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CHAPTER 1

BACKGROUND

"Remedial measures to reduce the incidence and
effect of major disturbances on power

Cigre has supported studies into the
contrel of power systems during disturbed

conditions since the mid 1970's. Much of the work
has been done under the umbrella of the Study
Committee on power system operation and control -
Study Committee 32, responsible for planning and
operations until 1978, Study Committee 32
responsible for operational work only from 1978 to
1982 and Study Committee 39, again operational
work only since 1982.

Each of these Study Committees from 1973
until 1986 supported a Working Group (WG 01) on
Emergency Control (the term often used for the
contrel of power systems during disturbed
conditions) which met about twice a year. A
number of papers were produced on topics supported
by the Study Committee and their contents,
outlined below, have been used in the preparation
of this brochure. In chronmolegical order, the
papers were:

"& survey of control strategies in emergency”,

(1}.

This paper published at the request of
the Chairman of Study Committee 32,

Mr. M. Valtorta, summarised the replies
to a questionnaire on strategles used by
utilities to contain the effects of
abnormal disturbances. The questionnaire
was addressed mainly to countries with
representatives on WG 0l and replies were
received from 12 countries, representing
25 utilities.

The topics studied for each utilicy
included:

(1) the security criteria used in
operatien

(ii) the likely actions taken to prevent
a disturbance spreading through the
system; sequences of actions in
order of priority for various
contingencies were summarised. The
analysis included the probable worse
effect of various contingencies and
the prierities for the different
contaimment actions for each type of
contingency;

(iii) a similar analysis for actions to
restore a system to normal
oparation;

(iv) times required to take the different
actions;

(v) summaries of data telemetered,
alarms provided and basic
acquisition of telemetered data;

(vi) predictive studies implemented;

(vii) methods of decision making and means
of implementation for restoration.

systems", (2).

This paper reported on the results of an
international survey of actions taken by
utilities to reduce the incidence and
effect of major disturbances and
introduced directly as a result of such
disturbances. The Information was
obtained in reply to a questionnaire
circulated to members of Study Committee
32 in December 1976. It requested
information en each disturbance such as
its initial cause and any relevant system
abnormalities at the time, the ensuing
events in the development of the
disturbance highlighting significant
factors in this and in restoration,
recommendations made to reduce the future
incidence of such disturbances and their
effectiveness if implemented,
obsaervations on the adequacy of telemetry
and instrumentation during the
disturbance and finally notes on
techniques of special interest used in
subsequent analysis of the disturbance.

Replies were received from 16 countries
describing 50 disturbances in 26
utilities over the period 1961 - 1976
(all but 9 of the disturbances were from
1970 onwards}, The tabular summaries
provided in the paper included for each
disturbance:

(1) weather and prior system
conditions;

(ii) 1initial cause and subsequent
sequence of events;

(i1i) duration of spread of disturbance,

frequency variation during this time
and demand disconnected;

(iv) an expansion on significant factors
in the initiation, spread and
restoration.

The recommendations and actions
implemented by the various utilities were
summarised including comparisons between
the utilities highlighting common
problems.

"Aids for the emergency control of power
systems”, (3).

This paper published at the request of
the Chairman of Study Committee 32 was a
more general study of emergency contrel.
One of its main purposes was to provide
guidance on aids which should be
considered by utilitles wishing to
develop thelr facilities for contrel in
emergencies.



& wide range of topics was considered
ineluding definition and objectives of
emergency control, typical patterns in
the evolution and containment of
disturbances, a review of the present
state of the application of aids for
emergency control and a proposal for
selected aids and procedures, the role of
emergency control in the future and the
evolution of aids for emergency control.
Perhaps the most lmportant features of
this paper were the suggestion of typical
ways In which a disturbance evolves and
representing this in graphical form, the
role of emergency control in the future
and the discussion on costs and
benefits.

"A report on a further survey of major
disturbanees” (4).

"The
(6).

Following the publicatien of the 1973
paper a new questionnaire seeking
information on disturbances was
circulated to all member countries of
Cigre in 1981. The resulting paper
reported on 15 incidents over the period
1978-1981. Although the presentation was
similar to the earlier paper, two
significant new features were introduced
- the concept of classifying the severity
of a disturbance in terms of system
minutes [5] and the inclusion of diagrams
to show first the evolution of a
disturbance and then the resteration
process.

implementation of emergency control®,

The motivation of this paper was to
consider the application of computers and
aspects of centralisation in emergenecy
contrel. Following a definition of
emergency control which necessarily
considered possible system states, a
framework for existing and future types
of automatic control was put forward.
This included the concept of "adaptive"
emergency control in which ideal
containment and restorative actions would
be determined based on obgervations of
pre- and post-fault states of the system.
The scope for .improvement in emergency
control facilities was s2ssessed, leading
into the impact of system structure on
emergency control and the best
indications by which to detect an
emergency situation. A logical flow
diagram for simple applications of
adaptive control was included, ome of a
number put forward in the full paper
presented to the Study Committee. The
paper concluded with comments on
technical developments in the field.

“A review of emergency control of power
systems®, (7).

This paper reviewed the (then) current
status of control of power systems during
emergency condltions dealing breadly with
the steps that can be taken to minimise
the risk of a major disturbance

occurring and, if it should occur, its

containment and the restoration of nermal
conditions. There was some discussion on
operator training and on restoration,
including black start.

"System restoration following a major
disturbance”, (8).

This paper collated information from 1&
utilities in 13 countries on restoration
strategies, provided in response to a
questionnaire circulated ta members of WG
0l. The paper included information on
automatic disturbance limiting mechanisms
such as generation rejection and
islanding, load rejection and black start
capability of generatiom, automatic
switching of transmission for
restoration, security of auxiliary
supplies, training of control operators
and priority of actions in the
restoration process.

"Third survey of major disturbances", (9).

The paper summarised information on 24
disturbances provided in response to the
questionnaire mentioned earlier. The
wajority of these occurred over the
period 1980-1983. In addition to
commenting on these disturbances, a brief
comparison was made with the two earlier
surveys to see for Instance if there is
any trend In types of disturbances. The
relationships between extent and severity
of disturbances and resteration time were
also considered.

"A note on strategy of restoration", (11).

Dr. Berntsen of Norway suggested at a
meeting of WG 01 that there might be a
relationship between a preferred strategy
of restoration following a major
disturbance and system structure [10].
This hypothesis was discussed at length
in Working Croups meetings and, following
Dr. Berntsen's move to other work,
summarised in this note. The conclusion
reached was that it was not possible to
esteblish any correlation between
strategies of restoration and
characteristics of systems. Both from
this and other studies however, there is
much commonality between the restoration
practices of utilities.

The papers listed above have been those
prepared with the support of first Study Committee
32 and then 39 of Cigre. Other sources of
information in this area are a series of annual
reports from the North American Electricity
Reliability Council (12), a brochure from UCPTE
(13) and some papers in its annual reports, and a
number of reports by IEEE Task Forces (14, 15,
16}, Study Committee 32 (later 39) also sec up a
Working Group 05 to study the related field of
reliabjlity of bulk electricity systems and
several papers have been published (5, 17, 18).
Individual utilities sometimes publish reports on
their own disturbances (e.g. 19, 20, 21, 22, 23).
The Study Committee also supported studies by its
Working Group 04 on the performance of generating
plant during disturbed conditions (24, 25, 26).



CHAPTER 2

SOME GENERAL ASPECTS OF CONTROL AND CONTROL FACILITIES

DURING DISTURBED CONDITIONS

INTRODUCTIQN

As noted in Chapter 1, it has become
common practice to refer to system control during
disturbed conditions as "emergency control*. It
is proposed in this chapter to counsider the more
general aspects of emergency control such as its
definition and relationship to system state,
objectives, the impact of system structure on
methods used, and a conceptual framework for
techniques of emergency control (this will be
taken up again in chapter 7.}

2.1 b TIONS O G CONTROL AND
RELATIONSHIP TO SYSTEM STATES

Control in emergency can be defined as
“the special facilities and procedures provided by
a utility to enable it to maintain and restore
viable operation following an inecidenc which
disturbs the system operating conditions to a
point where the available system capacity is no
longer sufficient to meet demand in all or parts
of the system or where abnormal splits exist
within the network."

The term "credible contingency" is often
used in these definitions. This is a contingency
or fault which has been specifically foresezen in
the planning and operation of the system and
against which specific measures have been taken to
ensure that no serious consequences would follow
its occurrence. It has sometimes been called a
"defined contingency”. A "non-credible
contingency” is one, usually more severe and not
specifically defined, for which only general
preventive measures are taken. As might be
expected, a non-credible contingency is much less
likely to ocecur than a credible contingency.
Typically the set of credible contingencies will
include the loss on fault or otherwise of any
circuit or transformer, the largest generator, any
bushbar. Three phase faults will usually be
assumed for stability assessments, occasionally
2 phase to earth for systems with weaker
interconnections., Two coincident fault outages
are sometimes assumed on well developed systems,
perhaps subject to bad weather conditions existing
(otherwise a single outage).

NORMAL

snﬂ!/
/ J$\\’ev‘wence~cv CONTROL
n

NORMAL {ALERT) ALERT
STe‘l_'_E_____. - STATE

TN\

EMERGENCY
STATE

sy CREDIBLE CONTINGENCY
————> NON-CREDMBLE CONTINGENCY

NOAMAL CONTROL

————

e

RESTORATIVE PROCESS -
RESTORATIVE PROCES.

. T RESTORATIVE ACTION
Fig.1 Relationship between System States
Contingencies and Types of Control

System states and contingencies can be
related as shown in Fig. 1. This gives a second,
and in some ways more useful definition of
emergency control, as control during the time when
the system is in an alert or emergency state or in
process of being returned from these states to
normal. HNormal contrel is control during the time
when the system fs in a normal or normal (alert)
state.

2.2 THE_OBJECTIVES QF EMERGENCY CONTROL

The objectives of emergency control are
to prevent a system degenerating into the alert or
emergency states but if this does occur, to
minimise disruption and restore normal conditions
as quickly as possible, without exposing the
plant to non-sustainable overlocads or abnormal
values of frequency and voltage. It will be seen
that this introduces the element of time (e.g.
"non-sustainable overloads"), and this in turn
means introducing time into the descriptions of
system states. These then differ in this respect
from the definitions put forward by Dy Liacco and
widely used in North America, or the Carlsen-Fink
ones which have been used Scandinavia., With time
specifically incorporated, the system state
definitions suggested are:-

Normal - All loadings are within the continuous
capabilities of plant, with voltages and
frequency within agreed operational limies.
System conditions following any credible
contingency are acceptable.

Normal (alert) - If a credible contingency
gccurs, action can be taken within the time

scales allowed by plant capability to restore
the system to & normal state, Very rapid or
immediate action is not necessary.

Alert - This state requires very rapld or
immediate action. If a credible contingency
occurs the system will enter the emergency
state, Alternatively, the existing conditions
are such that action must be taken rapidly to
prevent unacceptable overloading, voltage
conditions, frequency changes, or plant
trippings caused by protective gear operation,

Emergency - Uunacceptable loading, voltage or
frequency conditions already exist on the
system, or demand has been lost, or the system
is split. Action must be taken immediately to
bring the system to an acceptable state.

The term "restorative action” will be
used to denote return of the system from one of
the alert or emergency states to the normal state.
In such action the system is progressed as rapidly
as possible from its most abnormal state to a
normal state, possibly through a sequence of alert
states - refer again to Fig. 1 for the relationship
between system states, level of contingency and
actions.

Techniques and facilities used for such
emergency control can also be used to supplement



primary system capacity. Expanding on this,
emergency control type facilities may be installed
Eor two broad reasons:-

A - To preserve system lntegrity following a "non-
credible” contingency:-

(1) To maintain as much as possible of the
system in a viable operating state
fellowing a disturbance, as a result of
which the demand cannot be met by the
remaining generation and/or transmission
capacity without exposing the plant to
non-sustainable overloads or operation at
abnormal values of frequency or voltage
(The combinations of initial system state
and disturbance will together in general
be more severe than the set of defined
contingencies taken for the planning and
operation of the system);

and (2) following this to restore a viable
operating state, with all demand
supplied, as quickly as possible.

B - As an alternative to system capacity:-

(1) In planning, to reduce installed
generation or transmission capacity by
transiently equalising demand and system
capacity remaining after a defined
incident, thereby providing the short
time necessary to institute measures to
restore a viable operating state with all
demand supplied. It seems unlikely that
any appreciable reduction in generation
capacity would be achieved, although the
plant mix might be affected.

(2) In operation, to overcome limitations in
transmission capacity, in particular
caused by delays in consents and
construction, The mechanism {s as in
B(1).

(3) 1In operation, to reduce immediately
available cperating reserves,
particularly of generation. The
mechanism is as in B(l).

Although the procedures and aids to meet
these objectives may be similar, or identical, the
design problems of the two applications are
different. In the first, any combination of
equipment faults, outages or human errors may
occur affecting the whole or part of the system.
Neither the resulting system states nor the
necessary remedial actions can be determined
except in broad terms. Where the distinctien is
necessary, this is referred to as "true emergency
contzol” in the remainder of this brochure.

In the second, the abnormal states of the
systam, and hence the necessary remedial actions
are well defined as those resulting from one of a
nunber of defined incidents.

2.3 THE EFFECT OF POWER SYSTEM STRUCTURE ON
EFMERGENCY CONTROL REQUIREMENTS

Two aspects of this subject are
considered below -the effect of system structure
on the need for emergency control and the impact
the structure may have on the facilities used. In

delng this, a classification of structure was
intreduced as follows {(6),

Ul - A utility which is part of a very
much larger interconnection and occupies
a central positien in that
interconnection.

U2 - A utilicy which is part of a very
much larger interconnection but is on the
periphery of that interconnection.

U2 - A utility which is not interconnected
with neighbours or is much the biggest
part in zny interconnection.

Further classification will indicacte
broadly whether the utility has a multiply meshed
transmission network with thermal rather than
stability or voltage limits (sub-classification
{a)) or has a lightly meshed transmission network
with stability or perhaps voltage rather than
thermal limits (sub-classification (b).

2.3.1 Effect of Svstem Structure on the Need for
Emergency Control

There appears to be little correlation
between the need for true emergency control and
system structure. Some general observations are:

Ul(a) - This is potentially a very secure
system but with some risk posed by
undefined cross-system flows caused by
external changes. Experience suggests
that such risks are not negligible.

Ul{b) - There is an obviously greater risk
than in Ul(a) of external changes causing
problems from cross-system power flows.,
Such systems are also likely to be less
secure than Ul{a) against the internal
non-credible contingency.

U2(a) - These systems may be susceptible
to loss of external intercomnectors and
if this risk is to be minimised there is
2 need for emergency control of
generation and demand which is not
dependent on frequency deviations for
actuation,

U2(b) - Much as U2(a), but with greater
risks from internal non-credible faults.

U3(a) - The security of such a system
will depend very much on its own planning,
operational planning and control policies.

Ud(b} - This system will be similar to
the U3(a) system, but probably less
secure than against the non-credible
contingency,

These generzl comments assume that the
transmission between utilities includes capacity
for uncertainty as well as planned power
transfers, This reservation, and the level of
uncertainty considered, inhibits any general
argument that the larger an interconnection the
more secure it is likely to be because of the:
probability that the initfating cause and
phenomena during a disturbance will not increase
proportionally to the size of the
interconnection.



Systems of type (a) are felt to be more
secure against the non-credible contingeucy than
those of type (b) because the loading tolerances
of thermally limited circuits will be greater in
magnitude and duration of overload than those of
stability limited systems.

It is possible, and sometimes necessary,
to consider an interconnected system of several
utilities as.one utility from the emergency peint
of view. Conversely different parts of a single
utility can be considered as separate "utilities"
within an "interconnection” in which case the
comments above would apply to those parts.

A quantitative assessment sponsored by WG
05 (17) indicated that interconnection with
neighbouring utilities is an important factor in
lowering the frequency of the smaller disturbances
(classified as degree 1, up to 10 system minutes+)
particularly for large systems. Stability limited
(type b) systems experienced significantly more
disturbances, at all levels of severity, than
thermally limited (type a} systems. Systems above
1000 MW in size have similar numbers of
disturbances, greater than the number for systems
below 1000 MW. HNo very large disturbances {above
100 system minutes) were reported for these small
systems.

One might conclude that increasing system
size if anything increases the need for emergency
control facilities (surely an argument for some
form of sectioning very large systems during major
disturbances) and that the need is more likely to
be evident with stability limited than with
thermally limited systems.
2.3.2 ect of Syste ucture on the Form o
Emergenc on

In contrast, the system structure and
size can significantly alter the form of
implementation of emergency contrel. Most obvious
is the use of under-frequency disconnection of
demand, This will not protect a small part, even
a whole utility within a large intercounection,
against transmission overloads, excessive voltage
changes or instability caused by generation loss;
in comparison to the total connected capacity, an
important local loss of generation is unlikely to
influence the system frequency to the extent
required to operate under-frequency relays.

An important general question 1s te what
extent system sectioning should be employed. It
can be used to isolate utilities from each other,
for instance on detection of very low frequencies
or escillatory conditions, and/or within large
utilities to isolate disturbed from healthy
sections.

The form of transmission constraints are
likely to have an Important influence. Response
times of several seconds to minutes will usually

* As defined in (3), the severity of a
disturbance in system minutes is the number of
minutes of energy at peak load equivalent to the
energy not supplied during the disturbance, i.e.

System minutes =

energy not supplied due to disturbance (MWh) x 60

maximum system demand met to date (MW)

be acceptable for remedial actions to reduce
thermal overloads whilst action to prevent
transient instability will need to be taken in
milliseconds. Actions to rectify unacceptable
voltage conditions should probably be taken in the
order tens of seconds to minutes.

2.4 A CONCEPTUAL FRAMEWORK FOR FORMS OF
IMPLEMENTATTION OF EMERGENCY CONTROL

As noted earlier the main differences
between the use of emexgency control techniques to
contain the effect of non-eredible contingencies
on the one hand and to compensate for deliberate
or fertuituous underprovision (by usual standards)
of primary equipment on the other hand are in the
degree of uncertainty on contingencies, system
states to be met and actions. However even when
emergency control techniques are employed to
contain the effects of non-credible contingencies,
normally only very few system variables, not
normally correlated with other variables, are used
to determine very specific actions,

An "adaptive" emergency control appreocach
can be conceived in which ideal containment and
resteorative actions are selected based on the
observed state of the system. The operator could
provide this adaptive feature in an interactive
approach, the computer indicating alternative and
numerical solutions and the operater making the
final choice,.

The three basic forms of implementation
as shown in Fig 2. The adaptive approach just
suggested {s shown in Fig 2a, the usual present
day form of application in Fig 2b (called "pre-
defined logic" emergency contrel) and the
application te reduce capital or operating costs,
or to compensate for delays In commissioning in
Flg 2c, (see also Chapter 7).

2.5 N
FACILITIES

RIA FOR EMERGENGY 0

A number of almost self evident criteria
will establish the basic form of an emergency
control scheme:

{a2) The most appropriate system variable/s
should be chosen to initiate emergency
action;

(b) the actions taken should in general be
the minimum necessary to contain the
disturbance, particularly where
adjustment of generation output ox
disconnection of demand are concerned;

(c) the actions should be implemented at the
geographical locations on the system where
they are most effective to contain the
disturbance and run least risk of
precipitating further problems.

It may be noted that these peints are mainly
concerned with making the emergency control
adaptive to the actual system state.

Other suggested design criteria are:



(d)

{e)

(£)

(g)

()

(1)

the emergency control system should have
a functional reliab{lity such that the
probability of avolding demand
disconnection as a result of {its
successful operation is several times
greater than the probability of demand
disconnection as a result of its possible
maloperation. An alternative, simpler
approach would be to seek a reliability
from the emergency control system no
worse than that obtained from first line
protective systems;

the actions taken and the reasons for
these should be indicated to the
cperater;

alarms should be given when the emergency
system is not functioning or its correct
operation is doubtful (e.g. suspect
data);

it should be possible for the operator to
override incoming telemetry known to be
incorrect and, where pre-defined logic is
used, to select alternatives in line with
actual power system conditions;

the system must be robust, that is it
must meet the criteria and objectives
whatever the state of the power system;

decision and action times must be less
than the time at which a further step
degradation of the system would occur.

Working Group 05 has recently completed a
survey of the performance of emergency control
aids (27) which shows an effectiveness, defined as
(number of suceessful operations) divided by
(numbar of successful + unsuccessful + failure
operatiens), of between 90 and 100Y for various
forms of emergency control.

2.5.1 The Belations betwe Contingenc
and Remed cetions

In order to implement criteria f{a) to (1)
above, it is necessary to consider the effects on
the system of beth contingency and remedial
actions. These interactions are shown in Tables
1-4. Table 1 shows the effect on the system of
four of the major classes of contingency - loss of
generation (or import), loss of demand {or
export), loss of transmission and loss of
transmission causing a system split. The table
also includes possible remedial actions, the time
to implement these, and methods and system data
required to determine the remedial actions, both
the essential minimum and a more optimal solution.
Table 2 suggests the outcomes if adequate and
timely preventative action is not taken.

Table 3 correlates the possible remedial
actions with the objective sought and is
effectively an amplification of column 3 of
Table 1. The relative values of various system
variables to detect an emergency and locate its
position and cause are shown in Table &4 for the
basic system structures,

Undefined System effacts System results Set of ideal Actions for Actions for
Contingency—-——m [change_ in ——= (change in flows,—f—.- measurements —s containment——= restoration
generation, voltages, {related to {related to
transmission or frequency etc) system system
demand) structure} structure)
Adaptive Emergency Control {may be interactive}—-
{a) “ADAPTIVE” EMERGENCY CONTROL
Undefined System effects | System results Pra-defined Actions for
Contingency ——- (change' in —I--(change in flows, = 3ctions for ——w-restoration
generation, ! wvoltages.frequency etc containment {perhaps
transmission or [ and pre-defined set of pre-defined)
demand} - measurements)

-— Pre-defined Logic Emergency Control {may be higrarchical structure)}—m-
(b) “PRE-DEFINED L.OGIC" EMEhGENCY CONTROL

Defined —Systems eﬂ’ecls-—!—v-System resuits Pre-defined ——Pre-defined
Contingency (forseen change actions for actions for
containment restoration

in generation, ;
transmission or I_
demand)

{c) EMERGENCY CONTROL TECHNIQUES USED TO REDUCE CAPITAL OR OPERATING COSTS
OR TO COMPENSATE FOR DELAYS IN COMMISSIONING

~—Ermergency Control Techniques to Reduce Capital or Operating Costs —»

Fig.2 A Conceptual Framework for the Development of
Emergency Controi Techniques



TABLE 1

THE EFFECTS OF GIFFERENT TYPES OF CONTINGENCY AND METHODS TO CONTALN THESE EFFECTS

tof Contingency|Results

1
1
|

System EEfect

{Possible f Containment Method
| (see note) !

| |

!

| Time

1fin ovder of preferance}|Avallable

Logic Used in Containment
Method

Data Requitements for
Containment

|
|
|
| Esgeatial
|

] Optimal

|Logie”

i
!
!
| Easential [(For “Optimal
]
|
|
I

1
tA. Sudden lossiSystem |increase generatlien 11/10"s secs(Freq./power lLoopiLoad flow Frequeacy |[Netwerk conflguc-
of tfrequency | |to secs fon generators I
generatfon fall | ! 1 | lveltages
(or dmport {1} | | | | |

from other
part of
sy=tem)

B. Sudden loss|System

of demand
(or export
to other
pact of
system)

| |Reduce demand
! t
1 [
| i

| Frangmiggion|Increase genaration

{overloads |Reconfigure network
1{2) IReduce demand

| 1

| 1

| Tranalent IIncrease generation
| Inscabflity |Reconfigure network
1(3) | Reduce demand

| i

| System | Inctease generation

10s8cillaticns|Reconfigure

{4} {Reduce demand

H ¢

jSystem | Increase generation
{voltage dropiQ andfot P

1¢5) | Reconffigure

| {Reduce demand

! |

[ |

[ |

|Reduce generation
frequency t

Irise 1

L i

i |

|Syscem jReduce @ on ceactive
|voltage riseisources

11/10's secs|Detect frequency(Equate demand|Frequency
|1fall and reduce [reduction to
loss;

|to secs

|

|

isecs to
Iminutes

|

|

¢
|millisecs
!

|

|

jsecs to
jminutes

|

i
Imilligecs/
|secs to
Imins (4if

| demand
|
|Detect overload

igen.
I load
| Load

fand heutfistic or|

|decision table
!

|

|Decision table
for heuriscic
|logic

|

jDacision table
for heuristic
1logie

t

JAVYR loop on
|local reactive
Isources;

|progressive |decision tabie

lchange)
|
|

11/10's secs|Frequency—power

ite secs
|
i
i

Jor heuriatic
|logie
|

|loop on gen=
|eratars

11/10's secs|AVR loop eon
|teactive sources|

[to secs tO

{2}
!
1
1

ITransmisslon| Reduce generation

iReduce generation P

Iminuces (if]

| [progressivel
| | change) 1
t | |
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!
!
|
|
|
|
i
§
1
3
!
|
!
!
i
!
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!
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!
!
1
|
|
|
|
|
!
!
I
i
|
!
!
I
!
|
|
|
1
!
|
|
|
|
I
[
t
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joverload |Reconfigure network |minutes
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1 | [
! 1 1
[Transient |Reduce generatlon Imillisecs
Jingcabilicy |Recomnfigure work |
14} I |
| ! |
| System |Reduce gen=cation {secs to
10acillations| jminutes
1(5) t I
| | |
C. Sudden losa|Transmission|Reconfigure |secs to
of trans- |overlcad |Adjust gen lalnutes
mission {(no|(l) |Adjust gen and demand |
syacem i | 1
split) 1 I 1
| Ttansient |ReconEigure network [millisecs
tinatability §Adjusc generation i
1{2) |Adjust generation and |
) | demand i
! | |
| Syatem IReconfigure network |secs to
|0scillationstAdjust generation P {minutes
13} tand ¢
1 tAdjust genecation and |
f [ demand |
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IVoltage falll|feconfigure network tsecs to
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|
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i
|
1
1
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!
!
|
|
1
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1
i
|
1
i
1
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1 |
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|-cuit Flows]

i |

[Generation [Network confliguc~
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| 1
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I |

| |

| |

1 |
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| |

| I
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I 1
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| 1
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1 !
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|
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|

1
1
|
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[
|
I
|
|
]
|
1
1
|
|
I
i
1
1
|
1
|
1
|
|
|
|
1
i
I
[
|
!
|
i
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I
1
t
1
|
I
I
I
§
|
|
I
|
|
I
!
!
1
I
|
J
!
H
1
|
|
1
|
|
!
|
|
|
|
|
|
|
I
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The numbers identify cases In Table 2.



TABLE 2

THE RESULTS OF INADEQUATE ACTION TO CONTAIN THE EFFECTS OF CONTINGENGIES

System Effect/ Most Likely Second Stage Effects if
Result Combination Initial Contingency not Contajned
Al Frequency fall not halted - Cumulative loss of generation and system collapse
Excessive disconnection of - OQseillation of frequency/cumulative loss of generation/
demand/poor damping of system collapse
turbine governors
A.2, B3, Cl |[Sequential tripping of over - Uncontrolled system split with necessary consequence of
loaded circuits generation/demand imbalances (possibly severe) in
separate sections
A.3, B4, €2 Tripping of circuits on - As A2
e.g. instability
A.4, B5, C3 |Build up of oscillations/ - Uncontrolled system split with consequential generatfion/
circuit trippings demand imbalances in separate sections
A.53, C4 Cumulative voltage fall as - Cumulative loss of generation, circult trippings-system
tap changers operate/ collapse
transmission capabilicy
decreases
B.1 Tooc responsive governors - Cumulative loss of generation and demand resulting in
lead to oscillatiom of possible system collapse.
frequency
B.2 Voltage rise not halted - If very severe, extensive faults/ tripping of circuits-
possibly resulting in system_gollapse
IABLE 4
CTI D IO N EMERG ONDIT
TYPE OF SYSTEM DATA VALUE
POWER COMMENT
SYSTEM AS DETECTOR AS LOCATOR OF SOURCE OF
OF EMERGENCY CONDITIONS)EMERGENCY
Ul and {Circuit breaker {Depends on Good Except for particular case of
U2 state change circumstances system split, likely to be used
as confirmatery or initiating
rather than primary data.
Frequency Unraliable, doubtful Poor., May be valuable
to detect system split
Total utility Good Good in broad terms
transfer
Circuit flows Good Good
Voltages Good for type b systems{Good for type b systems
Low frequency
oscillations in |Valuable, particularly
current and as warning
voltages
U3 Circuit breaker |As Ul and U2 As Ul and U2 As Ul and U2
state change
Frequency Good (for system up to [Poor May be useful to detect system

Total utilicy

say 60 GW or so)

May be useful

split

Only relevant to sections of

transfer utilicy, treat them as Ul and U2
Circuit flows )

Voltages )

Low frequency )|As Ul and U2 As Ul and U2 As Ul and U2

Oscillations )




ACTIONS AND OBJECTIVES

TABLE 3

IN CONTAINMENT OF DISTURBANCES

Possible
Actions

Objectives

Equalize
Ceneration
Demand
Balance in
Whole or
Pare of
System

Restore
Frequency

Restore
Voltage

Prevent
Thermal
Overload
in
Network

Prevent Instabilicy

Steady
State

Aperlodic

Ogeill-
atory

Volrage

Isolate
Healthy
Systeam angd
Yaintain
its
Integrity

Improve
Gapabilicy
for
Restoration

Reduce Demand

1) by distrib,

On Generation

i) reduce or
increase

ii) crip
1{1) i{solate onto

auxiliaries

back

vi) fast valving

X

)

gas turbines

gas turbines
On Netwark

1) autg-reclose
(high speed)

i1) auto-reclose

{slow speed)

insertion

v,

~

adjust shunt
compensation

tv) governer feed

v) dynamic braking

vit) fast excitation

viii) by-pass valving

ix) pumped storage
operating mode

iv) section network

voltage reduction

i) by discoaneccion

(1)

lead station aux.

xi) loed hydro & main

ii{) series capacitor

(including 5VC's)

x(2})

x(2}

x(3)

Note: (1) - the appropriate action will depend an the circumstances.
(2) - for example, reduce or trip generatlion if the frequency fs high.
¢3) - for example, increase generation Lf the system voltage is low because of excessive power flows.




CHAPTER 3

REVIEW OF TYPICAL MAJOR DISTURBANCE SITUATIONS

CDUCTIO

It is proposed in this chapter to review
the results of the surveys on major disturbances.
As noted in the list of papers, there have been
three of these reporting on some 90 disturbances
classified as major by the utilities invelved.
Most occurred in the period 1970-1985. This does
not exhaust the published information. The North
American Reliability Council publishes annual
reports of the most interesting disturbances which
have occurred in its area (USA and eastern Canada)
whilst information on most of the really major
disturbances is published on an ad hoc basis by
the utility concerned (see a.g. Refs. 12; 19-23).

Following an outline of the
questionnaires some collated statistics for the
disturbances are provided. This is followed by
descriptions of the typical ways in which
disturbances may evolve, The chapter concludes
with comments on the changing pattern of
disturbances over the years.

3.1 THE QUESTIONNAIRES

The first questionnaire was circulated to
members of the Study Committee in December 1976.
A second questionnaire was circulated in 1981 to
all Cigre member countries and was reissued in
1983. The principal changes were that the second
questionnaire requested the severity of the
disturbance, in terms of system minutes, and
included diagrams on which the progress of the
disturbance and the sequence of restoration could
be Iindicated,

The main information requested was as

follows:

(i} country and utility, utility statistics
including control structure;
(4i) weather and system conditiens at the time
of the disturbance and any significant
abnormalities in power system or
control;
(1ii) quantitative data on disturbance (time
duration; demand, generation and reactive
power disconmected; frequency variation;
restoration times for transmission,
generation and demand);
(iv) sequence of events in disturbance,
ineluding completion of diagram (figs. 3,
3a};
{v) sequence of restoration, including
completion of diagram (fig. 4);

10

(vi) significant factors in causing the
disturbance, its spread and in the
restoration;

(vii} analysis or system instrumentatien which
¥y y

helped materially to determine the cause
of the ineident or the sequence of
events.

Amplifying the disturbance sequence
diagrams, a sequence is shown In Fig. Sa in which
a switching error (box 6) caused a simple fault
(box 1) with maloperation of protective gear
(box 7). This led to a further circuit tripping,
overload on remaining circuit/s (box 9) and system
sectioning (box 10). The sequence is continued
for each of the islands separately, a possible
sequence being shown in fig. 5b. In island A
(fig. 5b), the situation is shown as stabilising
as a result of a correct level of demand
disconnection (box 25). On formation of island B
box 22), there is a significant overgeneration (box
24), too much rejection of load by the generation
(box 28) and island collapse (box 31). Comparison
of Fig. 5 with Fig. 3 shows where information
defining the particular incident has been added.

AN _ANALYSIS OF INFORMATION AVAITABLE FROM THE
REPORTS QN THE DISTURBANCES

3.2

Although as discussed in the next section
it is easy to detect general patterns in the
evolution of disturbances it is difficult to
analyse factors in detail because of difficulty In
interpretation of the available information and:
the wide range of detailed events, However, as far
as possible, the direct ¢auses and significant
factors in the initiation and spread of the
disturbances are analysed below. Inevitably there
is some subjectivity in the statistics presented.
The severity of the disturbances is alse considered:

Direct Causes of the Disturbances

The direct causes of the disturbances are
analysed in Table 5., The classification is into
primary equipment failure (subdivided into
secondary factors such as weather, environmental,
etc.) and other failures such as overload,
secondary equipment failure, etc. Failure by type
of equipment is shown in Table §.

3.2.1

It can be seen that faults on primary
equipment account for some 70X of the disturbances,
with bad weather a causative factor in l/3 of these.
Protection problems caused sbout 30% of the failures
not caused directly by primary equipment failure.
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System Seperation occurs
between Section A and
Section 8 bacause of
instability.

22

Essentially Balanced

Demand and Genaration

instability.

-Syslem Seperation occurs
between Section A and
Section B because of

22

Significant Imbalance
between Demand and

Significant Imbalance
between Demand and

in Island Generation n Isfand A Generation in Island B
23 24 24
System A Excessive Insufficient or Excessive Insufficient or Excessive Reduction
Stabilised Disconnection too Slow of Genera too Slow of Generation
by Demand of Demand Disconnection Due 1o Disconnection Due to Generator
Disconnecgion of Demand of Demand Load Rejaction
Realumti 26 27 27 28
25
Failure of Disconnection
Stations to of Dernand by
Hold Required Under Freq.
Load Rejection Relays
29 30
System System
Collapsss or Collapses or
Stabilises at Stabilises at
much Reduced much Reduced
Levef of Demand Level of Demand
31 kL
Fig.5 Exampile of Compieted Return
{b) Events Following Sectioning of Systern
TABLE 5 - DIRECT CAUSES OF DISTURBANCE
SURVEY EQUIPMENT FAULT OTHER REASONS
Contributory Factor VOLTAGE OVERLOAD INSTAB-| PROTEC-| HUMAN TOTAL
ILITY TION ERROR
NONE/| WEATHER ENVIRON-| HUMAN OTHER
NOT MENT ERRGR
KNOWN
FIRST 13 12 6 - 2 2 2 4 3 7 51
SECOND 3 4 1 3 - - - - 3 1 15
THIRD ) 6 2 1 1 - 1 1 2 2 24
TOTAL 24 22 9 & 3 2 3 5 8 10 90
X OF 26.7 24.4 10 4.4 3.3 2.2 3.3 5.7 8.9 11..1 100
OVERALL
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TABLE 6 - FAILURE BY TYPE OF PRIMARY EQUIPMENT
(equipment fault or other reason)

SURVEY BREAKER BUSBAR LINE GENERATOR SYSTEM OTHER TOTAL
FIRST 2 8 22 10 7 3 52

SECOND 1 4 6 1 2 1 15

THIRD 2 4 14 3 - 1 24

TOTAL 5 16 42 14 9 3 91

% QF 5.5 17.6 46.1 15.4 9.9 5.5 100

OVERALL

The surveys suggested that only one in 3.2.2 Factg, on and

three of disturbances has been caused by what
might be called an abnormal fault condition, that
is something exceeding the credible contingency
criteria typically adepted. About half of the
faults so classified as abnormal have been caused
by busbar faults or breaker failures. This
distribution of causes is not surprising in that
mal-functioning equipment or deficient operational
planning provisions for example could represent a
continuing contingency hazard which on the
occurrence of the appropriate fault would
precipitate a multiple outage of primary plant.

Spread Of Discurbances

These factors are analysed in Table 7.
The plus and minus signs indicate cases in which
factors helpful or detrimental respectively to
controlling the spread of the disturbances are
noted. One or more significant factors contributed
to the spread of some 75X of the incidents. The
commonest detrimental factors are problems with
protection/automatic switching, stability,
generation control and load shedding. The most
helpful factor is load shedding. Earlier actions
or faults were detrimental in some 10X of the
cases. The influence of external systems was
usually helpful,

TaB - F DIS c
SURVEY{Other Prot- Human jOper.|Over-{Stab-{Volt-|System | Load |Gen. Comm- |Earlier(Equip-[Ext-
e.g. ection/|{ (real [Plan |load {ilitylage/ |Control| Shed |Cont- |unica-{Fault/ {ment -jernal -
Weather|Auto time) Reac. |Facil- rol tions |Action System
Config. |Switch- poweriities
ing
FIRST | -2 -8 -2 -2 -3 -9 -6 -1 -7 -10 -2 -9 -4
+1 +3 +1 +9 +1
SECOND| -1 -3 -1 -2 -2 -2 -2 -1
+3 +2 +2
THIRD -4 -8 -3 -1 -4 -6 -3 -3 -5 -3 -1 -1 -1
+1 +i +4 +1 +3
TOTAL | -5 -19 -5 -4 -7 | -15 -9 | -8 -14 -15 -4 -11 -5 -1
+3 +2 +3 +5 +16 +4 +5

3.2.3 Hagnitude of the Disturbances

The severities of the disturbances in
terms of percentage of demand lost are shown in
fig. 6. Restoration times for demand and
generation are plotted against percentages of
generation and demand lost in figs. 7 and 8 -and
against disturbance severity in figs: 9 and 10:
It is difficult te see any real correlation
between restoration times and severity of
disturbance. Noting that by definition the
disturbance severity is a function of the demand

14

restoration time and with the assumption that this
time is proportional to the percentage of demand
lost, as suggested by Fig. 7, it will be roughly
proportional to the square root of system minutes.
This restoration time - disturbance severity curve,
normalised to pass through the 100 system
minutes/5 hours restoration time point 1s. added

in Fig. 9. The application-of the relationship is
probably no more than that given a value of
system minutes, one c¢an derive a rough estimate of
the duration of outage.
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3.3
of a Disturbange

It 15 pessible to identify a pattern to
the way in which many of the large scale
disturbances of the past have developed.
shown in Fig. 1l.

This {s

Some sequence of events {(e.g. a simple
fault with a compounding factor or

multiple/cemplex fault with or without compounding

factor -upper part of fig. 11) leads to a
significant imbalance between demand and
generation in all or parts of the system. There
c¢an be a wide range of compounding factors -
inadequate liaison between neighbours, errors in
operational planning or control, maloperacion of
protective gear, signalling failure, ete. The
system or its separate parts should stabilise at
peints (51 or $2) through the action of governors

Iypical Patterns of Evolution and Restoration

and load frequency control, disconnection of
demand or less frequently disconnection of
generation - all actions intended to eliminate the
imbalance between demand and generation and to
restore the frequency to its nominal value. If
however these control actions are not sufficiently
matched to the imbalance, further adjustments of
generation will be called for and if these are
outside the capability of the plant or its control
loops, further disconnection of demand or loss of
generation may occur; these possible cases, all of
which have occurred in practice, are shown in the
lower part of Figure 11.

Simple Multiple Major
Fault Fault Maloperation
of Secondary
Equipment
1
Compounding P —
Factor [ ——=-=g——— -~ —

Loss of transmission
{overload or
instability)

"’J_,—J

r

Sactioning or System
into Two or More
Parts

Major Major loss
Disconnection of Generation
of to System
Demand

'\"\1

.

f

/

Significant Imbalance

Between Demand and

Generation in Whole
or Part of System

Surplus
Deficit of Generationrs' }2.(’3\"9’3“0“
Excessive Insufficient or Over Compensation
Disconnection ] too slow or Huntj
. r Hunting of
of Demand Disconnection Go
of Demand vernors
Failhure of Disconnection
Stations to of Demand by
h F
Hold Required Under Freq.
Load Rejection Relays
System May
Collapse or
Stabilize at
Much Raduced
Level of Demand

Fig.11 Typical Mechanisms of Large
Scale system Disturbance
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Essentially, the containment of a major Restoration of demand may well be proceeding

disturbance requires that the events shown in throughout this process, not least to lead the
Figure 11 be halted as early in the sequence as transmission network and re-energised generation
possible. The ideal way to achieve this is to and hence assist control of voltage and frequency.
adjust the controlling actions as closely as Early restoration of external ties is also helpful
possible to the magnitude of the disturbance. The in that the external system provides a reservolr
time scale of the events will frequently be so for short term surpluses and deficits of power as
short that controel actions must be automatic. generation and demand is reconnected as well as
helping to stabilise frequency and voltage
Restoration generally follows the basic conditions in the affected area. A basic
pattern shown in Figure 12 namely restore the tequirement is an appreciation by the Control
remaining parts of the network to a reasonably Centre(s) of the state of the system when it has
secure operating condition, prepare blacked-out attained a steady, although depleted, state and
generation and transmission for live operation, preferably a knowledge of the cause of the
reparallel any isolated sections and finally disturbance. Good communications and reliable
restore the full transmission network and auxiliary supplies for control rcoms and for
remaining disconnected demand. telemetry and instrumentation in power stations

and substations are essential,

Identify
- State of the -
System
1
Ensure Ensure
Auxiliary Auxiliary
| Supplies for 1 Supplies for [
Stations ) Substations
! i
Prepare the Make Operating Prepare
Stations for State of Blacked Out
Restoration of Remaining Live Parts of the | §
Generation Parts of System Network for
Safe Switching
3 4
¥ ¥ ¥
Gﬂestor_e Restore Frequency
eneration
Capacity or and Valtage to Near A Basi
™ TBingin [ Nominal Values in e estore Basic| |
Alternztive each Section or Transmission
on Whole Network
Sources
i
Restore Restore
External Demand
Y
Ties* | as -
¥ Necessary
Reparatlel / and Possible
Whole Network
Restore Demand Rest.or_e B
L_{ as Available | .. Remal_mn'g
Capacity is Transmission
Increased

*These can serve as a sink for imbalances between generation and
demand as blocks of generation are synchronized, in addition to
increasing the power available to the system

Fig.12 Typical Sequence of Restoraticn
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CHAPTER 4

AIDS USED TO PREVENT AND GONTAIN DISTURBANCES

INTRODUCTION

One of the difficulties in making a
survey of the aids used by utilities to control
emergencies 1s to distinguish between aids for
normal operation and for emergency contrel. A
common sense approach is necessary, otherwise one
could list all the control and auxiliary
mechanisms of a power system as being alds te
emergency control.

Proceeding from section 3.3, following
the removal of the first cause of the disturbance
alds for the containment of emergencies have the
objective of either removing an imbalance between
generation and demand over the whole or isolated
section(s) of the system or of reducing the
transfers over the traznsmission network to
values sustainable for periods long enough to
implement such other actions as are possible or
desirable. 1t is possible to categorise these
aids either in terms of the action, or of the
mechanism through which the objective of
maintaining or restoring a viable system state is
achieved. The former is done in this chapter but
Table 3 has cross-referenced these actions and
mechanisms/objectives. As a general comment some
of these actions, for instance reduction of
demand, will be applicable to all systems whilst
the value of others, for example system sectioning
or the type of auto-reclose, will depend on the
structure of the system. References 28, 29 and 30
provide a review of practice in three countries of
UCPTE. Ancther survey has recently been published
by SC 39 (31).

4.1 ACTION QN DEMAND

Demand discennection by under-frequency
relays is one of the most effective and widaly
used methods of protecting a system against a
major loss of generation. 1Its main limitations
are lack of sensitivity in protecting small parts
of large interconnections and difficulties may be
experienced in equating the demand disconnected to
the generation lost. It is also not possible to
vary the location of disconnectable demand from
that determined by the siting and settings of the
under-£frequency relays.

Demand disconnection by frequency-trend
relays s used in conjunction with under-frequency
relays by some utilities. A typical criterion is
that both a given fall and rate of fall of
frequency should be exceeded. The value of the
rate of change is used to determine the level of
demand shedding. It is argued (32) that such a
combination, compared to the more usual under-
frequency relay, will result in a smaller
frequency drop and shorter periods of under-
Erequency running for a given power deficit, -and
is also less-likely to produce unnecessary
tripping of demand for a slow asymptotic frequency
fall to 2 value below the under-frequency
threshold value. However it seems that rate of
change of frequency is not widely used to initiate
disconnection of demand.

It is commouly accepted that all
possible measures should be taken to prevent system
frequency falling to below some 95 of nominal
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value, that is falling below 57 Hz on a 60 Hz
system or 47.5 Hz on a 50 Hz system, Within the
5% band however, the range of frequency threshold
values used and amounts of demand shed vary quite
widely ((33), (34) and (35)). Some of the
differences will be caused by the need to allew
thresholds for other actioms, for example on gas
turbine and pumped storage plant.

Loss of generation within a section of a
large interconnected system or of transmissien
connections into a section may pose special
problems in that whilst overload of remaining
circuits or low voltages may result, the system
frequency will not necessarily indicate any -
abnormal conditions. The most effective immediate
action may well be to reduce demand, and scme
utilities have provided schemes to disconnect
demand on detection of overloads on transmission
circuits or of low system voltages.

In one scheme (36) demand can be
disconnected in order to keep transmission flows
within transient stability limits. The magnitude
of demand "armed” for disconnection can be varied
and the data acquisition system moniters the
security of the network by checking whether actual
flows satisfy simple inequalities.

4 number of utilities have provided
facilities for reduction of demand from control
centres by veltage reduction or by discomnection.
Typlcally, some 40-60% of demand will be
disconnectable in stages of 10-20%. The
frequencies between which the various stages are
disconnected will probably be some 98X and 96% of
nominal frequency in a utility forming part of a
much larger interconnected system with a
substantial part of the total generation under
automatic load-frequency control.

A utility without external connections is
likely to use a somewhat wider range, say down to
97-96%. Frequency deviations will tend to be
larger for a given loss of plant on the smaller
system and hence probably also on the single
utility system. The lower frequency limit will be
determined by the lowest frequency at which it is
considered safe to allow plant to operate, even
for a short time, before incurring risks of
progressive loss of output or of damage.
Intentional time delays will usually be small or
zero, although time delays may be used instead of
frequency levels to diseriminate stages of
disconnection. The geographical distribution of
the relays should take account of the importance
of the demand supplied and of the power flows and
voltages which might occur following disconnection
of demand, Other worthwhile precautions are to
assess the load rejectlon capability which may be

required from generation should the relays jusc. -

operate (i.e. the frequency falls to just below a
setting level) and of the voltage that could occur
following the demand disconnection. Attendance of
staff at substations to reconnect the demand will
be required unless relays are installed for this
purpose or telecommand is provided from manned
points., The cost of fitting an under-frequency
relay will be some 2X of the cost of the
associated circuit breaker at subtransmission
voltages.



4.2 ACTION ON _GENERATION

Governors and secondary regulation are
the main and universally applied mechanisms for
adjustment of generation to restore firstc
frequency and then, on interconnected systems, tie
line flows, to nominal values following an
imbalance between demand and generation. Problems
may be experienced with the governor contrel, for
instance non-linearity or incorrect damping, and
in the case of thermal plant with the overall
capability of the boiler to follow the power
output demanded from the generator.

Schemes to reduce or discounect
generation automatically (often called generation
rejection) have been Iinstalled when it is
necessary to reduce generation rapidly following
loss of transmission capacity from an exporting
station(s).

The extent to which these schemes are
used is surprising. One of the best known is that
installed by Ontario Hydro (36) to overcome
limited transmission capacity (due to delays in
consents for new lines) to a nuclear station; a
better then 90% success rate was achieved when
tripping nuclear generation to its own auxiliaries
followed by recounection when system conditions
were suitable. In another utilicy station
operators have standing instructions to reduce the
ocutput of their plant te a given figure within say
3-5 minutes of the loss of an exporting circuit,
thereby taking advantage of short term overload
capacity of the transmission network. Generation
rejectlion schemes are sometimes installed (e.g. In
CEGB) to eliminate the need to reduce generation
at high merit stations when transmission circuits
are being maintained whilst still accepting a
double circuit outage risk.

Many utilities practice auteomatic or
manual Iselation of plant on to its ewn
auxiliaries {24), or to its auxiliaries plus some
local load, when system frequency and/or voltage
are low. This will be done to protect the plant
(the permitted operating times at shaft resonance
frequencies, often only a few percent below
nominal speed, are small) or to ensure that the
system generation is as far as possible ready to
pick up load following a major shutdown. Bypass
valving has been proposed as one way to reduce the
load rejection duty on the boiler in such
circumstances (25, 26).

Several additional alternatives exist to
increase the capability of circuit(s) limited by
stability, e.g. dynamic braking, fast valving,
excitation control, series capacitor line
compensation, and static var compensators (SVG's).
The first two of these are, as the ones just
described, devices for rapid control of energy
input, whilst the others are mechanisms to
increase the power transfer capability of the
network.

Because of the increases in transfer
reactance at the machine terminals and effective
decrease in any local demand due to the depressed
voltage, there will be a power surplus during the
fault period which will accelerate the rotors-of
machines. Shunt resistors switched into cireuit
at the machine terminals during the period of the
fault can be used to absorb this surplus power and
hence improve the network stability limit.
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Alternatively, rapid closing and partial or total
reopening of turbine steam valves can be provided,
actuated on detection of the critical fault
condition or power imbalance, to reduce the energy
input to the prime mover during the fault (37).

Rapid response excitation with high
ceiling voltage and use of series cspacitors or
mid-line SVC's in long transmission circuits are
ways to reduce the effective transmission phase
angle for a given power transfer and hence to
improve the transient stability characteristics of
the system.

The incidence of low frequency
oscillations (of the order of 0.5 -2 Hz) on power
systems has increased and power system stabllisers
are widely used. These have been used in the USA
since the 1960‘'s. Other well known applications
are those in several parts of Brazil (38), between
Yugoslavia and Italy and in the Nordel system. A
small number of stabilisers have been installed
even on the highly interconnected system in Great
Britain. FPending a permanent cure, the
oscillations can often be stopped by decreasing
power transfers. Occasionally the oscillatory
power flows have caused cireults to trip.

Action to increase generation rapidly is
more costly and difficult to implement, generally
requiring specific provision of the appropriate
type of plant at the planning stage. Gas turbines
will often by capable of running up to full lcad
in 5-10 minutes from start up, Pumped storage
plant is often designed to reach full load in well
under 1 minute, 30 seconds being quite typical and
occasionally as short as 10 seconds (e.g. the 1800
MW Dinorwig pumped storage plant in Great
Britain), Hydro plant can have similar
performance, for example 20 seconds from no load
to full load.

As would be expected plant having these
rapid response characteristics is used as system
spare to meab losses of generation or increases in
demand. It can also be used for reactive
compensation, gas turbine units in this case being
fitted with a clutch between the gas turbine and
the generator.

In practice whereas disconnection of
demand will mainly be used as a "last ditch"
measure to malntain the basic integrity of a power
system, generation rejection is more likely to be
applied to overcome the effects of delays in
association transmission works. There will be
economic and security Iincentives to make full use
of new generation. It will probably have low
operating costs and its full availability will help
to ensure the desired plant margin.

in such circumstances, generation
rejection schemes will be well justified.
However, the consequences of rejection of
generation on the system over-all generation-
demand balance must be considered and if
necessary, demand discounection also provided.
Other applications could be where the probability
of transmission being overloaded does not justify
reinforcement but 1t is nevertheless worthwhile on
security or economic grounds-to be  able to-use all
available generatiom on occasions.

The initiating signal for the rejection
of peneration will be related to network



conditions (e.g. tripping of circuit breaker,
excessive flow or change of flow on circuit).
essentlal prerequisite, as with demand
disconnection, will be to make sure that the
generation rejection does not precipitate
untenable system conditiens.

An

Any control mechanisms installed should
be matched by the performance of the generating
plant. In practice, one of the more onerous
requirements is likely to be the ability to reject
suddenly a substantial proportion of output (in
the limit to reject from full load down to the
auxiliary load), to continue operation at the
reduced output for say at least one hour, and to
be able to pick up load rapidly and, again in the
limit, operate satisfactorily as an isolated unit
{24, 25, 26).

As noted earlier, the ability to increase
generation in an emergency situation, i.e. beyond
that called for to follow the demand changes and
to meet small to modest losses of generation, will
be determined by the plant mix adopted in planning
the system.

ACTION ON THE NETWORK

Automatic reclesing of circuits is used
very widely. In delayed auto reclosing, the
tripped circuit is reclosed between say 2 and 30
seconds after the inirial opening. With high
speed auto reclosing, the tripped circuit is
reclosed within say 2 seconds of the initial
opening. Perhaps a peneral distinction in the
applications of high speed and delayed auto-
reclose is that high speed will be used in less
interconnected networks in which rapid circuit
restoration is necessary to maintain the
connectivity of the network and {ts stability.
High speed single phase reclosing is used
successfully in many countries, up to very high
voltages. Its main benefit is that a high
proportion (60-90X) of line faults can be cleared

- with -minimal disturbance to- the network. ---Some - --- -
countries use high speed reclosing (1 second or
under) for single phase faults and slow speed or
manual reclosing for twe and three phase faults.
The manual reclosing may be by telecommand from
the Control Centre.

4.3

Auto reclosing provides four main
benefits: it enables a network to withstand a
sequence of faults, essentially converting the
potentially serious condition of a number of
overlapping outages inte a sequence of single (and
almost certainly credible) outages; it may permit
the capability of the network to be increased by
allowing the use of short term overload rtatings of
circuits or higher transient stability limits; it
reduces the worklead ¢f routine switching and
gives much decreased times for cirguit
restoration. This means that for the same
security of supply the provision of auto-reclosing
may enable the amount of switchgear to be reduced.
If Improvement in stability limits is an
overriding consideration, single pole operation of
circuit breakers may be allied with automatic
reclosing.

In practice some form of automatic
reclosing will almost certainly be justified.
limited information available showed a bias
towards delayed auto-reclosing. In general, the
fecility should include a check synchronism

The
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feature (e.g. checks on reclosure angle, rate of
change of angle, voltage difference within
limits). It may well be worth-while to consider
its application in conjunction with schemes to
reduce numbers of circuit breakers such as the 4-
switch mesh used by the CEGB. The cost of fitting
auto-reclose will probably be up to 1% of the cost
of the associated breaker at transmission
voltages.

Static VAR compensators have been
proposed to improve steady state and transient
stability limits particularly when installed in
conjunction with micro-processor based
controllers (39).

System separation, that 1s the controlled
opening of circuits to isolate s predetermined
part or parts of the system, has been applied
between utilities and within utilities with the
objective of preventing a disturbance from
spreading through the whole system. Like demand
disconnection it is a "last ditch” measure. The
separation may be done in more than one stage,
being iniriated by detection of low frequencies or
severe oscillatory conditions or perhaps high
power flows (29, 31). 1In another case (40), a
section of the network isolated onm fault may be
further split (using under-£frequency monitored
reverse power relays) to separate generation with
its auxiliaries and matching demand frem the
remaining demand in that section. This remaining
block of demand is then recomnected within 3 to 4
seconds to the main network, (more quickly than
would have been possible {f the demand had been
disconnected by under-frequency relays) followed
by the isolated generation section. The under-
frequency relays insctalled on this remaining block
of demand are such that they will not operate at
voltages below €0% nominal.

BROTEGTION

The choice of protection will affect both
the risks of-a major disturbance occurring-and-of -
it spreading. Maloperations or inadequacies in
the designed application of protective gear are
two of the more frequent causes of majoxr
disturbances. The questions to ask in selecting
the protection scheme are:

4.4

(a) Will the protection operate reliably,
diseriminatively and at adequate speed
over the whole range of switching, load
and fault conditions?

(b) What will happen if any signalling
required for the protection fails and is
this likely to occur at the same time as
a power system fault?

(¢) Is every part of the system within the
zone of a main protective system?

(d) What will happen 1f the main protection
system fails? Should a second main
system be Installed? If the fault has to
be cleared by backup protection, what
discrimination can be achieved and will
this be acceptable in terms of any
resulting loss of plant?

(e} Can the protection be operated
incorrectly by load currents in the
steady state or with escillatory



conditions following fault clearance?
Are the operating levels satisfactory for
both system and plant protection?

(f) What procedures are required for initial
setting of the relays and subsequent
changes?

(g) Is there adequate provision to pass the

necessary informatlon on relay operations
back te the Contrel Centre? Has the
contrel engineer been provided with
sufficient information on protection
settings and performance to enable him to
interpret reported relay operations?
4.5 ACTIQN FROM THE CONTRO EN
Much of the preceding material in this
chapter has referred to equipment provided in the
field to initiate automatic actions to prevent or
contain disturbances, The control engineer, with
back-up from his operational planning colleagues,
will play an important role in helping to prevent
disturbances and 1f these occur, in minimising
their spread and duration. However, to perform
these tasks he will need comprehensive and timely
information on the system plus rapid two-way
communication with fleld staff and with the

control centres of interconnected systems. He
should be supported by computer aids.
4.5.1 Control Room Fac and Co ations

Essential control room facilities are a
clear display of the configuration of the system,
preferably including "splits"* at substations and
flows on at least strategic circuits, displays of
detailed substation switching arrangements for
restorative switching and in case of faults within
substations; displays of system state changes with
time of occurrence and audible and visual alarms;
displays of voltages from most substations and
frequencies from selected substations; displays of
generation, demand and transfer conditions for - -
strategic groups of substations and power stations
and for the whole utility; effective and rapid
means of ensuring control actioms on transmission
and generating plant ("urgent message");
communications with all substations and power
stations; effective and rapid communications with
the control centres of neighbouring utilities
{including distribution utilities); standardised
nomenclature for equipment and actions within the
utility and with neighbouring utilities; up-to-
date records of the operational status of all
generation and transmission plant with capacities
and any limitations on method of use; up-to-date
records of protective gear characteristics and
settings; up-to-date manuals of operational
procedures and standing instructions.

There has been considerable discussion om
the value of overview diagrams in the era of
comprehensive VDU displays. It has been found in
some severe disturbances that the system wide-
overview diagram enabled control staff to keep up
with the evolution of the disturbance better than
from the VDU displays. The author’s view is that
overview diagrams are generally justified for

* a "split" substation 1s one at which
one or mere live busbar sectlons are net
electrically connected, within the substation, to
other live section/s.
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generation/transmission systems where there will
be Interaction between plant states and loads
across the whole system, in contrast te the
sltuation on distribution networks.
4.5.2 Computer Ajids

At present the main functions of computer
aids in the coutrel of emergencies are in the
preventive and detection areas, namely for the
determination of viable operating conditions (i.e.
predictive studies in operational planning and
on-line load flow and contingency analysis iu-the
control phase) and for the absoiutely essential -
functions of data acquisition and display.
Reference has already been made to the need for
¢lear displays of system conditiens and prominent
indication of changes of state and alarms.

Operational planning studies on expected
operating conditions should be available to
control engineers., These should have explered the
transmission capability of the system and
interaction with interconnected neighbours.

On-line flow and contingency analysis are
clearly desirable but almost by definition one may
query their efficiency in detecting those major
disturbances which would be caused by the non-
credible contingency. Equally however, they
should continue analysis of the system whatever
its current state (e.pg. after the first
contingency) and Lif sufficiently rapid and robust,
will be useful in planning the restoration of
normal conditions after a major disturbance.
aids will require state estimation.

Such

4.5.3 Telecommand

It is judged that telecommand of
transmission plant from GControl Centres has been
increasingly applied over the period of these
studies. This may well include facilities for
disconnection and reconnection of demand. Some
utilities incorporate logic. for sequence switching -
within the telecommand facility (i.e. an ability
to initiate a sequence of isolator/circuit breaker
operations from a single instruction). It seems
however that such sequence switching facilities
may not be used during major disturbances, some
operators wishing to telecommand each switching
operation separately at such times.
4,5.4 Integrity of Services

The onset of disturbed conditions may
bring together simultaneously the following
adverse conditions:

{(a) higher than normal information flow, both
automatic and manual, from the system to
the control centre;

(b) more requests for information and a
greater number and more urgent
- instructions (manual and automatic) from
the control centre to the system;

(¢) system conditions outside normal
operating limicts;
(d) the control engineer’s experience being a
less reliable guide than usual;



(e) auxiliary supplies for instrumentation,
communications, processing and control
being unavailable from the system within
acceptable voltage and frequency limits
at power stations, substations, and
control centres;

(f) station auxiliary supplies being
unavailable from the system within
acceptable voltage and frequency limits;
(g) data transmission being corrupted by
primary system conditions,

Unless these hazards are recognised in
design work by providing margins in the capacity
of communications and telemetry, adequate scaling
of transducers and instruments, and preovision of
auxlliary power supplies at strategic points
independent of the main system, there is a risk of
the containment and restoration of a disturbance
being delayed by failure of one or more of the
services.

In more general terms, the requirements
for integrity of ancillary services can be stated
as:

the risk of malfunction of these services
causing a loss of supply should be
significantly less than a similar risk on
the primary plant;

(a)

(b) their availability should be such as to
not detract except very marginally from
the quality of supply afforded by the

primary plant;

there should be no known common cause
failure with primary plant:

{(c)

(d} the range of system conditions over which
they should continue to operate, with

acceptable acecuracy, should exceed any
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system conditions for which their
continued operatien is required.

DEFENCE PLANS

The term "defence plan” has been adopted
to describe the totality of measures provided by a
utilicty in the control phase to contain the
effects of credible and non-credible
contingencies. Descriptions of such plans often
concentrate on actien on maln plant.

4.6

The summarised findings of a recent
survey (31) were that defence plans against
credible contingencles were commonly based on
centralised monitoring and manual remote control
facilities. The strategies most commenly adopted
were to recenfigure generation, accepting economic
penalties, and to operate within short time
emergency ratings of transmission plant with
manual (sometimes automatic) control action after
a contingency to contain potential overloads.

Defence plans to cover non-credible
contingencies were mostly based on decentralised
automatic schemes. These have been extended
beyond the traditional under frequency demand
shedding. The range of actions is:

shed demand te contain collapse of frequency or
voltage,

open interconnections to limit the spread of
disturbances,

island generation and demand areas,
disconnect generating plant to prevent damage.

The larger systems (the survey included
systems from below 1 GW to nearly 50 GW) adopted a
wider range of plans for non-credible
contingencies, perhaps because of the greater
variety of system configuration possible.



CHAPTER 5

PRACTICE IN THE RE

INTRODUCTION

This subject has been referred to in
several of the Cigre papers but was considered in
some depth in the papers on system restoration
published in 1986 and in 1987.

There will be two levels of problems. In
the less severe the disturbance or shutdown will
be relatively locallised and with luck the
remaining healthy system should provide a stable
source of frequency and power for start-up to the
disturbed area.* In the more severe case, most or
all of the system will be shutdown, the so-called
black-start situation.

Topics considered in this chapter will be
typical patterns of restoration, strategies
adopted by utilities, dependence of strategies on
structure of the system and facilities to aid
restoration.

5.1 RECOVERY FROM AN ABNORMAL OPERATING
ON,. ITOCAL IS DING O .3
OF DEMAND

D_LOSS

The strategic questions concern such
issues as the priority of actions - should the
remaining system be made secure or should demand,
or transmission or external ties etc be restored.
The tactical questions will deal with how the
individual components of the strategy should be
implemented - generation adjustment, configuration
change -or evemr further restriction -of demand: -

In general, achievement of a sustainable
operating state is given very high priority. This
implies a close to normael frequency (by adjustment
of demand, generation and if available transfer
from external sources), reduction of overleads to
values sustainable for the periods necessary to
achieve a long term solution (by adjustment of
demand, generation ox configuration) and
acceptable voltages, that Is within very few
percentage points of nominal (by adjustment of
power transfer, reactive sources or possibly
configuratien). Whether the "sustainable
operating state” should be capable of withstaunding
a further contingency is more debatable, depending
on weather conditions, the risk of further faults
and their potential impact. Contrel of the
generation demand balance is likely to be more
difficult in islanded parts of the system, For
instance, units which have perhaps tripped to
houseload during the disturbance and have to be
brought up to a significant output within minutes
may in a small island have teo be found load from

#*This however is not always the case.
Some 30% of the rumning generation in the CEGB was
lost during the exceptionally severe wind storm in
England in October 1987. Altheugh in total some
70% of the generation remained in operation,
black-start conditions existed in the affected-
areas because of problems on the transmission
network and it was necessary to start-up stations
in this area from emergency diesels and then gas
turbines.

T
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another station/s, Demand restoration will hawve
to preceed in small steps to match the governing
and load plick-up capability of the islanded
generation.

Preparation of generation and
transmission facilities for return to service and
assessment of the cause of the disturbance are
both given high priority. The former is essential
for restoration of the system and demand, the
latter not least to ensure that the circumstances
leading to the disturbance are not unwittingly
caused again. Frequently utilities specify that a
substantial proportion of generation shall be
capable of isolation for a limited period of time
on to house load or this plus local demand (24, 25,
26). Particular aspects of the restoration of
transmission will be the resynchronising of
islands and closure of external ties. As might be
expected, the importance attached to restoring
external ties depends very much on circumstances,
for instance the strength of the external system
and of the ties and the locations at which these
are connected within the utility; they can be very
valuable as a means to provide power for black
start and te assist matching generation and demand
during resteration. Varying importance is also
given to the reconnection of islands.

If an island is a significant part of a
utility (say 20% or more) then both the island and
the main part of the system will benefit from the
sharing of resources provided by reconnectioen.
Otherwise the advantages' of reconnection and hence
its priority will depend on the relative
generation/demand positions in the island and main
system. It can be noted that a small fsland
isolated by transmission outages is likely to be
on the periphery of a system. - -

Restoration of disconnected demand has
not been mentioned. It Is the cbjective teo which
all the actions just discussed are leading but a
common approach of utilities is to safeguard the
system, and thereby minimise risk of further
disruption and loss of supply by too precipitate
reconnection. One well known phenomenon is that a
block of demand increases steadily in magnitude
for some time after being reconnected and may then
decrease slightly once the energy not supplied
during the outage is made up.

3.2 PICA OF BLACK START
SITUATIONS

Black start conditions receive
considerable attention from utilities either
suffering or observing the large scale blackouts
which have occurred in recent years. The general
approach is to nominate stations with plant such as
gas turbines which can be quickly started, as focal
points of the restoration process and from which
electrical connections and black start supplies can
ba provided to remaining statioms. Reconnection of
demand is an essential- part of this process to-
provide load for the generators and help to keep
voltages below acceptable {upper) limits.
Electrical islands are thereby formed which will be
progressively synchronised to each other; In



general the bigger the island, the more stable is
its frequency likely to be. The problems of
charging long e.h.v. circuits {(with the effect on
voltages) may be a limiting feature during the phase
of parallelling islands. If the system has a
hierarchical ceontrol structure (e.g. System and
Regional Centres) it is likely that the early
stages of this process will be directed by the
Regional Centre/s, with the System Centre
supervising first parallelling across Regional
boundaries and between major islands and later the
full restoration of demand.

In addition to, and sometimes consequent
upon the high voltage problems, other
difficulties which may be experienced are
transformer overfluxing, fault currents too low to
operate some types of protection, switching
overvoltages, stability of governors when units
are lightly loaded onto a very small system, phase
unbalance in transmission cireuits and possible
effect on protection, and control of islands. The
normal control centre may not have frequency
indications from all islands and for such, control
may be delegated to nominated power station/s
within the island/s.

One major issue is the security of
generation and transmission to be provided during
the restoration; the question is simply-should the
emerging system be loaded to its total capability
in order to expedite restoration of demand (i.e.
assuming there there will be no further faults or
trips), or should a margin be kept so that if
there is more trouble, the risk of a further large
shutdown is reduced? Practices seem to differ but
one can note that in several blackeuts there have
been further losses of supply during the
restoration process.

It is not easy to detect a precise
pattern of restoration, since several actions will
often be taking place simultaneously, (in Fig. 12
for example, the preparatory actions-boxes 1 to
6).- Apart from the extra emphasis on-the need to-
provide supplies for start-up to numerous stations
and the wider extent of islanded operation, there
are considerable similarities between the
situation considered in the last section and this
one.

5.3 STRATEGIES OF RESTORATION USED BY UTTLITIES

A number of questions were addressed to
utilities on the facilities and precautiomary
measures used in restoration and alse the sequence
of actions if faced with a black-start situation.
14 countries, (16 utilities) responded and a
summary of some the information i{s given below,

5.3.1 Fagjlitles for Restoration
e on - n_de o
e a a
plus local load,

All the utilities made some provision for
this, but the proportieon varied from 100%
to nuclear only. Over 50X of the
utilities required this on 80% or more of
thefr plant.
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Cene - cportion desjigned K

black-start

It seems that some 40X provided on site
black start facilities for 80% or more
plant. The others provided it on lower
proportions and/or relied on outside
sources. Several countries mentioned the
nomination of quick start units to provide
existing power to neighbouring stations
and the predetermination of "electrical
corridors® through the transmission
network to transmit power from such
stations to the major stations. Nuclear
stations are given high priority both in
restoring power for auxiliaries and in
restoring load (to aveid "poisoning out"),

is - on_ugi autom
open cireuit ake
Yepara or restoratio

Only some 25X of the utilities reported
doing this although others mentioned

manual opening, {presumably done by most
or all utilities, at least selectively).

ransm = othe in n

restoration

Most countries have prepared plans for
switching, often quite detailed. These
may start with lists of breakers, which if
they have not already opened as a
consequence of the disturbance, should he
opened manually. Sometimes such opening
i{s done automatically, for example if a
zero voltage condition is detected for 3
seconds, In another case, the opening is
selective so to minimise the switching
required to restore the system.

Te assist restoration a few utilities
have installed equipment which on
detection of voltage on an incoming-
circuit closes the breaker/s on selected
ongoing circuit/s, establishing a live
path through the network. Precautions
include blocking of the clesing actican to
prevent repeated reconnection onto a
permanent fault, non-closure of a breaker
open before the disturbance, and manual
inhibition of automatic switching from the
control centre. Automatiec switching of
reactive power sources 1s included.

Some countries (Sweden, Great Britain)
have reported two level restoration
strategies in which a general national
strategy sets targets for local Areas or
Reglions, such as establishment of islands
of generation for progressive
interconnection. The Areas/Regions will
have detailed plans for the establishment
of such islands, providing auxiliary
supplies to stations without internal
black start facilities, demand points to
be used at this stage, etc.



TIransmissfon - aux supplies
It is important that emergency power
supplies should be avallable at
substations so that switching and

communications are not affected.

System control centres will also need
their in-house emergency supply

(usually diesel). A utility may need to
check that communication centres,
including those of other relevant
services, have adequate back-up supplies.

5.3.2 Priorities in Restoration

The utilities responding te the enquiry
were asked to list their priority of actioms In

restoration. A summary of the replies is given in
Table 8.

TIable 8
PRIORITIES IN RESTORATION OF SYSTEM

Priority(l)

Action 1} 21 31 4

Avoid damage to utility plant 4] -{ -| -
Secure generation 2] 54 5| 2
Secure transmission 2] 1y10| 8
MﬂMEﬂmmdimuwmud@sl &) Ll -
Reparallel islands 11 3] -] 3
Restore demand (2) { 1] 21 5

(1) Some utilities list more than one
action with a given priority. In
that case, each action is shown with
that priority.

Notes:

Several utilities show restoration of
demand as part of other actioms.

(2)

It will be seen that the highest priority
is given to preventing damage to plant. The
second is to improve the availability and
flexibility of power supply (gemerationm,
interconnection and parallelling islands) whilst
the third is to improve the transmission
situation. High prierity is always given to
restoring auxiliary supplies and providing demand
at nuclear stations.

5.4 PR RESTORATION

A number of problems recur in the reports
on disturbances referenced earlier. An IEEE Task
Force on Restoration has also listed some of these
- ¢15,°16). The information below is taken-from--
both these sources.

(i) keeping voltages within limits (usually
upper limits) particularly during the
early stages. This is done by energising
as few lines, as possible, switching out
shunt capacitors and switching in shunt
reactors, operating generators at minimum
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excitation and picking up low power

factor demands as far as possible.
{ii) Dbalancing demand and generation whilst
maintaining reasonable frequency and
sufficient control of generators. The
merits in terms of generator control of
picking up small increments of demand
{(but taking longer) have to be balanced
against picking up larger increments,
thereby reducing the restoration period
but at the risk of precipitating an
uncontrollable drop in frequency. A
percentage of the demand restored should
always have under-frequency relays
fitted.

(iii) overloading of communication facilities.

(iv) equipment operating problems due for
instance to inadequate auxiliary
supplies, and contrel and protection
interlocks.

lack of information at control centres
caused for example by delays in data
acquisition and display, or insufficient
telemetry (the first of these has
generally been overcome in modern SCADA
systems).

(v}

{(vi) lack of appreciation by the control
operators of the state of the system.

This may include inability to determine
the cause of the disturbance or inability
to formulate decisions for restoration.

It may be caused by lack of information at
the centre/s or failure to assess the
available informatiecn adequately.

(vii) only insufficient or out of date guidance
available to control operators. It has
be remembered for instance that the
operators’ normal understanding of the
behaviour of the system may not be
applicable to the conditions during
restoration. An operater is unlikely to
experience a major disturbance more than
once or twice in his career and hence his
pertinent experience, apart from any
obtained in training, may be very
limited.

GY ON

5.5 THE DE OF RESTORATION

SYSTEM STRUCTURE

It has been suggested (10) that an
organisation will respond to a blackout situation
with a "natural® restoration strategy that will as
far as feasible fulfil the objectives and
responsibilities of the organisation. For the
local distribution utility, the objective will be
the rapid restoration of local load perhaps by
establishing a local island at a lower voltage,
whereas the organisation responsible for the main
grid would have as- its objective the most rapid -
restoration of the entire system. The merits of
"natural restoration pattern" should be evaluated
as part of the work on determining the restoration
plan.

In spite of considerable effort it was
not possible to establish a correlation between
strategies of restoration and characteristics of
systems (l1). The debates on this subject



confirmed the general pattern of restoration
outlined in sectien 5.3, plus the suggestion thac
a utility, whatever its size, would seek to
establish a main backbone te provide black-start
supplies to stations. For a small system, this
backbone could be at what are normally regarded in
laxger systems as subtransmission or distribution
voltages.

COMMUNICATIONS

Several utilities have experienced
problems caused by the media and public seeking
information from the utility during a blackout.
There can be two effects -

5.6

(1) the public telephone system is
overloaded, fn particular lines servicing
the utility. This can cause difficulties
in contacting off-duty staff and may
impact on the system operation
communications system, depending on its
degree of independence from the public
communications network.
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(ii) operational staff are distracted from
their work in handling the disturbance
situvation to provide information te the

media and civil authoricies.

A number of utilities have set up "system
incident centres"” to reduce these problems. These
would be activated if a severe disturbance had
occurred, or was anticipated (e.g. forecast of
extreme weather), their function being te act on
as a focal point for reception and dissemination
of information inside and outside the industry.
Typically these would be associated with the
Headquarters/National or System Control Centre and
possibly at Regional Centres. They would be manned
by system operatlion managers and staff (not
control staff) and public relatioas staff. Their
task would be to collect information concerning
the disturbances and te collate this for senior
utility staff and for release to the civil
authorities and to the media. They would also
handle queries from these groups.

In some utilities, selected operational
staff are expected to report for duty of their own
accord when very eritical supply conditions arise.



CHAPTER 6

IRAL G _OF SYSTEM CONTROL CFPE

ODUCTION

Interest in the training of system
control operators has increased considerably in
recent years, spurred by the several large
disturbances which have occurred, the continuing
updating of energy management systems and the
increasing facilities available from these, and
finally the increasing size, interconnectien and
complexity of power systems.

This chapter will concentrate on training
for handling emergencies, in particular the use
of training simulators.

6.1 THE NEED FOR AND FORMS OF TRAINING

1t has already been said that a shift
operator may only experience a major disturbance
once during his career. Taking this together with
the expectation that the operating conditions will
be abnormal and his everyday experience
correspondingly less relevant, that he will be
under stress particularly If the situation is
deteriorating or consumers are disconnected and
that containment of the situation may require him
to disconnect demand {an action which is against
his whole outlook) it is clear that the provision
of training to operators in handling major
disturbances needs serious consideration. The
objectives of such training will be to fncrease
his knowledge of the technical characteristics of
the system under dynamic or degraded conditions,
of the procedures and faclilities available to him,
and not least to increase his confidence in his
ability to make and implement the right decision
without delay at such times.

The training ¢an take several
complementary forms:

(a) lectures or video tralning packages on
technical aspects such as voltage and
power flow control, forms of Imstability,
operation of islands, protective gear
performance, etec (e.g. the Plato system,
see also (41)).

(b) self tuition and training on procedures
in emergency including demand
disconnection, restoration, black-start,
communications.

(c) talk through and group discussions on
ineidents internal and external to the
utility.

{d) exercises, including handling of
disturbances, on a training simulator.

Of these, the real time dynamic simulator will be
the most effective mechanism to tralm control
engineers in the handling of severe disturbances.

The broad objective of the training will
be:

to increase confidence in ability under
stress to weigh up situations and to make
and implement timely, correct decislons.

RS FOR EMERGENCY STTUATIONS

to improve knowledge of the technical
characteristics of the system under
dynamic or degraded operating
conditions.

to improve knowledge of procedures and
facilities for handling emergency
situations.

An important question 1s whether the
objective should be to train the individual
control engineer, the control team (say 2 or 3
engineers simultaneously) or even two control
teams, representing say the National (or System)
Control Gentre and one of the Regiomal (or
Area) Control Centres In a multi-tier control
hierarchy. Certainly some major incidents have
been worsened by inadequate understanding between
individuals or between centres, There 1s
undoubtedly value in training a team and even
extending this to simultaneous training of teams
from twe centres, The penalties are increased
cost and complexity (for instance in the MMI,
including the cost and difficulty of providing
mimic diagrams), probably increased size of power
system to be modelled with attendant implications
on computation reguirements, and difficulties of
simultaneocus release of several operational
staff.

6.2 REA IME I G_SIMULATORS

There are two broad types of training

simulators:-

(1} generic, in which performance of the
operational system is modelled but there
is no attempt to replicate the actual
system or the man-machine interface.

(i1} replica, in which the performance of the
actuzl systems is modelled and an actual
or close approximation to the operational
man-machine interface is provided.

The general view is that replica simulators are
better for training operatiomal staff and it will
be taken in the remainder of this chapter that
only this type is being discussed.

Ideally, it should be possible to model
the following types of iIncidents on the
simulator:

multiple, coincident or sequential
faults,

protection operation (overcurrent,
impedance, demand shedding and other
automatic switching schemes),

oscillatory conditions, including non-
uniform oscillations of different
machines,

system splitting and islanding.
it is not difficult to do the relevant

computations in the turn around times of many
seconds, minutes and even hours acceptable for



operational planning work, The essence of a
training simulator is however that the the system
information should be presented in SCADA
timescales, e.g. updated every few seconds. This
adds substantially to the technical problems, in
particular of approximating the dynamic and
transient performance.

Ideally the man-machine Interface should
be a close replica, Iif not identical, to that
provided for an operator position in the control
room. It may be acceptable for some training
purposes to use spare operator positions in the
control room driven from the operational standby
processors or a tralning computer suite, although
the author doubts whether this approach should be
extended to include emergency training. Accepting
then a separate interface one difficulty is the
configuration diagram, particularly if more than
one power system is to be modelled. HNoting that
experience has shown that the configuration
diagram has an important rele in enabling the
operator to keep track of major disturbances and
that operators prefer strongly to be trained on
their own power system, the necessary flexibilicy
might be obtained, with some sacrifice on
replication, by using large screen projection
forms of display. However, the arguments for
training on a model of the operators’ own system
pxobably apply most strongly at the main
generation-transmission level for which there will
be one control centre anyway. This would permit
one "representative system” to be modelled for the
other (e.g. Regional) systems and centres without
serious impact on the training.

Managerial issues appear to have received
less attentioa in the lLiterature than the
technical areas. Amongst those which have been
considered in the author’s company are the merits
of individual, team or multiple centre training.
Such questions having implications on cost and
staffing of the training establishment, require to
be considered In the context of the utilicy/s for
which the training facility is to be provided. 1In
the author’s view and if a choice has to be made,
it would be more important to take secount of the
division of responsibility and work between
operators in a control rcom than between control
rooms.

As regards system size, the situation
seems to be that whereas only a few years ago it
was not at all sure that system dynamics could be
modelled in real time except for very small
systems, this problem seems to be reasonably
solved i{f one accepts that, to include the effect
of any transient instabllities, the model may need
approximations and perhaps calibration tuning of
these by off line studies, There is clearly much
to be said for modelling all of that part of the
system for which the trainee has responsibilities
in his normal work, together with sufficient of
the remainder to allow its effect to be included
meaningfully. Various references give in some
detail the present state of the art: one quotes
for example the solution of a 500 node network in
4 seconds.

. Each trainee position should be provided
with the telecommand (probably working straight
into the system model) and telegraph/telephone
facilities to other Centres and power substations
which the trainee would have available in the
operational control room (only in the simulator
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these would go to the instructor’s conscle}.
Access should be avalilable to off-line computer
zlds, as provided in the operational control
room.

The requirement from the Power system and
telemetry models are that these should produce
information eon the state of the power system of
the same type, quantity and quality as that
provided by the operational data acquisition
system. If the operational data acquisition cycle
for measurements is, say, 5 seconds, the evolution
between the 5 second intervals may not need to be
computed at all (say for flows/voltages) or in
detail (say for machine oscillations in stabilicy
modelling) provided that the 5 second end points
are assessed, (This could be important in the
approach to feasibility of modelling stability).
Modelling of protection and automatic switching may
require finer time discrimination. In particular,
it is important that frequency changes are
determined at small time intervals if under
frequency relay operations are simulated. 1In terms
of system phenomena, an objective would be to model
single and multiple faults, instabilities (effects
if not detailed mechanism), islanding, load
shedding, protective gear operations, etc.

Detailed calculation of some of these could well be
impossible and, hence, loock up tables or scenariosg
baged, for example, on earlier off-line
calculations might be used.

The model should include the normal
control mechanisms (governor, boiler, automatic
voltage regulator) and the control applications
implemented operationally, e.g. tie line frequency
control, economic dispatch, contingency analysis,
operator load flow, etc. Facilities to freeze the
simulator or to operate in slow motion (say h or k
real time) would seem valuable.

In the author’s view, a realiscic rather
than exact simulation (in design terms) of the
system is required from the model. It is unlikely
that a training scenario will ever be exactly
duplicated in real }ife. On the other hand the
objective should be to show all electrotechnmical
phenomena which could occur in the time scales of
interest. These objectives in conjunction with
the earlier comments on dynamic modelling suggest
that one approach could be, for example, to

caleulate high speed transient phenomena off line

and on detection of similar conditions feed the
end results into the model from a scenaric tape
(see above)., In the EDF training simulator (42),
probably the most advanced available to date, the
immediate reaction of the system to a major
disturbance which might cause instability is
assessed by calculating the first few iterations
of a trensient stability analysis and from this
deducing its final status based on simplified
criteria.

The instructor console/s will have four

roles:

(i) To introduce power system or other faults
and incidents (this task could be made
easier and done more precisely by the use
of scenario tapes).

(il) To act as the external world to the

trainee/s (i.e. to receive and implement
as station, substation or other control
centre operator all Iinstructions to such



personnel from the trainee/s and to
provide verbally such information as
requested.
(iii) To moniter the progress of the training
run.
(iv) To monitor the trainees’ performance.
Although simulaters for traiming in
specific tasks such as switching and to a lesser
extent leading have been in use for years, ones
for training on overall system tasks including the
handling of emergencies are quite mnew. The
requirement is to produce a realistie simulation
of how a system would behave. It seems that
digital computers typically used in system control
applications have the capability to do this.
However if part of the on-line system, the training
function would be located on a stand-by suite and
discontinued whilst that suite was needed in the
on-line role.

The Pregent Status of Trainineg Simulators

A recent survey (43) including at the
time of writing 29 replies showed that 14 of the
utilities had simulactors in operation or on order.
A further 7 planned simulators. 11 of the l4
operational simulators were fully integrated inte
the EMS, the remaining 3 being stand-alome.

Other Applications of Training Simulators

A training simulator has some of the
characteristics needed for predictive and other
study work. It may exceed the requirements in
some arxeas, be less in others. The potential
benefits suggested in using it for study work have
been the availability of the real time MMI, ready
avallability of operational data and possibly
reduced costs.

6.2.1

6.2.2

The simulator can also be used as a "test
bed" for-assessing the technical and-ecouomic--- -
performance of new applications software or real
time facilities under realistic conditions.

An assessment of modelling requirements
for various functions is given in Table 9. The
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conflict between the applications needed for the
different functions is highlighted by comparing
columns &4, 5, 6 and 12 with columns 7, 10 and 11.

Combining the applications introduces
conflicting design requirements -high accuracy at
the same time as real time computing speeds - and
may cause conflict for access te the simulator.
If however a utility is prepared teo forego the
more complex requirements in the two areas, a
viable compromise can be achieved (44). Some,
generally smaller, utilities are following this
path.

6.3 TRAINING IN PRACTICE
Training in various aspects of emergency
control previded in practice in the early 1980's

was summarised in (B). For the 16 utilities
replying, the situation was as follows:

LE 10
TRAINING PRQVIDED
Form of Training
Group Formal Practical
Discussion|Education
& Inputs |Lessons On [Simulator
System
No. of 9 3 2 7
ucilities
providing

Reference is made in one or other of the
replies to voltage reduction tests, simulated
demand shedding and black start simulation (by
supplying false data from a substation into a
control centre}, use of video tape and group - -
discussion on previous faults and on-fault
scenarios.

& new amplified review will be presented
at the 1989 Cigre symposium in Bangkok (45).



TABLE 9 - A COMPARISON OF MODELLING REQUIREMENTS

i I I _ ] | | [ | [ | | |
|System |Detailed |[Steady |Energy |Simple |Approx. |Detailed [Detailed |[Contingency|Approx. |Simulation |Need
[Line |Substation|State |Balance|Fault & |Transient |Transient [Unit |analysis |Unit |Models -~ |to
|Dlagrams|Diagrams [Network | |Protection|é | & |Commitment|& Real Time|Commitment|Including |Operate
| | |Applications] J [Protection|Protection|+ AGC |Load Flow |+ AGC |Probability|Real
[{e.g. | | i | I ITime
|load flow) |
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|Simulator

]

|A "Steady State”
_MWmnma (e.g.
|load following,
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|
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|Planning
I
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Note:= (1} Detailed post event incident analysis will require network analysis facilitles as D and E.

(2) Training simulator as A, B, C, could, subject to availability, also be used to extend appreclation of system behaviour in non-control
staffs.
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CHAPTER 7

IHE EVOLI

INTRODUGTION

It is proposed in this chapter to review
some of the possible developments in the emergency
control of power systems. This will be done in
two parts - improvements likely in the short term
as an evolution of present practice and more
fundamental developments such as increased
adaptivity of the emergency control facilities to
the actual state of the system and the use of
artificial intelligence.

DEVELOPMENTS_JN THE SHORT TERM

It has been anticipated (6) that the
technical development of aids to contrel in
emergency will be concentrated in four areas -
improved operaticnal planning, improved
recognition of potentially dangerous situatiens,
improved identification of system conditicns
during and after a disturbance and improved
actions te contain the fault conditions and return
to normal., Training aspects are dealt with in the
previous chapter.

Improvements in Qperational Planning

Operational planning is an integral part
of normal system operation. There is little doubt
that present hardware is technically adequate,
providing as it does access at points of work to
large mainframe computers with the opportunity of
co-ordinated studies and transfer of data between
centre(s) (46, 47, 48). Frequently energy
management systems, many with considerable
computing power also include facilities for
operational planning studies.

7.1

7.1.1

One does, of course, meet the problem
raised by contingency analysis -how to predict the
fortuitous combinations of events which are most
likely to result in severe disturbances. This is
not possible and hence the role of operationmal
planning i{s to ensure that the credible
contingencies are properly evaluated, including
Interactions between neighbouring systems. This
last point is quite important, several
disturbances having been caused by failure to co-
ordinate transmission outages near the boundaries
of neighbouring utilities.

Another important aspect is to ensure
that the outcome of operaticmal planning studies
is readily available to and understood by the
contrel engineers on shift.

Improved Recognition of Potentially
Dangerous _Situationg

Again, because of the difficulty of
predicting hazardous combinations of events, the
most that can be done is to make sure that
potentially dangerous operating states, either of
the system as existing or following any defined
contingency, are recognised. The major
developments needed are improved and more rapid
evaluation of transient ( aperiocdic and
oscillatory} stability limits extending ultimately
to on-line evaluation, and of dangerous voltage

7.1.2
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conditions. Developments are taking place in all
these fields (49, 50) spurred in part by recent
disturbances,

It is quire common now for energy
management systems to include a facility for power
flow, possibly contingency analysis studies, te be
done on predictive as well as real time date.

This will help to overcome reported situations
in which switching during severe loading
conditions has actually worsened the system
security or remedial switching has been deferred
because of uncertainty of its effect.

Reference has already been made to the
increasing use of automatic system switching to
improve effective transmission capacity. As far
as 1s known, utilities do not generally ask for
such schemes to be modelled in contingency
analysis programs which seems a mistake in that
unnecessary warnings will be given resulting, if
followed, in too conservative operation. All the
system manipulation facilities needed (circuit
add/delete, generation and or demand change, etc.)
will be available in & contingency analysis
program. The additional software needed would be
to model the logic of the automatic system
switching scheme - recognition of the conditions
for switching, determination and modelling of the
switching.

Syst
ter a Disturbance

dent
Dy, d

7.1.3 Improw

Condit

Modern data acquisition and display
systems are adequate to present to the control
engineer the status of the power system at all
times. State estimation adds a desirable
refinement, but essential if any form of on-line
load flow is to be donme. One utility with
practical experience of on-line estimation
considers that security and economy are improved
because of the closer limits to which it is
possible to work with state estimated data. It may
also be noted, however, that conditions during a
severe disturbance, with the system in an abnormal
state, quite possibly split, and a rapid succession
of changes in configuration, may place heavy
demands on a state estimator. However, if for
instance contingency analysis is to be any use
during a disturbance, it must keep up with the
changes in network configuration, as experience in
the 1977 New York blackout demonstrated,

Based on experilence during major
disturbances, developments are justified to aid
rapid appreciation of the cause of a disturbance,
of the system capability that is immediately
available and that can be made available over the
pericd following attainment of steady conditions
and of the demand trend including indication of
the demands lost at each location and recoverable
on switching.

As for appreciation of the cause of a
disturbance, it is possible to telemeter into the
contrel room relay flag indications, the status of
protective systems and of auxjiliary plant, etc.
Acknowledging that some maloperation of secondary



equipment may have contributed to a large
disturbance, one need is to develop criteria by
which the reasonable set of information necessary
to determine or infer the sequence and causes of
equipment outages can be determined and techniques
by which such information can be analysed on-line
and presented at the Control Centre to highlight
the probably cause and sequence of the
disturbance. One potential danger is lack of
discrimination in the choice of alarms presented,
leading to the risk of the control engineer being
flooded with unnecessary inforwation, thereby
delaying his decisions., Time tagging of alarms
will be valuable or failing this, an indication of
the order in which alarms occurred.

Progress has been made in this area
through the application of expert systems
techniques (51, 52). One cbjective is to identify
from the relay and switchgear indications, and
preferably other system information, the location
and type of fault that caused these indications.
The detailed indications and alarms would not
normally be shown, perhaps only these not
consistent with the main inference.

Improved Actions to Gontain Fault

o tio and Return to a

7.1.4

One of the most Important genseral
objectives in the further development of control
aids In emergency 1ls to ensure that actions on
demand and plant do not “overkill", that is do not
provide a compensating action which so exceeds the
effect of the disturbance itself as to precipitate
further significant disturbances to individual
items of plant if not to the system itself.
Essentially, the effect of the disturbance and the
containing actions should be balanced., It has,
for' instance, been suggested that a "closed loop”
form of demand disconnection should be used more
widely; this would overcome problems caused by the
magnitude of potential generation loss being
largely independent of the time of day whereas the
demand disconnection at a particular under-
frequency setting and perhaps the amount of
running plant will depend on the demand level at
the time. A second general objective is to
develop techniques by which restorative actions
are ideally located, i.e. disconnection of demand
effacted at points which most helps transmission
condltions, any system sectioning effected at
points which isolates the disturbed part of the
natwork optimally with respect to conditious in
the remaining healthy parts. A third general
objective should be to determine and apply those
system operating variables singly or together
which provide the best warning of the onset of
critical conditions.

Such generalised objectives tend to argue
for integration of the different types of
emergency action and for some form of co-
ordination of local centrollers, or even central
determination of emergency control actions (see
section 7.2).

7.1.5 Analysis of Disturbances and ation

These topics have been put together since
they tend to converge on cne main requirement,
that 'is an ability to simulate the dynamics of a
power system over a period from say a second or so
up to 20 minutes. The simulation would include
the action of the plant and main control
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mechanisms in the stations and on the network.
With such a model available, analysis of a
disturbance or simulation of any postulated
condition should present no technical difficulty,
although eariier reported experience suggested the
problems of preparing the data are large and the
model needs fitting to the individual system.

Another main requirement for amalysis is
to ensure that sufficient data exists from which
to reconstruct disturbances. This is no longer a
technical problem; some utilities, for example
ENEL and CEGB, have installed multi-channel
recorders to log voltages, currents, discrece
events, etc. elither on detection of some
abnormality or continuously. A review of such
equipment is alsc given in (53).

lmproved Tactics for Restoration

The developments already considered will
assist restoration by limiting the spread of a
disturbance or by improving the control operator'’s
knowledge of the status of the system, However
these will not specifically address two problems
quite often reported - overloading of the system
during the early stages of restoration and control
of high voltage.

7.1.6

Simple analysis could help in both. The
first difficulty is caused in part by the demand
at a point tending to increase for a short time
after reconnection. It should be possible to
obtain from telemetry continuocus values of the
demands at individual or groups of supply points
so that a geographical breakdown of the demand at
the instant/s of disconnection during a disturbance
would be known. These figures could be further
broken down if needed into estimates for individual
supply points- from historic distribucien data; if
necessary adjusted for the passage of time since
disconnection, have empirical factors applied for
the usual ratios of on-reconnection/normal levels
and for increase fellowing reconnection, and hence
used to provide an estimate of what demand wuld be
picked up on restoring supply points.

The second difficulty could be reduced,
and perhaps already is, by making it very easy for
the contrel operator to estimate simple incremental
power flows using the on-1line telemetered data, so
that the effect of switching in a circult could be
estimated very quickly. It should also be possible
to prepare tables indicating the rise in voltage to
be expected on switching in each eircuit.

7.2 LONGER TERM_OR MORE FUNDAMENTAI. DEVELOPMENTS

The toplcs considered below will be the
development of adaptive emergency control and the
use of expert systems.

7.2.1 Adaptive Emergency Gontrol

A basic approach to adaptive emergency
control is suggested Iin Fig. 2 (see also Ref. ).
A general flow chart is given in Fig. 13 and
includes the following steps:-

(1) Continually scan telemetered values to
determine if there- is need for action.
(i1i) 1If a problem is identified use all the

appropriate telemetered data to identify
the cause and location of the problem.
The relative value of varlous system



Initiating Event

Appropriate Analysis on Actual Cyelical Time
State of System Initiated by for Assessment
Event or Measurement {eg. Contingency Analysis)
Aler[ ar Norma! {alert) Not Secure Secure Against
Emergency State State Against Credibfe Contingencies
Credible

Contingency

What Action Time is Availabie What Actions
it Contingency Occurs are Available
What is the Time to Rectify
Available & Best Potential
Action to Take Insecurities

Advise operator and if appropriate, act automaticaily

Notes: (1) Depending on time available & complexity of phenomena, actions could be determined by analysis or from
pre-calculated decision table.

{2) If ime permitted, it seems likely that better solutions would result from taking actions incrementally

Fig.13 Qutline of Analysis & Decisions for Emergency Control

Disturbance

! ! ! l

Significant Significant Significant Oscillation

Change in cé’:t';ge ‘I" ghange n Detected
Voitage Detected N3 requency
oltage Uetecte Transfer Detecied Detected

? Frequency &
Circuit Breaker Net Change Main chaFrons
Indication? of Oscillations

Indication of in External

Generation or Power Transfers?

Transmission l I | Probable Cause

or Q Loss l l {Internai or
¥
or Excessive Demand s No External} &
or Excessive Power I | Yes No Remedial Action (1) (2)
Flows? Probably Probably
Int i |
[ nF::Tta E:;l:;lr:a Unidirectional ? Probably
I l External
Fatlt
Yes No | ]
l Yes No
Probabiy ? Loss ,
Internal Detected in
Problem Neighbour Probably Probably
Internal External
Fault {1) Fault (1)
Yes

External Fauit

Notes: {1} Circuit breaker operations could provide contirmatory evidence of internal fauit.
{2) Magnitudes of critical power flows could provide contirmatory evidence.

Fig. 14 Sub-Routine to Determine Broad Location of Disturbance
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variables for this task have been
indicated in Table 3, Logic to determine
the broad location of a disturbance is
suggested in Fig. 14

Determine the priority of actions and
times available for actions (Fig. 15} to
contain the results of the disturbance.
Much of the decision making here could be
from decision tables incorporating
pre-calculated levels for action. If the
system is in one of the alert states,
from very few to many minutes would be
available. If the system is already in
an emergency state, the action would have
to be taken in from milliseconds to, at
most, a few minutes. Those aetions for
which seconds to minutes are available
could be met by some form of centralised
logic as is already done in some
applications using predetermined logic.
Actlons which have to be taken in
milliseconds can at present only be
accomplished by local logic and action;
when one remembers the time required

for data transmission and the action
itself, this may always be the case.
However, the advantages of centralised
logic could be obtained in part by
determining parameters for local logic,
1f necessary predictively, from a central
installation.

(iii)

(iv) Determine the optimum action to contain
the results of the disturbance which can
bs taken in the time available: if
necessary operator assistance would be
provided, e.g. for a configuration
change.

(v) Implement action and check for system
viability.

(vi) Repeat as necessary.

Flow charts were prepared to handle
several types of contingencies (elimination of
overloads, elimination of abnormal voltages,
containment of sudden and gradual frequency
changes, ete.), As examples, Fig. 16a suggests a
sub-routine for the elimination of an actual (as
distinct from potentfal) overload whilst Fig. 16b
suggests one for the containment of 2 gradually
falling frequency on a type U3 system,

The analytical requirements needed to
cater for a full range of disturbances would be
extensive, including contingency analysis, optimum
load flow, permissible transfers to groups of
substations, frequency trend/time for action,
permissible duration of overload, linear program,
comparisen of variables against limits, generation
dispatch, economic dispatch, voltage/reactive
power analysis, optimum demand adjustment.

In some ways, the ideas for adaptive
emergency control put forward are quite subjective
- they emerge as the end product of the
assumptions that the best, i.e. potentially least
objectionable, emergency actions will be
determined by applying power system analysis
techniques in an analytical or synthetic manner
and probably seml-predictively, to & system whose
state 1s defined by the latest telemetered sample
plus an observed change. The available actions,
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in order of minimum, overall further disturbance
to the system (and almost certainly time to
determine/implement) are:-

(1) subject to check on viability, adjust
configuration (this probably requires
manual decision making at present}

(2) adjust generation

(3) adjust demand.

However, actiom (1) may only be possible
onn 2 well meshed network, already for instance
adopting specific switching configurations to
control power flows or fault levels. Other
systems, e.g. those with localised generation/
demand centres and a relatively weak transmission
network might find it necessary to adjust
generation and/or demand first., This priority is
intended first to minimise the disturbance to
consumers and second to minimise the risk of
overcompensating for the initial cause and hence
precipitating further problems.

The analytical models required would seem
to be a mixture of ones for dynamic analysis,
network analysis and tie-line frequency and
economic dispatch ineluding network constraints.
There would be scope for optimisation techniques,
e.g. linear programming to provide a "minimum
cost™ combination of ideally located generation
adjustment and demand reduction. The mechanisms
would in practice have to include exhaustive checks
for initiation and completion of the various
emergency control actions; these have not been
included.

Such developments as these would
certainly require centralisation of the decision
making function introducing problems of speed of
data acquisition and transfer, as well as of
computation. Perhaps the boundary between
contaioment and restoration will blur in the
future - containment will consist of very rapid,
and perhaps non-optimum, actions to bring the
system to 2 state which although abrnormal (e.g.
with line overloads) can be sustained long enough
for optimum final containment actions to be
determined and implemented prior to restoration.

Another, and probably technically easier
solution, would be a form of hierarchial control,
as touched on above. 1In this a central emergency
conttol facility would provide parameters such as
set points and perhaps alternative strategies to
local emergency controllers. This could be done
predictively and would adapt or tune local
emergency control mechanisms throughout the system
to the present, pre-contingency system state. It
1s effectively used in applications in which the
operator arms and sets the action to be taken
(e.g. generator disconnection) in acecordance with
the present state of the system, A simple outline
of what such a hierarchical emergency control
system might comprise is given in Fig. 17.

Ihe Application of Exvert Systems

In the authexr's view, expert systems
offer an exciting prospect to engineers
responsible for the operation and control of
process systems/and for the development: of-
facilities for these purposes. An assessment of
possible applications is given in (54). Two of
these will be outlined briefly below.

7.2.2



Abnormality Detected

i
l ]

Frequency Voltage Osciflation

Overload

Circuit overload (1} detected & known
not due to problem outside utility

Determine permissable time {1) for action {2}

Maximum time before next action must be taken

|

for Overload/  for Leve! for Level for Level L>t> L=,
Next Trip 7 & Rate of & Rate & Rate I
Change/Next  of Change ?  of Change ? e e
Load Shed ? 7 Eliminate ? Eliminate Eliminate
Overload by Overload by by Optimum
Switching. — Dispatch. —= Location of
Acceptable Acceptable Demand
Solution Solution Reduction
Take Smaileist of These
Enter appropriate sub-routine for YES NO YES NO
advice & if approgpriate, automatic |
action to eliminate abnormality
Implement  Trygen  [implement  Add Effect Implement
Change or af Demand —
If possible, predict new conditions & repeat Demand — Reduction
Reduction

Fig. 15 Sub-Routine to Assess Priority of Actions

Fig. 16a

Gradually falling frequency

Note: {1} Overload includes any excessive flow
or siemmated flows, whether thermai
or stability

{2} t, = time reqd. to study & implement
switching change {probabiy
manual assessment)

time reqd. to compute &

implement gen. change

time reqd. to compute &

implement demand change.

,..
"

Adaptive Sub-routine for Elimination
of Actual Overload

(beyond normal statistical deviations)

Observe rate of change of frequency & running spare
Compute expected demands & hence estimated power deficits over next minutes

Expected minimum frequency & time for frequency to fall to €g. lower operatianal limit{LOF)
Expected min. frequency reasonably
above LOF

Expected min. frequency below or only
marginaily above LOF

Continue to monitor, synchronise
additional plant at discretion
to contain frequency within

operational fimits.

If time permits, synchronise
quick start piant [(QS) to
value of power deficit,
including transmission security
check

Bring on Q5. plant.Check

Return t0 economic operation transmission security

as possible

Bring on slower response reserva plant as
required to meet longer term (eg. 30 mins, + ) demand

Restore demand, shut down Q.S. plant as possitle,
return to economic opetation

Fig. 16b  Adaptive Sub-routine for Containment of Gradually
Falling Frequency on a Type U3 Utility
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If Q.5. not sufficient or not enough
time, reduce demand by amount of
power deficit less available QS plant.



AY -

\ .
I

Central
Logic
Unit

Load disconnection,
Generation change,

area network changes,

Key:

Control signals for Area:

Inter-area & important intra-

——— Transmission capabilities.

Information flow
Area control signal —e—
Inter-area circuits

For Area C:
Generation {actual & response),
Demand,

Power Flows,

b

—~—

—_————

Fig. 17 An Example of a Hierarchical Control System

A frequent problem in a severe emergency
1s a surfeit of information leading to tens or
hundreds of alarms, many of which may be
unnecessary for a basic understanding of the
situation. The problems may be compounded by
incorrect or missing information. The need is to
identify what has probably happened, its cause and
the present state of the system. The penultimate
item is included because there have been cases in
which disturbances have been repeated during the
restoration process when conditions similar to
those causing the initial event have been
unwittingly reproduced.

Important factors in determining the
present system state and in formulating plans for
restoration will be;-

(i) the broad topology of the system (split,
isclated from neighbours, etc.).

(11) the generation - demand situation overall
and in separate islands, this
including: -
(a) any unused generation immediately

avallable, would further generation
loss precipitate major distuption?

(b}

any loss of demand?
(¢) any significant demand or generation
changes in the immediate future?

(d) the short term availability of
isolated or tripped generation
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(e) the status of low frequency relays
(1ii} the security of the tramsmission network:
including: -

{a} 1s the present state sustainable,
how long before switching must be
done to relieve overloads assuming
no further faults?

(b) what would be the effect of Ffurther
circuit outages?

(iv) environmental econditions:-

(a) the weather

{(b) any special circumstances (e.g.
flooding)?

(v) funetioning of the transmission
. network: -

(a) is normal operation pessible or is
this adversely affected by e.g.
extreme weather conditions,
availability of staff, the state of
auxiliary services at substations?

(vi) potential support from external systems.

These questions pose a complex, imprecise problem
to the control engineer. Existing aids will, if
sufficiently fast, provide the answer to some
specific questions but will not take aceount of
the uncertainties or interactions.



Turning to restoration, priorities will
depend on the type of system and be influenced by
crganisation and management. Although the
strategy and perhaps detail of restoration will
have been set down, these will have to be adapted
to circumstances at the time (for example the
situation following a system collapse caused by
loss or overload of some critical circuits would
be quite different from that resulting from an ice
storm). There will be a considerable element of
judgement and uncertainty in plant and demand
conditions. Conventional analysis, if the turn
round is fast enough, will be adequate to test the
viability of specific system states but the
postulation of these states will be up to the
control staff.

These three tasks - containment of the
disturbances, system identification and
restoration of nermal conditions - would provide
very worth while, albeit ambitious, applications
for expert systems (ES5). A plecemeal approach
could be used. In fact the Interpretation of
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alarms was one of the early applications (52).

One could look to the ES including analogue (as in
some pre state estimationm topology checks} and
fault recording information to cross check with
protection and state alarms. There have already
been numerous papers on the use of expert systems
to ald system restoration.

Another application could be the
monitering of normal operation. This is at the
boundary of emergency contrel, but the more
effectively it is done, the less is the likelihoad
of a severe disturbance developing. It would seem
that the "breadth first" type of expert system
could with advantage be developed to sean the
telemetered data coming into a control centre and
the results of the data processing (contingency
analysis, tie line frequency and economiec dispatch
instructions etec} used to izolate and alarm any
developing abnormalities. Such a plant monitoring
application has already been reported in the
chemical industry.
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Generalised cost-benefit analysis of aids
to control in emergency is largely unexplored.
The difficulties are to assess the costs properly
actributable to control in emergencies, as
distinct from those for normal control, as well as
expected savings which in money terms will mainly
accrue to society rather than the utility,

At the control centre most requirements
for manually directed contrel in emergency will be
met by the facilities provided for normal
operation. Additional ones which may have been
partially justified by their role in emergency
control can be listed as follows:

contingency analysis,

increased number of alarms from power and
substations,

overview diagram of system.

It is not so difficult to distinguish
facilities in the field specially provided for
emergency conktrol, as follows:

demand disconnection,
generation rejection,

defence plans in general, particularly
those for non-credible situations.

Auto-reclose, although playing a vital rele in
emergency control, has a significant role in more
normal operation., In addition there will be the
equipment including power supplies, required to
ensure the integrity of the communications,
telemetry and control systems during disturbed
conditions, as outlined in the section en
integrity of services,

Information was obtained from a few
utilities on the cost of control facilities.
very round terms, the cost of equipment and
buildings for modern system control (excluding
controls within stations) are of the order of 1%
or less of the net generation and transmission
assets of an undertaking. Excluding emargency
auxiliary supplies it seems that the cost of
facilities for emergency control may be of the
order of 10X or less of the cost of the total
system control facilities, i.e., say 0.1% of the
net generation and transmission assets of an
undertaking.

In

In contrast, the social and economic
costs of large scale blackouts, which successful
applications of emergency control should prevent,
can be large. The total cost of the blackout of
New York om July 13-14, 1977 for instance; was put
at some $310M, roughly $4 per kWh not supplied
(this is somewhat higher than often quoted figures
for the cost of an unsupplied kWh in terms of its
normal cost of supply). Alternatively, and for
this assessment more usefully, it is say some 20%
of the net generation and transmission assets.
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Summarising these very rough figures, it seems
that the cost of equipping a power system with
emergency control devices (but excluding standby
auxiliary power supplies whose costs could be
significant and any additional manning) may be of
the order of 1/2X% of the cost to the community of
a more or less complete and lengthy shutdown, The
risk of such a shutdown occurring is of course
very small and there can be no absolute guarantee
that an emergency control system will prevent a
major shutdown.

The cost of the disturbance in Sweden in
December 1983 was estimated at 200-300 m Swedish
kroner - of which 100 m was cost to industry, 100-
200 m cost te other consumers and 20 m cost for
more expensive generation. About 65% of all
supplies were affected, with the majerity of the
demand restored within 5 hours.

Such assessments do nmot apply to the
other applications of emergency control
techniques, that {s the applications of these to
overcome the effects of delays in the
commissioning of transmission or generation or as
a2 means of reducing planned transmission or
generation capacity. Taking the case of delays to
transmission, the most frequent applications are
to reduce the risk of uncontrolled shutdown of
demand because of inadequate transmissien capacity
and to avoid limitatiens on output from new
generation caused by insufficient transmission
capacity from that plant. The first, and
relatively less frequent case, could well be met
by rapid reduction of demand, with costs and
benefits as outlined above. The second case would
probably require the application of a generation
rejection scheme. Agaln in very round terms, one
could probably say that the elimination of a
restriction of 100 MW from new plant could cover:
the cost of the generation rejection control
equipment in a few days at mest. There would be
benefits to system security because of the
increase in total system generation availability,

Another possibility might be that the
techniques could be used to reduce the dynamic
duty on plant by adjusting generation and demand
transiently so as to minimise the sudden output
changes required.

Turning te the use of emergency control
techniques as a means of reducing investment in
trensmission or operating costs of generation, the
relative costs (capital for transmission,
operating for generation) of main plant will be so
large compared to the costs of emergency control
equipment that the issue will never be a simple
one of cost against savings. Rather it will be
whether the degradation in quality of supply,
probably marginal, is acceptable or whether other
factors such as availability of capital, or
wayleaves, or fuel dictate adoption of the policy
of using emergency control techniques to reduce
primary plant requirements. Not unimpertant
points are that if emergency control techniques
are used to reduce the capacity of main plant,



they cannot be relied on also as a buffer against
delays in commissioning plant or as a means of
containing major, non-credible disturbances.

Overall it seems that all forms of
resources (except perhaps human beings!) will have
to be spread more thinly in the future. As far as
the electricity supply industry is concerned,
there will be less land available for generation
and transmission works, more concern about the
effect of development and of operation on the
environment, less money because of competition
from other areas of investment with bigger
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returns, and greater resistance to paying an
economic price for electricity because of
competition from other less basic but more
appealing products. The effect will be to drive
designer and operator to minimise resource
requirements and maximise efficiency of operation.
This will lead to cighter margins in planning and
operations, bigger incentives to pool facilities
between utilities, and hence a greater chance of
big and small disturbances. The need for
emergency control facilities and training is
likely to increase rather than decrease in the
future.



CHAPTER 9
CONCLUS S

The outcome of some 12 years work done
under the auspices of Cigre Study Committee 32 and
then 39 has been reviewed in this brochure.

Before and during that time the value of the more
basic forms of emergency control such as demand
disconnection, auto-reclosing and in the later
years generation rejection have become Ffully
accepted. Schemes to overcome local or short term
difficulties in transmission are widely employed
and some countries and utilities have developed
anti-disturbance and power system stabilising
schemes.

In spite of the apparent diversity in the
mechanisms of large scale losses of supply, there
is a common pattern to the way in which these
evolve. In addition, the basic cause of a
disturbance 1s often not so much a complicated
multiple event as a simpler immediate cause plus
compounding factors.

It 1s thought that development will
continue towards making emergency contrel
installations better suited to the task to be
done, that is imposing minimum change on plant
operating conditions and minimum fimpact on demand.
Steps in achieving this will be to ensure that the
most appropriate signals are used to initiate
optimum actions at optimum locations. In the long
term this could lead to the adaptive emergency
control suggested in Ghapter 7. A continuing and
possibly increasing problem however will be to
ensure that the logical designs of schemes are
correct, that operation ocecurs when needed and not
otherwise and not least that there are no
unexpected interactions between schemes,

Turning to restoration most utilities
appear to follow the same broad pattern. Although
the strategy and perhaps detail of restoration
will have been set down, these will have to be
adapted to circumstances at the time (for example
the situation following a system collapse caused
by loss or overload of some critical eircuits
would be guite different from that resulting from
an ice storm). There will be a considerable
element of judgement and uncertainty in assessing
plant and demand conditions. Conventional
analysis, if the turn round is fast enough, will
be adequate to test the viability of specific
system states but the postulation of thess states
will be up to the control staff.

Expert systems may provide a mechanism
for harmonious blending of the human judgemental
and intuitive approach with the very strong
analytical and optimisation techniques already
available to the power system engineer. It would
effectively become another variant of intersctive
computing but with the expert system posing
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questions and trial solutions for analysis rather
than the engineer,

Containment of the disturbance, system
identification and resteration of normal
conditions would provide very worth while, albeit
ambitious, applications for expert systems. A
plecemeal approach might be used. One sould look
to the expert system including analogue and fault
recording information te cross check with
protection and state alarms. There have already
been numercus papers on the use of expert systems
to aid system restoration, although admittedly
only applied to simple situations.

Another application could be the
monitoring of normal operation. This is at the
boundary of emergency control, but the more
effectively it is done, the less is the likelihood
of a severe disturbance developing. It would seem
that the "breadth first™ type of expert system
could with advantage be develeoped to scan the
telemetered data coming into a control centre and
together with the results of the data processing
(contingency analysis, tie-line frequency and
economic dispateh instructions ete.) used to
indicate and alarm any developing sbnormalities.

Will there be another area of development
in which emergency control techniques are used
more to increase system capability and to minimise
the dynamic duty on plant? If this does occur it
must be remembered that if a scheme is provided
both to increase system capability and the
system’s resilience against non-credible
contingencies, then on occasion both functions
will be needed simultaneously and ons or other
objective may suffer.

In conclusion, it is judged that the need
for emergency control facilities to minimise the
risk and severity of major disturbances ls likely
to increase in the future. This will follow from
proportionally less financial and physical
resources being available for the supply of
electricity, resulting in higher utilisation of
plant and more complicated systems. The same will
be true of the use of such facilities to minimise
the effects of inadequate transmission, and to a
lesser extent generation, capacity on normal
operation,
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