back-up,
when network splitting is not successful or done
too late and when the constraints on units are toco
heavy.

Some studies can 21so be mentioned which aim
at contrelling very rapidly generation if an ocut-of-
step operaticn is detected, but it seems that there
iz no actual application.

3, EXAMPLES OF INTEGRATED TECHNIQUES FOR
SYSTEM STABILIZATION

At present there are some examples af systams
where specific relaying practicss ere applied to
prevent an evolving céngerous situation.

The epplicetion of such policies is zznerally
done by implementing intricate systems with many
glectronic cr computer based squipments linked by
high speed telecommunication channels,

These stabilizing systems sre generally acle
to react in case of freguency drop. overlcad,
voltage phase angle shifting...

Tha main actions performed are generetion
control, loac-shedcing, network splitting,

% Thet mesns:

- thet each subsystem must rerein stable: speec
and voltage regulations of the units are to
be designed according to such a goal:

- that lecacd and generation must be balzanced in
gach subsystem: load shedcirg arnc generation
rejection must be automatically performed,
if necessary, after system separation.



Seme exarples are given below:

3.1, AUSTRALIA 712/

We can point out three main autormatic control
features.

3.1.1. Automatic lcad shedding

This one acts to secure the Victorian system
against loss of *the intercornection with New South
Wales under high transfer conciticn.

This centralized device:

- calculates the ectual deficiency in megawatts ac-

cording to the freguency drop, the freguency deriv-

ative, the system inertia constant and the Tre-
guency depencence of the lcad;

- compares the gensration deficiency with telameter-
ed velues of the various load blcoks avellable
to be shed;

- ftransmits tripping signals to shec the cporcpriats
rumber of blcoks (&t each substation, arn under-
freguency chack relay prevents Telssz trinning).

3.1.2. Automatic islending

A control scheme hes been installad tec auicm-
aticalily isolste =2ng stebilize Morwell Powsr Sle-
tion genmarstion =ng associsted customer lo2c 23 an
islenc in the event of a severe system disturbance.

Formation o7 Morwell island can be initiated
for:
- very low freguancy condition

- system instabllity, the detection of ap-
proaching instability is achieved by measuring the
accelerating power to which machines are subjected

by a fault congition

-~ loss of the two main transmission
betwean Morweil arc the other pert of the

After the “crmation of the islanc, this one
is stagilized thanks to machine goverrning action
and load shedding, if necessary.

3.4.3 Centrol scheme for braking resister

applicatizcn

Most of thz Gladstome station's ocutput is
transmitted SOOkm over & 275KV system., Tc improve
the stability = 300 MW braking resistor has taen
installed at GlezZstone. 7his one s energized fo
delay of 0.1% seccnds from Ta

r
a u
e by sudden powar changes].

it

]
2.4 secands after
c

inception {cete

3.2, ITALY

In the EX network, due to its longitudinal
structure, speciz2l cars must be teksn abcut power
flows. Twa autcmatic cevices can bs oriefly
descrited:

- Loads 1in approcriaete substations ere eutcmatical-
ly cisconnectaed follewing the loss of an important
380 kY line, 17 the previous powsr flew of that
line was greater than a preset value cr if the
voltage value Secomes too laow;

- In some secticrs, when ane or seversl cirsuixs are
lost, =2 device is able to trip generators in the

axporting area and t@ shad lecad in the imp
arga; these devices are ectivatac by th
Cantral Center when the aperater thinks
security is not achievecd.

o M
o

3.3. JAPAN

3.3.1. The Chubu Electric Power Co.system

stabilizing systems /11/

This utility has introduced fundamental tach-
nics to prevent lerge fisturbance [improvement of
relay reliability, sensitivity, speed...)] and hes
developed system stabilizing control systems such
as:

&) System_segregation_in_cese of out-2f_steo

Out-of-step detectors (directional impedanca
relay combined with chenging rete of impedance
relay) ere installed in the main substatians.

The secand parts cf these cdevices select ¢
mest sultsble segregating point thanks to the oo
put signals sent by thneir own cetectior and the C
locaeted at the edjecent substations.

453

In case of a severe Tault ccourring in
system, power swings, freguency Tluctueticns,
ficultizs to suppoert power interconnection and
avan system collapse can take pleace.

Thenks to a hierarchical sysiem of computsrs
{central load dispetching certre, master-sats et
500KV substations, satellite-sets at 275 kV sut-
t=t

the amount of power to be controlled in each
subsystem is determined every 5 minutes {accorc-
ing to the power flow cn the trunk lines),

- tre corresporcing power is allocatsd to the s

erg and pumping stations (4in case af uncert
cuency) or genaratcrs [(in case of overfrequancyl,

- if a Ffault happens, the master set sends ccntrol
sigrals in order to discennect the controllec
noiects within 0.2 seconds.

¢l Owverisoad control

fAccording to overloac dete

lines by high speec overcurrent 1
signals, or even tripping signal, [
i

I

Z.3.2. Taokyo Electric Power Company's relayin
practices for preventicn of power svsIem

failure extension /8/

To further the improvements cfthe protsciive
system for fault clearing, we cen cuote:

A microprocessor bn2sed device lcceted st power
stetinn mamorizes genersted powers &N power TIows
on the surrounding area (power flow data are sent

every minute oy the adjscent subs:tstions).

Whenever a protection relay of a substatior
operates and 1f the clearing time exceeds 100ms,

~riggering signal is sent to the power staticon.
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1. GENERAL

Over the past years there have been amall and
large black-outs in many countries. The nature of
their origin 1is rather varied: short-circuits in
busbars not eliminated in time which let the whole
system enter an unstable mode; unbalance between
production and demand, etec. After e black-out,
studies are made about the main reasons {e.g. weak
points of equipment used in controlling and meniter-
ing the system}. Corrective acticn is taken as
required, and incressing sophisticated systems are
established for detection and correction of dis-
turbences in the system.

However, should the measures adopted as describ-
ed in the former parts of the report be insufficient
or in the case of failures in cascade taking place
(such as faults in terminals which wers not correct-
ly elimipated due to failure of protections), the
security given by the (n-1) rule can be surpassed,
falling then to a quick process of degradation of
the network which can produce a black-ocut. Then it
is necessary te minimize the effects of such & black
out and then to have a "black start policy"” with 2
steps.

a) Preparation of network for restoration
b} Voltege restoration

Such stepa, in most countries, have bdeesn carried
cut for many years manually, by substation personnel
and under the supervision of the dispatching center,
The manuel restoration can be satisfectory but it
usuelly takes tooc long a time [(4-6 hours) and there
are serious difficulties.

Such gifficulties are described prectically in
all reports on large black-outs (auxiliary supply,
alr pressure for control of breakers, feilure in
communications, owverlocad of information ip the dis-
patching center, and so forth). The problems are
Increasing with the time of disturbance, leading
in many cases to e complete breakdown when the dis-
turbance may persist for over 12 hours.

A black-out of such an extent, in addition to
caysing significant finencial loss to the utilities
and to other industries, also causes rather relevant
sociel loss. Black-out cver several hours may
create a panic situation in large cities: so that
any measures intended to reduce the time of black-
cut, are to be considered as high priority. For
instance, E.D.F. estimate is £ 150,000,000 cost
of the black-out of December 18, 1978" ; the toteal
cost of the New York city black-out on July 13 and
14, 1977 was & 350,000,000 {including a cost of
£ 170,000,000 for loating and vandalism)*”

Probability of a black-out in s country or
region depends greatly cn 1ts structure end inter-
connections of the network. A black-out situaticn
occurs very seldom in strong networks with protec-
tion equipment to ensure qulck and selective elim-
instion of faults., Thus, it can be ssen that coun-
tries which, due to gecgraphic or cther problems
have a lower mumber of interconnection lines or a
greater energy transmission distance from generation
to demand, ars the most affected cnes.

* Investigation of French Black-ocut - RANSOM &
CASAZZA Inc,

w+% Impact Assessment of NYC Black-cut. Depertment

cf Energy

open a2lmost all power line

In guite a number of countries remote con-
trol of substaticns has been established aver the
past years, either through several low level contiol
centers mopitoring 4 or 6 substations each. or through
8 high level remote control center for the whole
system. These extensive facilities give a complete
view of the system and thus more resources available
faor decision-making; the measures taken to solve
small incidents or to prevent dengerous situations
in the system are far better then in the past. How-
ever, In case of a bilg disturbence, the dispatching
center will receive an overload of information, able
to produce real information chacs. But this inform-
ation Is indispensable in order to be able to assess
the true state of the network end, depending on the
result, be in g ‘positien to take the necessary cor-
rective measures. In additlion to this problem. which
can be partly solved by technical means (e.g., filter-
ing the information with the balance to be recorded
for further evaluation during disturbance analysis),
it is foung that, with the meens currently avajlable
to the operator, it is difficult for him to carry
out satisfactorily all the operations required in
order to restore the network, due to the large num-
ber of operations to be done. Ewven if the operator
should not make any mistake due to the natural ner-
vousness of the mament, the time required for res-
toration will be unacceptably long: because from
having one operator at each substation, with all of
them working in the same time,the change is that
there ere now only a few people [(in the case of
a low level remote control centerd.

Te speed up voltage resteration and at the
same time increase safety, there are several actions
to be edopted, as e.g.:

al to facilitate wvisualizing and cperation
of the primery system by active control boards;

b) to hurry up trarmsit of information between
remote stations and dispatching centers;

c) possibility of complex orders {one order
cnly for several connectlons or disconpections in
different substations);

) computer-to-éomputer linkage between
control centers for infermation exchange:

e) installation of automatic restoraticn
eguipment in the facilitles.

In this report, only the last mentioned item
will be descrived. This type of egulpment cannot
perform by itself the whole restoration of a2 net-
work, but is is very helpful to network operators.

2, SYSIEM PREPARATION FQOR RESTORATION

Practically 211 utilities have operational

instructions availatle, specifying the actions to ne
effected by operators in case of system disturbance,
without having to contact the dispatching center
previovsly, end, of courss, these instructions iIn-
cluge also the possibllity of black-out.

The first of the operations specified is to
breakers, in case of

automatic service restor-

should cerry out in the first

zero voltage. Of course,
ation equipment [ARE)
place such trippings.

Therefore they are equipped with zerc voltage
tripping devices with adequate timing in order to
avoid trips by undervoltage, due to fault. In order
to get safety all three phase voltages are checked,
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or voltage testing 1s done both at line and busbar
sldes. Zero voltage causes the breskers to trip
and at the same time ARE are started in crcer to
proceed to restoration.

0Ff the twc ways of acting in cese cof black-out,
the first one, opening the breaksrs, is the most
common end easy to carcy out; however, there is the
disadvantage of having to aperate sll network
breakers, thus increasing the possibility of some
incorrect action or failure, and in the case of
operation with air breakers, there iIs an increased
air censumption, this may cause sericus delay in
restoration.

In some utllities a second sclution is used
in order to leave prepared some paths between the
points with hydro or gas turbine generaticn and
the largse thermal undts, so as to ensure auxiliary
power as saon a8s possible and to reduce the risk
of total lack of this power.

This method is normally used when hydro plants
sre near by (passing through one or two substations!
and the network is established in such a way that
it can be assured that the voltage will appear
2lways 1n the same place, as otherwise, leaving
Jines connected would only complicate restoration.

In arder to svold voltage incresese at the time
of energizing the network, reactors [if available)
are connected; some utilities are reported to use
Janks of two transformers: regulation of one is
set to the maximum and the other one to the minimum,
in order to produce circulation of reactive current
and then have these two transformers acting a3 a
reactor.

3, VOLTAGE RESTORATION

After preparation of the netwark and voltage
recovery at any point of it, it is required to
proceed to its reconstruction. The goal is to get
the network, if possible, in the same situation as
before the disturbance, exclucing howsver from
cperation all defective components or components
the conrection of which may leac to zero again,
The pessibility of carrying out these operations
avtomatically will be very helpful, offering the
following major advantages:

~ the restoration will be much faster when using
automatic equipment instead of manual restor-
ation and can speed up the reconnecticn of
islanded thermal units;

- personrel mistekes often appeer curing large
disturbances because of the stress situstion;
ARE can partly eliminate these:

~ the local eguipment for acvtomatic restoration
can be designed in such a way that it is re-
dundant to the remote control system;

- if there are stations which are not asttendec
and have not remote control either, it seems to
be of very good benefit to install automatic
restoration in such stations.

In fact in most transmission lines there ars
different eguipments installed for automatic re-
clasing meinly after a short-circuit.

Single-phase reclosing and high speed three-
phase reclasing normally are installed not only for
automatic restoration itself. It is also of great
beneflit for the stagility of the network (since
the majority of faults are naot permenent]).

Three-phase reclosing with synchronous check
is normally programmed so that the line is sner-
gized from one end and synchranized at the cther
end. This reclosing is usually very slow and is
not of any benefit for the stabillity of the net-
work. Often power lines are eggquiped with both
single phese reclosing and slow thres-phase re-
closing with synchronous check. The last one can
be censidered as the first stage of automatic
restaration,

But there is a funcamental difference betwzen
the functions of auto-reclosure and of ARE. The
reclosing equipment 1s started through operation of
3 protection {distance, phase comparison, etc).
Automatic restoretion 1s started through zers
valtege detectors or by a manual control.

Restoration eguipments., thcugh designed with
different technologies (electromechanical, elec-
tranic, microprocessor, etc) have in common thet,
elther segregated or integrated, they are general-
ly organized in such a way that 2 common unit
contrels priority and each terminal has an indiv-
idual module. In this module all values and signals
required are carried out, adjustments and setting
are programmed, and the pertinent orders anc signals
are transmitted to the circuit-breexer.

The ARE is a local eguipment end though in same
instances 1t may be designed to operate with signais
coming from the dispatching center or sther sub-
stations, it has an internal logic system which in
case of feilure in communications is esble to aopesrate
independently, Jjust a&s =n operetor would, with the
intent to restore the network in the same fashion.

For each terminal it 1s possible to program
specific conditions to comply with, in arder ta
znable zero voltege connection, reception,
and closing of voltage.

sarding

It is also possible te program the order of
priority between terminzals and timing between iwo
cansecutive connections.

Where it is intended to close = circuit-crzeker
with wvoltage present et both sides, it is nacessar
to check synchronism. Generally, for this check,
the same substation eguipments are used as “or
manual connectlions and 1f there iz no synchron
this is checked oyclicelly until synchronous
conditions are met: during this tire, inforomation
{e.g. phase angle) is gererelly sent to the rermote
control center to allow operatoers to perform cor-
rective actions on ganeration,

If, when connecting & terminsel there is & ifrigp
or zero voltage again, the respective terminel
remains cut of operation while restaration in other
terminals continues. 2hould such terminel Se the
first one connected to the busber, tne whole rese-
toration will be blockecd,

The ARE ellow genersl type blccking, sc es ic
render inoperative all terminals at the same time.
Hesides, it allows ingivicual blccking avoicing
reconngcticn of @ termin=2l (e.g. in orcer to allow
inspection of equipment before connectian, for
instance 1f Buchhelz or differentiel protection
has been actuatec!?.

Should the ARE dstect any abnormal stets af
operaetion (autotest in case of micras) or in extern-
al circuits (low air pressure, voltage circuit
fuses blown, etcl, the terminal or the whole saquip-
ment, as the case may be are put out of service.



In addition to the functions described
earliier, there are others, as the stend-by position
in which the ARE stops: upon orgder of the operator
operation is started again at the point where it
had stopped. ‘

The ARE function is alsc used for the case
of voltage control being required before connecting
a lire, in order to avoicd excess voltages or risks,
or in order to allow connection of load, resctors,
cepacitor batteries, depending con current, voltage.
cos W, freguency, etc.

In the cese of ARE remcved from a terminal,
if an ettempt is made to connect it again either
from the local or remote control, logically sll the
rest of the terminals should be locked so as to
avold autematic operations interfering with the
manual ones,

4, EXPERIENCES

The ARE, as compared with cother reclosing
equipment, is so far not used in many countries,
in spite of the increasingly complex electrical
systems and in spite of control of supstations
through control centers, which are becoming more
common .,

As an example of such equipment, we may
cescribe the most relevant characteristics of the
eguipment installed in Sweden, Spain and France.

SWEDEN

Almost all 400 and 220kV stations are
eguipped with local equipment for automatic res-
toration. At the present time, about cne hundred
equipments are installec on the 408-220KkV network.
If all voltage levels are taken into consideration,
the ftotal number of eguipments is about 200. Some
of these sre electromechanical and some are of
static types end others are computer based,

Normally all breskers in a substation can
be operated by means of remote control system. The
operator in the operating center, however, may have
several stations to teke care of. The local equip-
ment used for restoration cen be a great help to
him in the cese of a large scale shut-down.

The present policy is to install such equip-
ment in all new substations. This equipment will
not replace equipment for sutomatic high speec
reclosing.

The motive for using asutomatic restoration
is a5 follows: faester restcraticn: to eliminate
personnel errors; recundancy to the remote control,

After a complete black-out, usually one
stetion must start the restoration menually., As
soon a5 voltage appears on one line or one busagar
in & station, the automatic equipment will cortinue
the restoration until 211 breskers in the station
have been closed., If black-out covers only 2 part
of the network the automatic restoretion usually
will be successful. The experiences from large
disturbance are few.

In the equipment there are valiege relays
which release the equipment 1f the voltage 1s
higher than = 80% of the normal voltage. In some
cases there are voltage relays which will block
the restoraticn if the voltage is higher == 115%

of the normal voltege. Normally there are under-
frequency relays in the automstic restoration equip-
ment for power linaes feeding load centres. If the
frequency Is lower than 43.4Hz, the restoration

will be blocked.

There 1s autometlic restoration after loed
shedding, In this case the restoration is control-
led by means of frequency relays. The load is split
in small pieces. If too much load has been connect-
ed to the network, the frequency will drop below
49,BHz, The restoration will be blocked until the
frequency 1is higher than 49.8Hz. The experience
from this equipment is good.

The autecmatic restoration eguipment can be
blocked from the coperating centre. When the cper-
ator wants to continue with restceration it is pos-
sible to override the blocking.

Normally, hydro units and gas turcines are
started and synchronized with the network by meens
of separate sutomatic devices and these can be
initiated by ARE.

SPAIN

The equipment is unique far each substation,
designed with microprccessor technigue, and working
togethar with the dispstching center. In additian
to the conventional features of voltege restoration,
it carries out 2 second reclesure of lines after
three-phase tripping and unsuccessful autoreclesure,
transmits the isolators position to the dispatching
center, controls reloading of the system [(reclosing
cf the distribution feeders is performec. step by
step, only when receiving signals from the control
center). Regarding voltage restoration, when there
is & failure in communicetion with the dispatching
center, after having received the blocking signal
from dispatching, the ARE unblocks itself snd con-
tinues restoring as required, blocking itself again
after restoration of the communication link.

In order to avoid the avalanche of signals,
produced in the event of a black-out, from masking
the alarms which are indispensable to know the
network situation and the possible cause of disturo-
ance, the ARE of every substation block {from 200ms
before the trip of the first circult-hresker for
zero voltage until after the last pert of restor-
ation) all alarme concerning this substation
(overcoming of limit U.I., variation of circuit-
bresker position, etc.) excepting those correspond-
ing to mainly protections, communication failures,
etc.

Nevertheless, all information is compiled in
a magnetic tape for later study. During the block-
ing, the operastor of the control center is informed
of the rezl conditions by an active synoptic panel
of 220 - AQ0kY networks anc by the displays with
telemessurements and the circuit-breakers position
ot the 110 - 25 - 11kY netwcrks.

FRANCE

1. - In case of & large scale shud-down it is
necessary to have automatic devices which can help
to restore quickly the network to a normal situation.

So it is necessary to:
« disconnect the loads,

« prepere the closing of a few breakers in
order ta supply the auxiliaries of thermal units as
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s50on a5 hydro power plents are able to run again,

. reenergize the feeders aveicding excessive
high voltage or self-excitation of generators,

. be able to reconnect easily two parts of
the system,

. avold unnecessary switching of breakers.

2, - To achieve such a goel, automatic devices are
implemented on the French netwark.

» NO VOLTAGE TRIP AND RESTORATION

Generally feeders and transtormers are fit-
ted out with an automaton which can:

. trip the breaker in case of a lack of
voltage {lasting more than 20secl,

. reclose the tireaker after voltage recovery;
this closing 1s performed, according to one or
several preset programs:

-~ to reenergize the busbars from the feeder,

- to reenerglze the feeder from the busbars,

- to recennsct the feeder to the bustars
after synchrochecking.

In the maln substations, whers it is neces-
sary to reconnect two parts of the system, an automr-
atic coupler can be switched on from the remote
contral center. This coupler delivers to the control
canter information relating to the differences of
frequency, phase and voltage values between the two
parts of the system.

When the differences are not too large, the
coupler closes the breaker (when the beat due to the
freguency difference is crossing zeraol.
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The guestionneaire was sent So 27 coun
and answers have been received from 41 ufild

+ ct

Detsiled analysis of the amswers has Szen
cerrisd out by the members of the ‘Working Group
(%), the purpose of this paper is to summarize
this enalysis anc point out the meost valuable infors-
Tation.

1. GENERAL QUESTIONS

11 The mein point to note is that the electrizal
systems become more and more cifficult to
operate, since:

- snort-circuit currents (both eingle and three-
phase) are increasing {30-40 GVA are coftem mentipn-
ed);

large generating units are numerous (43 countrias
have units rating more than 500 MVA, 10 countries
will have in the nesr future units rating more then
1200 MVA);

- stebility margins are cecreasing [im meny utili-
tizs, multiphase faults are to be cleared in less
than 100-200 ms);

© many components of the system rust he protected
2gainst high stresses and fatigue (metal-clad sub-
stations, nucleer units, turbine shafis...)

2] " It appears that, eccoraing to such an evelutien
oFf the electrical systems, utilities have rade
many improvements regarding the praotection of
the EHV networks, mainly near the large gener-
ating units:

= redundancy is very often applied (32 util{tiss
have twc main protections on their ERV transmission
lines)

- repidity is increased, bath on protective cevices
(2 eycles tripping time is oftem achieved) ancd an

- new protective schemes are appliec very aoften
{23 utilities use busbar orotections, 35 utilities
have implementsd breaker feilure protections],

3] Regarding autoreclosyre palicy, it seems thet
single-phase autecreclosure plus three-phase
autoreclosure with synchrocheck is more and
more coften applied (25 wtilities), since high
speed three phase autoreclosure (used by 11
utilities) is reported to te risky for the
large units.

I, IHE EFFECTS OF H.v. NETWORK FAULTS AND
SWITCHING OPERATIGNS ON LARGE TURBINE
TUTGENERATORS T T

1) Regarding this proclem, 26 utilitiess statec
their zoncarn: tut i we <o net 4=2ke intg acroun®
the utilities which have precominantly hydroplant
cr only gemerating units smaller than 200 MVA, tn
percentage of concerned utilitics would increase
to nearly 100%.

2} Among the utilitiss concerned by this problers,
the events considered toc Se the cause of a 5ignif-
icant life expenditure were mistributed as followe:

ponding papers ara

grasted to neve M.

Events consicered the mast sreoccupying “Yes” answereq

- close in thres ghase shart-circuits 17 !
- sut-af-sien cperation of the unit : ' 13
© lLBSYNCRranNOYs resonance 4
- faulty synchronizaticn 18 '
+ Autsreciosure 13
- cumulative fatique effect of aiziurdances 18
= stamility aids [such s3 brasing resistor

switching, fast valving) ' 4

F

3] Regsrding the orotective systaem, several uytil-
ities have introduceg specific measures and improvs-
ma2nts &8s 2 ceonsegquence of the shatt fatigue probl
It seems, however, that in Tos® cases, this proglsm
was noct the only rzason {thz other Seing mainly
transisnt =tability).

Humper of vrilittes

iPOrovements or $pecific measures where applied

- high spesd protective relays 16
= faster circuis-breacers L}
T medsures 10 increase the dependatlity 1
- fast busbar decoupling . [

~ others ?

-~ 5 utilities are reported to use back-up protec-
tion to separate the turboset, 1f a fault iz not
cleered fast enough, these arotections being ap-
pli=c meinly to reduce the shaft fetigue,
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4] Regarding the sutoreclosure policies, it is
obvious that many utilities have changed their

mind and adepted restrictions near the large units
in order to decrease the shaft fatigue. Carrespond-
ing answers are:

Restrictions adopted "“"°‘;=::etilz"“‘
- no autoreclosure at all 3
- only single pole autoreclosure 9
- ARC bdlocked if fault i3 near the power plant 1
- ARC blockea if three phase fault 9
- provision of synchrocneck relays iz
- reenergization only from the remate end 9
~ thinges in the settings 3
+ theck on current flow on nharallel lines 1

5] On-line muhituring equipments, to evesluate the
fatigue effects of electrical disturbances, were
reported to be in operation in three cases; in
six further ceses an installation 1is plannec.

B) Concerning informetion collected from system
operation, it seems that most utilities have not
made a final decision and are therefore reluctent
to deliver information about damage notec in
cornection with electricael disturbances on the
network or about actual tests performed on gener-
ators to evaluate the fatigue effects.

111, L0SS OF FIELD, QUT-CF-STEP OPERATION.

Almost all the utilities use loss of ¥ield
relsys, These relays are far mere wicely used
than generator out-of-step relays.

Regarding out-of-step operation, there is no
agreement on whether it is agvisable to trip units
as soon as possible or to allow the system to try
resynchronizing. HNevertheless it cen be stated
that:

- many utilities have made a lot of improve-
ments to prevent out-of-step operation (high speed
protective eguipments, autoreclosure policy, hign
performance excitstion systems...}, even scme
utilities consider that out-of-step operaticn is
almost impossible in thelr system;

- less than half the utilities use desicated
generatar out-cf-step relays:

the utilities prever 1o keep
this

- less than half
the units connectad and spli* up the networkg
network splitting is generally performec by the
gdistance protections since thay have no anti-hunt-
ing davices, only very few countriss usuzlly per-
form this network splitting in & contrel manner
(using either phase compariszon of the vo ges cf
two substztions, or chenging the rate of impecence
relays cor cyclic chargas of voltage value checking;

- 1in gsome countries, studies a2re carrisc out
on automatic devices, using telecommunicatiorn links,
acle to prevent cut-of-step operetior (by fast
changing of the generaticns set points fer instaencs),
to detect such a disturhance and tc perfors carrect-
ive actions [e.g. nmetwork splittingl: scme sutomats
are even ungder operation but, at the zresent time,
we cannot say that it exists in actual on-mine
centralized out-of-step protection.

v, CRITERIA FCR ISCLATING POWER PLANTS

This part of the questionnaire covered
criteria for isolating power plants and equiprent
to seperate the generators from the network under
abnarmal conditieons of wvoltage, frequency or others.

The answers received seem to represent a
heterogenecus collection of opinions. Howewver it
was passible to focus the various items to princip-
al blocks of statements. The percentage of the
various meanings is indiceted in the following
comments.

1) Unbalanced load

Unbalanted load relays =re mentioned in

75% of the answers. The greater pert of the
information indicates only one step. used for trip
or isoleting actions {85%)., The types of relays
used are either 12?t = constant (86%) or constant
time negative seguence overcurrent. One reply
mentions irnhibiticn of the relay in case of low
load of the generatcr. Ancther reply mentions
cascaded elimination of unbalance, first islancing
then trip.

2} Step-up transformer neutral current and veltage

Neutral current criterion 1s used in 40% o
the answers, neutral volteges in nearly 18%. Actions
are islanding or trip, in cne answer cescaded
action is menticned. Another answer menticns a
thermal type characteristic for the zero seguence
relay,

2) High level fault currents

In 45% of the ancswers, the criterion used is
trip of the generstor, in 20% of the cases island-
ing iz mentioned.

4} Distance relay on HV side of the step-up
transfarmer

20% of the answers indicate network directed
¢istance relay action for generator trip, Helf of
these use two distinct steps,

In 40% of the replies the seme critericn is
megntioned for islanding, alsa with roughly half
of them distinguishing two steps.

Distance relay action in generaticr direction
is used in 45% of the replies for generator trip
[as back-up protection), only 10% attempt islanc-
ing for the same cendition.,

5] Distance reley on the generstor sidse

llse of this criterion is mentioned in 30%
of the answers. Of these roughly half use one
single step.

Acticns are trip (in the great majority) or
islanding.

6] Low voltage

This criterion 1s used Iin 2B% of the answers.
Most users indicate islanding and cascade tripping.
A minority gees for direct trip, probably through
scram of reactaor,

First remasrk: the criterion seems to be sys-
tematically applied to hydro and particularly
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pump storage units.

Secondly, one answer mentions the criterion
te initiate transfer of auxiliaries to & source
of safe supply [(in Aauclear stetions).

7)1 High voltage

The criterion is used in 82% of the enswers,
mainly for direct trip. Two contributions mention
a dual stege protection.

8) High frequency

This criterion is used in 47% of the answers;
of these only a few consider emly islanding, the
others both Islanding end trip.

Most of the protections mentioned are purely
mechanical [overspeed).

One reply considers only for pumping storage,
another reply uses the criterion far initiating
transfer of auxiliaries to sefe supply.

9] Low freguency (non nuclear units!

The low fregquency criterion is used in 55% of
the replies. A grest mejority initiste Islanding
[and cascade tripping)., a minerity goes for direct
tripping. One reply indicates also the use of &
gf/dt critarjon [with low frequency) for islanding
purposes.

10)  Low frequency (nuclear units)

The 15 replies (out of a total of 17) mention
low frequency far nuclear units. Three of them
gou for direct trip, the others consider first en
islanding step.

11} DOverfluxing

S5% of the replies indicate the overfluxing
criterion. Most of them consider only the trip
action. In 23% of the relay spplications, a sep-
arate islanding step is zonsidered and only cne
case performs only islencing a2nc no tripping.

The criterion is sometimes gisetled (3 cases
mentioned), when the HY btreaker is closed. The
problem is mentioned particularly for pig step-up
transfarmers.

12) Oscillations

Oscillations are mentioned in 4 reporis. It
is not clear how the criterion is cetected ard used
although the 4 reports mention trip and islanding
actions,

B0% of the answers consider that there is a
reasonatle risk for aoscilletions in their power
systems.” Nearly 44% of *hese companiess apply power

system stabilizers in this respect.

Are alse menmtioned asngle cdeviation stebilizers
as well as static shunt var systems. These cen
however not be considerec as protection devices.

13} Subsynchronous resonance

No information cen be drawn from the answers
to the questionnaire, except for one contribution
which mentions the problem without, however, refer-
ring to a protective measurs.

14) DOthers
One answer mentions generator islanding relay

based on & P, Intenced to limit torsional stresses
on thg generator (refer to Chapter 2).

V; WARNING CRITERIA OF AN EVOLVING DANGEROUS

This part of the questiennaire investigated
what can be done autcmatically to prevent a large
scale shut-down,

Relevent informetion was collected regarcing
three main items: freguency drop, voltage drop
and incerrect exchanges between aress.

1) Freguency drop

. Measuyrements

Most of the utilities use the frequency measure-
ment, The freguency derivative measurement is
adopted by nine utilities, seven of them using the
derivative measurement as an additional criterion
and two of them as & basic criterion.

. Actions

Load shedding is applied or i1s under coansider-
ation by all countries [at least in certain arees]).

The number of steps generally vories from two
to six. The four-step scheme seems to be the most
popular.

The frequency setting for the first step varies
from 48.2 to 48.8 Hz in 50 Hz systems and from 58.5
to 58.3 Hz in B0 Hz systems respectively. The
first step is practicelly instantaneous in every
case, and the amount of load to be shed in the
first step varies from 3.5% to 30%. The freguency
setting for the last step varies from 45.4 Hz to
48,5 Hz in the 50 Hz systems and from 57.5 Hz to
56.3 Hz in the B0 Hz systems, respectively.

The totzl amount of the.automatic loacd shed-
ding varies from 10 to 80%, the average being
approximately 50%.

The tripping of pumped-storage power plants
(in pumping mode) during the freguency decrease
seems {0 be the normal practice since 15 answers
have specified that kind of pelicy.

The automatic starting of fast units {gas
turbines, pumped-storage power plents, diesel sets,
hydro power plants) is a normal practice because
more than half of the answers have specified this
policy.

The tripping cf tie lirmes is used in very rare
cases, because only 10% of the answers specified
this practice. The same applies to the splitting
of the network.

2) Voltege drop

B Measurements

All utilities specify that they use the voltage
measurement of the main busbars as a warning crit-
erion as regards the wvoltage drop. Only in some
cases the utilities take into account the active
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and reactive power transmitted by power transform-
ers, power lines, etec,

The criteria

+ Actions

Switching on/cff capecitor banks, reactors,
synchrenous compensators or other compensation
devices takes place automatically in half of the
cases and manually for the other half.

The blocking of tap-chengers of power trans-
formers during & voltage drop is performed (mainly
manually) in some countries {42%), but the normal
practice is to have no blocking. The same applies
to the local load shedding as regards the voltage
decrease.

The decreasing of set point of tap changers
of power tramsformers is not normel practica. This
policy is adopted only in few countries.

The splitting of the network due to low
valtege in the network is not performed eutcmatical-
ly. The splitting is applied to a certain extent
in very few subtransmission systems.

3) Incorrect power exchanges betwsen areas

. Overload

The current measuremant and the power maasure-
ment are approximately ecual as regards their usz as
a warning critericn for overloac. The same applies
to the supervision of the 0il temperature in power
trensformers. The air temperature, previous over-
loads and in some cases even the wing spred are
taken inte sccount in faw countries wher evaluat-
ing the cverloac situation.

Automatic actions due to the overload ars not
as usual as manual actions. 0OF course the itams
providec with an overload protection (e.g. power
transformers, generators) are tripped autometically
if an overleced condition zppears. Sut the overhead
transmission lines are seldom provided with separ-
ate overload protection and therefores, the reductionr
of the overload on transmission lines reguires
manual action.

The lacal autcmatic load shedding due to the
overlocad is applied in 4 countries and to = certain
extent only. The automatic decreasing cf local
generation is executed in £ countries,

Almost all countries have specified that they
use the measurement of power transmitted heotween
areas as a8 warning criterion. 0On the other hand it
can te noticed tnet the phese-angle measurement is
very seldom appmi2d or under consiceration,

The autematic local load shecdding due to the
proximity of stability limits is cnly adopted in 2
countries. ©Only in few utilities ars auvtametic
actiens performec on locsl generation,

To & certain extent, changing of the tripping
time af the genereting units is appliecd in one
country, in cese of decrease of stability margin.

. Power oscillations between areas

Oetecting & cyclic change of the valtage or
of the active and/or reactive power (on lines,
transformers] is the most common way to indicate
the power oscilletions between areas. Almost half
of the answers received have specifled this warning
criterion.

The splitting of the network during power
escillations is performed automstically in very
few casas.

The decreasing of transmitted power between
arees (in order to get a better balance betwean
the load and generation in each area) is performed
manually, except in very few ceses where automatic
actions are applied.

VI, AUTOMATIC RESTORATION AFTER A BLACK—OUT

The last part of the questionnaire was deal-
ing with the criterion and auvtomatic restcration
eqguipment for a repid return to a normal situation
after a large scale shut-down,

After gereral guestions related to the ways
of operating the nmetwork, 2 points were analysed in
more deteil: what to do automatically ta help the
cperators prepare the network for the restoration
and the vcltage restoratiaon itself.

1) PRemate control of the system

Regarding hydro power olants, 55% of the
countriss have the possibility of centrolling these
plants from a Low Level Remote Control Center
(L.L.R.C.C.) and 30% from a High Level Remote
Control Center (H.L.R.C.C.J.

As regards gas turbines and diesel sets, it
segems that remote centrol (et least starting orders)
is common practice.

As regarcs substations, mest countries use
the L.L,R,C.C. (75%) &nc local cperation. Control
from H.L.R.C.C. is gradually increasing and is usad,
st the present time, in 40% of the countries,

2) Preparstion of the netwark

This parsgraph inguired about the automatic
gctions following a loss of wvoltage.

Tripping of loads is performed by more or
less the same countries which trip all circuit-
bEreakers (35%),

Keeping some circuit-breakers connected (to
przpare special network conngctions! atfects only
25%. The replies for moving & tep changer to a
precerined level are affirmative in 25% of the
cases, :

From the countries which have replied affir-
matively that all breakers should be tripped, 22%
can, fram the remote contrel center, start, or stop
temporarily the Autometic Resteration Egquipment
(A.R.Z.} ang 33% can change the program of these
ALRLE,
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3] Voltage restoration

For restoration of suxiliary supply to the
principal generation blocks there 1s & clear prefer-
ence for islanding on auxiliary load [B5%): the
internal standby generation is backed up [(in 40% of
the cases) with remote hydro-generstion, requiring
either the main transmission system (70%) or (30%)
the subtransmission system only.

From the global analysis of all responses,
it is essumed that only 25% of the countries use
automatic equipments to perform restoration after
2 black-out whereas only 20% perform sutomatic
rostoration after a locad shedding due to a low
frequency.

This automatic restoration eguipment (A.R.E,)
effects mainly tresker reclosure after voltage rec-
overy either on busbars or on feeders.

When A.R.E. 1s used, this 1s connected to
the remote control center for

= stert permission in 40% of the casas

- program changes in 40% of the cases

- infarmation sent by A.R.E. in 100% of the
cases

- temporary standby of the A.R.E. in EB0% of
the cases.

In more than 70% of the countries synchre-
check equipments exist in substations. In almost
all cases of existing A.R.E., these cen start check-
ing synchronism. Likewise, we can state that
almost all countries hawving control from & remote
center, check of synchronism may be started from
this control center.

Only 30% of the countries are using the
synchrocheck equipment to send information [ AU,
af . Af) to a remote control center, although this
informetion is sent to the remote contral center by
cther equipments in many tases.
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