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AUTOMATIC UNDERFREQUENCY LOAD SHEDDING

AND
SYSTEM STABILITY

Introduction

The extreme emergency any power system may have to face is the sudden
loss of a large block of generation - large being 10 percent or more of
the total generation existing prior to the loss.

This loss of generation is usually the result of a breakup of a larger
system into isolated or islanded systems.

A system entering this condition collapses unless immediate heroic
measures are taken to at least arrest the collapse.

Automatic underfrequency load shedding is installed to save a systenm
from such collapse.

This paper shall consider the system operating conditions following the
gsudden large loss of generation, show that automatic underfrequency
load shedding 1s the only possible measure offering any hope of
averting collapse and present a set of principles applicable to the
application and operation of automatic underfrequency load shedding.

Probability of System Collapse or Breakup

One often hears statements that the probability of Dbreakup and/or a
sudden large loss of generation of a given pool or system, is so low,
it may be ignored. No doubt statisticians have amused themselves, and
confused others, calculating such probabilities.

All such statements and probabilities regardless of supposed accuracy,
complications of methodology and size of computbter program should be
ignored as self-serving, irrelevant, immaterial, and meaningless.

Any such probability can never be zero and any positive non-zero
number, regardless of how small, is extremely large compared to zero.

One may be challenged to define the event or sequence of events which
would lead +to the sudden large loss of generation. This question is
unaswerable and irrelevant. The concatenation of events leading to the
more spectacular cases of saystem Dbreakup and eventual collapse 1is
unbelievable.

Principle 1 of an automatic underfrequency load shedding scheme is:

Principle 1: DNo system is immune to a sudden severe loss of generation
which could result in collapse.
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Fundamental Principles of System Operation

FPigure 1 shows a comparison of stable and unstable systems as sometimes
illustrated in elementary physics textbooks.

The only time a power sgystem exhibits a static stable condition
analagous to Figure 1 1s when all infterconnections are open and the
generators are all shut down - the trivial zero power flow case.

If the unstable cone of Figure 1 were set spinning like a top, one has
a fairly good mechanical analogy of a stable operating power system.

So long as the cone spins at some fairly high rotational speed (or
frequency), it is dynamically stable.

Similarly, so long as an operating power system maintains a constant
frequency it is dynamically stable and can (theoretically) continue to
operate in such mode indefinitely.

However, constant frequency is not the cause of system stability, it is
rather an effect. Trequency is the most sensitive and reliable test of
gystem stability.

A system is stable because the power generated is exactly equal to the
load and losses. That is:

Pi - Po = M (4326/at2) (

gy
—

where: Pi Input power less losses

Po = Load power

M = Angular momentum

d28/dt? = Angular acceleration
or: Pi = Input power

Po = Load + losses

If Pi = Po, the angular acceleration is zero, the system is stable. If
Pi - Po is not equal to zero, the system is unstable and accelerates,
either positively or negatively, until Pi - Po does equal zero or the
system collapses. :

Note the system does not have to operate at 60 hertz to be stable. In
the late 1940's, 1if memory serves, the Northwest Power Pool was
deliberately operated at 59.5 hertz for months on end.

From these statements, we deduce the second prinoiplel of automatic
underfrequency load shedding.

Principle 2: A stable operating power system exhibits a constant
frequency.

Frequency Decay Rates

When a system 1is short of generation, Po is greater than Pi,
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acceleration is negative and the frequency decays. The rate of
frequency may be calculated by:

dF/dt = Ta fo/2H (2)

where: dF/dt Frequency decay rate

Ta = Net accelerating torque = Pi - Po
H = System inertia constant
fo = Base frequency, usually 60 hertz

This 1is the initial decay rate. Because of various restoring torques,
discussed below, +the frequency decay rate becomes less severe after a
time, and the system may even stabilize at a new operating frequency.

From the equation given for <frequency decay rate, principle 3 is
deduced.

Principle 3: PFor a given loss of generation, system frequency will
initially decay at a constant rate.

System Inertia Constant "H"

The inertia constant "H" of any one machine (turbine-generator) is the
shaft kinetic energy of the unit at rated speed per mVA of machine
rating. That is:

~10

H = 2.31X10 WR?n %/mVA rating (1)

where: WR2 is the moment of inertia of the machine
n = speed

The inertia constant "H" of a system is the sum of the shaft kinetic .
energies of all the machines per mVA of system rating or:

Hs = H1 mVA1 + H2 mVA2 + ... Hn mnVAn/mVA1 + mVA2 + ... + mVAn

where: Hs = inertia constant of system

H1 = inertia constant of Unit 1
mnVA1 = rating of Unit 1
etc.

Since each and every system has a unique combination of generators each
having individual inertia constants and mVA ratings, each system has
its unique "H" rating.

Principle 4: ZFach system has its unique frequency decay rate for any
given percentage loss of generation.

Corallary to Principle 4: An average or median fregquency decay rate
arbitrarily applicable %0 any or all systems is a fictitious quantity
and applicable only to fictitious systems.

As the obvious is easily overlooked, the caveat is made +that in
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determining "Hs", one considers only the generators still connected to
the system at the time of disturbance and 1in calculating the systen
accelerating torque (Pi - Po), again only %those units and loads on the
line are included.

FPigure 2 shows +the frequency variation for different amounts of
overload on a systenm having an inertia constant "H" of 4.5.

Overload and Generation Deficiency

Percent overload is not at all equal to percent generator deficiency.
Per unit overload is defined as:

Per Unit Overload = Load-Remaining Generation/Remaining Generation (2)
(Percent overload obviously is 100 times per unit overload).

Assuming the initial generation equals the load prior to the loss of
generation (and if this were not true, the system was unstable prior to
the loss of generation) overload may be expressed as:

Per Unit Overload = Generation Deficiency/(Initial Generation -
Deficiency)

Figure 3 shows the relationship between percent overload and percent
generation deficiency.

Pigure 4 is Pigure 2 redrawn on the basis of generator deficiency,
rather than overload. It is contended that generator deficiency is a
more realistic concept than overload - especially to operating
personnel.

Restoring Torques

The equation for calculating the frequency decay rate previously given,
assumes constant generator and load torques. Since these torques are
not constant and vary in such manner as to maintain stability,
restoring torques do exist.

For small changes of frequency (+ or - 10 percent), generator torque
will increase in direct proportion to a decrease in frequency. That is
a one percent decrease in frequency results in a one percent increase
in generator torque (2). This may be expressed as:

T¢ = TGo (1 - fl) (3)

where: fl

Af/f = per unit change in frequency and is negative
for a drop in frequency.

initial per unit generator torque

per unit generator torque after a per unit frequency
change of f.

TGo
TG

(]

For small changes in frequency, load torque varies as some power of
frequency. An expression for this variation is:
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TL = TLo [1 + (DL - 1)fl] (3)

Af/f = per unit change in frequency and is negative
for a drop in frequency.

where: f1

DL = damping factor - a function of load composition.
TLo = initial per unit load torque.
TL = per unit load torque after a per unit frequency

change of f.

Only a limited number of tests of the response of 1load +to frequency
have been made - and these were predominately made in the period 1941 -
1955. Results reported ranged from zero to one percent load change for
a 0.1 hertz change in frequency (4).

Derived or recommended values of load response to frequency give values
of only 0.167 to 0.4 percent per 0.1 hertz change in frequency (4)

The WSCC Relay Working Group, after surveying available information,
adopted as most reasonable a load change of 0.25 percent per 0.1 hertz
frequency change (4).

Using the WSCC figure, one obtains a load damping factor DL of 1.5
percent load change for a 1.0 percent frequency change.

If the effects of the restoring figures are included, the equation for
the variation of frequency with +time after a large sudden loss of
generation may be expressed as:

a—

DT
b2 | gt

where: f1l dF/dt = per unit change of frequency.

Ta = accelerating torque - per unit overload.

DT = Total damping factor including Dboth generation and
load damping

H = System inertia constant.

Since the generator torque will increase with a drop in frequency and
the load torque will decrease with a drop in frequency, one expresses
the system damping factor, DT, is:

DT = [2G + (DL - 1)TL] (3)
if the frequency change is not greater than 10 percent.

Figure 5 shows the expected variation of frequency with time for +the
same system as used for Figure 3, but including the effects of changes
of generator and load torques. The solid lines include the changes in
generator and load torques - the dashed lines are those neglecting
restoring torques.



The figures in parenthesis at the end of each frequency decay curve are
the eventual stable operating frequencies assuming no corrective action
is taken.

Spinning Reserve

In the older 1literature especlally, but occasionally even now,
statements are made that spinning reserve will assist in preventing
system collapse after sudden loss of a large block of generation.

Figure 6 from the Federal Energy Regulatory Commission final report The
Con Edison Power Failure of July 13 and 14, 1977, date June 1978 shows
the calculated and actual response of spinning reserve during the
period prior to separation and collapse of Consolidated-Edison Company
of New TYork. For +this discussion, the important point is the time
needed for spinning reserve response - minutes - whereas for cases of
severe generation deficiency only seconds are available for arrest and
prevention of collapse.

Considering the speed of frequency decay, as shown in Figure 5, it
should be obvious that spinning reserve effects are non-existant for
these conditions, and are properly ignored for application and
operation of an automatic underfrequency load shedding system.

Further considering the slope of the frequency decay rates shown in
Pigure 5, 1t should be obvious any system suffering such severe
frequency decline 1is not 1in danger of imminent collapse, it 1is
collapsing and only immediate measures can possibly save such system.

Effects of Load Shedding

If, during a frequency decay, 1load is shed, +then the accelerating
torque is reduced in magnitude and the rate of frequency decay becomes
less.

If enough load is shed so the accelerating torque Dbecomes gzero, the
system is stable, frequency remains at the value existing when the
accelerating torque became zero and the system can, theoretically,
operate at that frequency continuously. ~

Figure 7 shows the system of Figure 4 with an initial generator
deficiency of 30 percent and with three steps of load shedding which
are assumed to reduce the accelerating torque magnitude to =zero.
(These curves are not mathematically rigorous but for illustration of
the effects of load shedding.)

To restore the frequency to normal, either additional load mnust Dbe
shed, or generation must be increased.

In general, some overshedding of load should be wused so the systen
freguency will be restored.

As the system frequency increases for a small amount of positive
accelerating torque, the former restoring torques become retarding
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torques providing some assurance any overshoot will be minimized and
presumably within system capability.

Gross overshedding for a given overload will cause the system to speed
up and the frequency will rise fast enough and high -enough *to
constitute a new extreme emergency.

Limits of Underfrequency Operation

Steam ‘turbine-generators have severely limited off-frequency
capabilities and these limits apparently are becoming more regtrictive.
The turbine, being subject to mechanical oscillations, is more subject
t0o damage during underfrequency than the generator, with the turbine
low pressure blades being the most severely stressed elements,
establishing the limits of underfrequency operation.

Figure 8 is a curve published by General Electric Company (5),
applicable to turbine-generators manufactured by them, showing the off
frequency limits of these units.

Figure 9 is a curve published by Westinghouse Electric Corporation (6),
applicable to Westinghouse machines.

Figure 10 is from Brown-Boveri Corporation (7).

Figure 11 1is from a proposed IEEE Guide for Abnormal-Frequency
Protection for Power Generating Plants and shows a composite
representation of the under freguency limits of turbines derived fron
the most restrictive 1limitations for underfrequency operation of the
large steam turbines of five of +the world's turbine manufacturers.
This curve must not Dbe used as a standard for the performance of any
gspecific turbine since 1t does not neccessarily apply +to0 anyone
turbine. For each turbine, +the manufacturer nmnmust be consulted to
obtain the off frequency limitations of the steam-turbine in question.

Little is known about the off-frequency capabilities of steam power
plant auxiliary systems, although it should be obvious that reduction
in capability of fthe auxiliary system could limit the capablllty of the
plant, primarily by limiting the boiler output.

Tests made in 1954 showed no affect on plant capacity for frequencies
down to 57 hertz, but severe loss of capability at 54 hertz (4).

Large boiler feed pumps are turbine driven and these of course, are
limited in underfrequency capability as is the main turbine.

Destruction of the shaft of a 20,000 horsepower boiler feed pump during
underfrequency operation following islanding of a system has been
reported (8)

Hydro turbine-generators are not nearly as severely limited in
underfrequency capability as steam turbine units. Indeed there may be
no limit. DPower capacity is also 1little affected Dby speed. Hydro
plant auxiliary equipment, bearing oil pumps and perhaps cooling water
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pumps are also little affected by speed. Tests reported (4) indicated
hydro units could operate at rated generation at 12.5 percent
underfrequency - 52.5 hertz.

Considering Figure 6, 8, 9 and 10, principles 5 and 6 for an automatic
load shedding scheme appear obvious.

Principle 5: During the extreme emergency following a sudden severe
loss of generation, the only possibility of arresting system collapse
is to shed load. ~

Principle 6: Only automatic load shedding can possibly operate fast
enough to save a system which 1s collapsing because of a sudden severe
loss of generation.

Amount of Load t0o be Shed

The amount of load to be shed is critical +to any automatic load
shedding schemne. If insufficient 1load 1is shed, +the system will
collapse anyway and the automatic load shedding is a useless nuisance -
useless because the system did collapse, a nuisance because collapse
was delayed. If a system is doomed to collapse, the sooner it is down
the sooner it can be restored. TFurther, the opening of the breakers %o
shed load uselessly could delay load restoration after a re-start.

If too much load is shed, frequency will not only recover but overshoot
and the system may be in another extreme emergency of imminent collapse
because of overspeed.

Theoretically, of course, the solution +to this problem is simple:
Merely shed 1load +to equal +the generation deficiency. As for most
simple theoretical solutions, implementation varies from difficult +to
impossible.

An isolated system having no ties to other systems, but having adequate
transmission ties so it will not break up internally after +the sudden
loss of a large amount of generation should be capable of shedding load
at least equal to the rating of its largest generator or, beftter, equal
to its largest single plant if it is a multi-plant system.

Since few, if any, systems do operate isolated, further considerations
enter into the decision of the total amount of load to be automatically
shed.

Pools and interconnected pools break wup into 1isolated areas during
emergencies. Usually this breakup is the reason for the sudden loss of
generation to each aresa. Each island, or isolated area, should be
considered an individual system and each should have an automatic load
shedding scheme specifically designed for that system.

If a history of pool breakups exists, then +the selection of these
iglands is relatively simple. With no such history, careful
engineering judgement, ftempered by system studies, mnust be used +to
determine the probable islands.
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Each isolated area must be capable of shedding load -egual +to +the
imported generation prior to breakup if collapse is to be prevented.

If an island has no generation, or if +the generation 1is ludicrously
inadequate compared to the load, then collapse cannot be avoided and no
automatic load shedding should be installed.

The determination of how-a given pool or large system islands should be
re-evaluated periodically based on additional studies and experiences,
and the automatic 1load shedding changed to meet the new conditions.
Careful study of the sequence of events leading up to, and following
breakup and/or collapse of other systems provides invaluable data for
such re-evaluations. It is unfortunate reports are not more widely
disseminated.

Since loads are neither measured nor estimated in percent or per unit
units whereas all, or almost all, calculations used for automatic load
shedding are in such units, it is necessary to convert the kVA or mVA
measured and/or estimated loads to these units.

One common solution to this dilemma is to sum, for a given year, the
peak non-coincident maximum demands for each load to be shed and then
divide the sum by the maximum demand or load of the system for the sanme
year. This does provide a number which may even Dbe reasonably
accurate.

If an elaborate SCADA system is in use, a more realistic figure is
obtained by reading the actual loads on the circuits to be shed,
summing these figures and then dividing by the system total load, all
readings to be as near simultaneous as possible, and during the peak or
near peak load condition.

The assumption behind use of these numbers is +that the lcad on the
circuits being shed varies as the system load so if, for example, 30
percent of the load can be shed at peak, then 30 percent will also be
shed during light loads.

This assumption should be evaluated for each system. Do the 1loads on
the circuits being shed vary as system load? If a large part of a
system's load consists of continuously operated industrial plants and
these loads are shed, the assumption is probably false. On the other
hand, for the same system, if the industrial loads are not shed, the
assunption is again probably false.

Again if a large SCADA system is in use, a test of this assumption can
easily be made by taking readings during light load.

If the total load to be shed were all dropped at once, the system would
be overshedding if the amount of generation lost were much less than
the load shed. For this less severe disturbance, the system would be
overreacting to the disturbance. The <frequency would, of course
recover but overshoot so the system would overspeed and perhaps be in
as extreme an emergency as the one from which it just escaped.
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The usual solution to this problem is to divide the total 1load +to Dbe
shed into, wusually, approximately equal sized blocks of load, shedding
each block as the system frequency further decays.

It should be obvious that an exact match of load to be shed and 1lost
generation cannot be achieved. Within reason, say 5 percent of total
load, overshedding is preferable to undershedding.

Principle 7: A%t all times a system must be capable of shedding load
equal to its imported power.

Corollary to Principle 7: No system should import power greater +than
the load the system is capable of shedding.

Principle 8: The total loadAshed determines the maximum generation
deficiency the system can withstand withoul collapsing.

Automatic Load Shedding Relays

The usual underfrequency relay used for automatic load shedding
consists of an adjustable underfrequency detector plus a timer. The
timer is usually adjustable also. The underfrequency detector may be
of induction <c¢ylinder or cup construction, static component or a
microprocessor.

Induction disc wunderfrequency relays are also availlable, usually
adjustable over an underfrequency range and provided with a time dial
for coordination.

Figure 12 shows the comparative response of various underfrequency
relays to arbitrary values of constant frequency decay.

These curves show the time to operate and the frequency at +time of
operation of the relays, and are drawn from the transient response
curves of the relays except for the induction disc relay which is based
on a step integration of the static response. Note +the significant
difference between +the operating point %based on the relay transient
characteristics and that which would have been assumed based on steady
state response of the relays.

The steady state response of underfrequency relays is immaterial and
misleading in applying and operating an automatic underfrequency relay
Schene.

Principle 9: In applying and operating underfrequency relays for
automatic load shedding, only the transient response of the relays is

meaningful.
Setting and Coordination of Underfrequency Load Shedding Relays

Steam turbine-generator units are provided with underfrequency tripping
relays to avoid the hazard of operating at frequencies below the
capability limits of +the turbines and to reduce the time of operation
at frequencilies which constitute an eventual hazard to the turbines.
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Figures 13 and 14 show for one system the generator tripping relays as
set to protect two different fturbine-generators.

On Figure 15 is shown a composite, for this system, of +the generator
underfrequency relays response to frequency decay caused by various
amounts of generator deficiency.

If the load shedding is to prevent collapse of this system, the rate of
frequency decay must be arrested before the frequency falls +to +the
level where the generator relays operate. Prom this we deduce
Principle 10.

Principle 10: The critical condition of automatic underfrequency load
shedding is the frequency at which load is shed.

Time of shedding is not critical since the relays inherently operate
inversely proportional +to rate of frequency decay. When speed is
needed, it is there.

Principle 11 is easily formulated.

Principle 11: Load shedding should be initiated at as high a frequency
as is consistant with reliable operation of the load shedding relays.

During switching, fault clearing and other disturbances from which the
system can and will recover, system frequency will vary. Temporary
excursions of 0.5 hertz are not uncommon, even 1.0 hertz is not
unknown.

Shedding of load during these temporary disturbances is undesirable at
the least. The resultant settings of underfrequency are compromises -
the frequency set point is made low enough to ignore most temporary
frequency excursions, the timer 1is set so if the temporary frequency
excursion does fall below the relay set point, operation of the relay
is inhibited Dbecause <frequency will recover higher than the set point
before the timer completes its action.

For multi-step load shedding systems, these remarks apply only to the
first step. Relay settings for +the additional steps are set for
frequencies a given difference from +the previous step. Timers are
often set identical for all steps.

Figure 16 shows, for one system, the load shedding and generator
tripping underfrequency relays response for various amounts of -
generator deficiency, again including the restoring torques, but not
including the effects on any load dropping.

Curves such as Figure 16 do not demonstrate that coordination actually
exists between +the various load shedding steps and between the load
shedding and generator +tripping, but do demonstrate coordination
probably exists.

To demonstrate coordination, system studies must be run. Another
advantage of such studies is to show the need for improvements in the
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load shedding system and to investigate the effect of such
improvements.

Initially for such studies, a small model can be wused, but as the
studies progress increasing complex models will be needed for
reasonable accuracy (9).

Rate of Change of Freguency Relay

The advantages of a rate of change of frequency relay for load shedding
are too obvious to warrant expression.

However, it should be understood that most of the operating delay of
microprocessor and static wunderfrequency relays is due +to the
coordinating timer not the underfrequency detector itself.

It is very unlikely a secure rate of change of frequency relay could
respond as fast as the microprocessor underfrequency relay. An
extended differentiation period is essential for security.

A coordinating delay would still be required to avoid operations for
frequency excursions for system events for which load shedding is not
required.

And if operation of a rate-of-change relay is to be inhibited until a
set frequency (under) is measured, the advantages of rate of change
relays would probably prove illusory.

One interesting, and it is believed wuseful, application of rate of
change of frequency relays would be to use an underfrequency relay to
establish the load shedding frequency and a nulti-setpoint rate of
change of frequency relay to select the percentage of load to be shed.
With this system, all load is shed at one frequency and the amount of
load shed is proportioned to the severity of the generator deficiency.
Apparently such a system is implemented in Italy (12). .

An Unrecognized Hazard of Automatic Load Shedding

Figure 17 shows that when the effects of load shedding are included,
the system may stabilize at some frequency below 60.0 hertz. For the
system used for illustration, the stable frequencies would be from 58
hertz to 59 hertz.

If this were to occur, it is very tempting to continue operation at
that frequency while attempting +to increase generation. Further, in
time spinning reserve, formerly ignored, will become significant.

Operation for extended periods in +this range of frequencies will
eventually result in damage to steam turbines. (Figures 8, 9 and 10).

The only proper response for a stable system operating in this range of
frequencies and using steam turbine generators is to continue load
shedding. Manual load shedding mnmust Dbe resorted to since automatic
lcad shedding is no longer operative.
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Only when frequency recovers to at least 59.5 hertz should extended
operation at low frequency be accepted.

Principle 12: Automatic load shedding should be designed +to restore
the system to stability at 60 heriz.

Systems having only hydro generation may operate continuously at
frequencies as low as 56 hertz (4) and probably even lower.

Systems which are primarily hydro but include a significant amount of
steam generation, must accept +the restrictions imposed by the steam
turbines or be capable of regaining stability after fthe loss of +the
steam generation as well as the initial loss of generation.

Automatic Restoration of Load

A system returning to 60 hertz is in a delicate state and not at all
stable although approaching stability, but it 1s easily upset and
driven back into the extreme emergency from which it just escaped.

Avtomatic load restoration should not occur until frequency approaches
60 hertz, 59.5 hertz 1is none to high, and the delays, initially at
least should be of the order of minutes.

One advantage of automatic load restoration 1is +that 1if overshedding
occurs, the automatic restoration could assist in avoiding excessive
overshoot (9).

Miscellaneous

It is assumed the frequency is always the same throughout the systen,
however a frequency difference of 0.2 hertz at busses 500 miles apart
has been reported (10).

Figure 18 shows a relatively common situation - a substation serving a
large industrial load tapped on a transmission line.

When automatic underfrequency load shedding is installed at such
locations, it 1is soon found +that the 1load shedding relays operate
whenever the line 1is <{tripped open since +the motors operate as
generators as ‘they coast down. The usual solution is to further delay
the trip output of the load shedding relays. Delays of one second have
been reported (11).

One may as well block the load shedding as use such delays.

A better solution would be the installation of a low set power relay to
prevent the underfrequency relay from operating unless a minimum amount
of power flows to the load to be shed.

Limits of Automatic Underfrequency Load Shedding

At the best, a load shedding system is capable of arresting collapse
for generator deficiencies not greater than the amount of load shed.
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That is, a load shedding scheme which sheds a maximum of 30 percent of
the load can arrest collapse of that system for generator deficiencies
of up to 30 percent of total generation. If the deficiency is greater
than 30 percent, the system is doomed.

To restore the system to 60 hertz, additional load must be shed, or,
preferably, it should be assumed a certain proportion of the load is
shed to restore the frequency to normal.

Reserving 10 percent of the load shed for system restortion, a systenm

can recover for generation deficiencies of up to 90 percent of the
total load shed.

Summary

An automatic wunderfrequency load shedding system 1is +the ultimate
protection to save a power system which is collapsing after suddenly
losing a large block of generation.

A load shedding system properly applied and operated will perform its
function satisfactorily within the limits of its capability.

A system improperly applied and operated not only will not perform
properly but may even force collapse.

Seldom are the limits of an automatic underfrequency load shedding
system even formulated let alone understood.
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