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EFFECTS OF MUCLEAR ELECTROMAGNETIC PULSE (BWP)
On SYROIRONOUS STASILITY OF THE ELECTRIC POMER SYSTEM

R. 2. Yameiler

ABSTRACT

ke effects of a muclear electrosagretic pzlse ‘&P, o-
the synchronous stability of the electric power transeissior
and distributior <ystess are evaluated. The varicus =odes
of coupling of EMP to the power systex are briefly discussed,
with particular emphasis on those perturbations affectizg the
synchronous stablility cf the trarszission systez. A brief
review of the funda=e=tal concepts of the stability proble=
is giver, with a liscussier of the general characteristics of
tracsiezt azalysis. A -odel is developed to represert sirgle
sets as well as repetitive sets of smltiple fanlts on tke
distributior. systems, as =ight be produced by E'P. The resiits
of —ary rurerical stability calculatiors are p-eserted %o
illustrate the trarsmission systexz's response froc iifferert
types of perturbations. Tre izportant peraceters of both
mltizlie and repetitive fanlts are studied, irncluding the
dependence cf the response or the size of the perturbed ares,
the fault density, and the effective impedance betweer the
fault location and the transmission systez. Both major loed
reduction and the effect of the opening of tie lines at the
tiae of perturbatior. gre also studied. We conclude that
there is a high probability that EMP ca: induce perturbations
on the distribution networks caus ng a large portion of tre
transmission network ir the perturbed ares to lose synchronis:.
The result would be an imrediate and rassive power failure.



CHAPTER I
INTRODUCTION

A. PURPOSE OF THE STUDY

A high-altitude nmuclear detomation causes currents to flow in the
atmosphere. This current generates an electromagnetic pulse \EMP) wvhich
propagataes to the earth's surface where it induces current and voltage
surges on conductors. The purpose of this study iz to determine the
extent to which such EMP-produced surges will disturdb the synchronous
stability of the electric pover system through the production of multiple
and repetitive faults.

B. THE ELECTROMAGNETIC PUISE

The nuclear EMP field is generated by the action of the primary
gamma rays produced by a high-altitude nuclear detcnation. The produc-
tion mechanism is {llustrated in Fig. 1. For a high-altitude burst
(approximately S50 km or more height of turst) the gamme rays produced
will interact with the atmosphere between 20 and 40 km altitude, pri-
uarily by Compton scattering with electrons of air mole.ules. This
scattering causes the electrons to move downwarl away from the point of
bursi in a trajectory which is bent by the earth's geomagnetic field !s
(shown into the page in Fig. 1). These accelcrated electrons radiate
the electromagnetic pulse frcm the atmospheric umbrella between 20 and
LO ¥m which is within line of sight of the turst. The primary Compton
electrons, composing the "primary electron currents” elso scatter &nd
produce seccndary electrons which are accelerated in the opposite direc-
tion by an electric field prounced by the chargz seraration. This
gecondary electron current flows in roughly the . pposite 1irection as
the primary electron cur-ent.

The EMP field can be calculated from Maxwell's equations using both
the primary Commton and the secondary electron currents as tr2 source

RIS
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100 km & DETONATION

PRIMARY
GAMMA-RAY FLUX
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—_— EARTH'S SURFACE C——

Fig. 1. The Generating Mechanisa of the Electromagnetic Pulse
Produced by a High-Altitude Nuclear Detonation.



currents. This generating mechanism has been described in detail some
time ago by Karzas and Latter,l and others. A typical EMP vulse from

a large yield detosation may have an electric field strength of 50 kilo-
volts/meter witk & risetime (time tc peak value) of 10 nanoseconds, and
a time to half the pesk value of 30 to 200 nanosecords. Thus, such &
pilse has a very large field rtrength and produces electrical transients
with rapid risetime as compared to those typically occurring on power
systems, e.g., lightnirg.

One distinctive feature of EMP is its extremely large geographical
extent. For a high-altitude burst, the entire atmospheric umbrella
defined above radiates so that the EMP field below this atmospheric
umbrella does rot decrease in intensity as r-! from the burs: locatior
as in the case of fields radiated from a small volume. The EMP field
occurs everyvhere witnin line of sight of the burst, as Fig. 2 illuas-
trates. Clearly EMP differs greatly from other perturbations of the
pover system in its large geographic extent, which has important effects
on the system's stability, as will later be shown.

C. THE COJPLING OF EMP TO THE POWER SYSTEM

The coipling of EMP to the electric power system has been previously
discussed by Nelson® and in more detail hy Marable, et 2'3 The BMP
field induces currents on exposed conductors. High voltage surges can
be produced, particularly at points wher2 lines change direct.on or
branch and at locetions where the impedsance is discontinuous. Current
and voltage surges of several kiloamps and of nearly a megavolt, respec-
tively, can be produced on unshielded parts of the system, and only a
few hundred meters of length of conductor are necessary for the induction
of a significant pulse. Distribution, transmission, control, and come-
munication lines are particularly good examples of conductors which will
be affected, and all of the gystem in the exposed area will be simultane-
ously affectedi. (Actually the EMP wave front will travel at the speed
of light ¢. But the important time scale for the power system is the
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period of the synchronous system, i.e., one-sixtieth second. Thus, the
time difference between arrival of the EMP pulse at different locations
is of no significant consequence.)

Figure 3 shows a typical distribution system, and Pig. 5 shows a
transmission system (the Tennessee Valley Authority Network) which
supplies the connecting distribution systems at msjor substations. It
is difficult to determine the precise effects of EMP surges on such
complicated systems, but previous vorkz’3 does provide us witn reason-
able expectations. In the next section we briefly discuss the effects
of EM® wvhich may perturb the power system sufficiently so that synchron-
ism will be lost. A more detailed analysis of the coupling mechanisms
i3 available in Refs. 2 and 3.

D. THE GENERAL NATURE OF EMP-INDUCED PERTUREATIONS

This study is primarily concerned with the effects of EMP on the
transmission system, rather than on any singlie distribution systew.
However, the dynamical and electrical response of the transmission sys-
tem cannot be separated from that of the distribution systems. EMP may
perturb either system in such a manner as to cause part, or all, of
the transmission system to lose synchronise. we use the term perturba-
tion in the sense that a synchronous system at equilibrium is being
initially "disturbed” by some event of finite or continuous duration
vhich may then affect the synchronism of the system. Loss of synchronism
entails one or more machines (generators) falling out of step with its
connecting machines, necessitating the removal of the machine, or mmchines,
from the electrical system. This study is concerned with determining
the likelihood of major machine losses resulting in the transmission
system’s partitinning or complete collapse.

For convenience of amlysis, we partition the system's response to
& perturbation into two tine intervalss the transient and the dynamic
response. The fivst interval (the transient response) includes up to
about the first one and one-half to two seconds »nd is the result of the
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Fig. 3. A Typical Distribution System.
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iumediate effects of the perturbation. The second interval (the dynamic
response) starts at about 2 seconds and extends to the time when the
system has reached a nev equilibrium, i.e., it is the response determined
by the later-time collective effects as well as by eddi.ional perturba-
tions triggered after the firsi =scond or two following the initial
pertarbation. In the remainder of this subsection we discuss the mafor
types of perturbatior.. one may expect from EMP.

EMP-induced faults (short circuits between lines or from line to
ground) pose a very serious perturbation for the entire electrical sys-
tem. Because of the transmission lines’ grester insulation, it is such
less lilely that EMP will cause faults on these higher voltage lines.

But the typical distribution system is probably insufficiently insulated
sgainst EMP’-induced surges, particularly at discontinuities in geometry,
etc., as previously mentioned (Section C). It should be expected that
induced eleciricsl surges will initiate faults on “he distribution lines,
in which cas= the line woltage may maintain the faults until the line is
opened (disconnected from the electrical system) anu cleared ir the normail
manner. Such distribution system faults would pose no serious threat to
the transmission system were it not for the fact that many distritution
system faults may be induced simultaneously over a vory large ares (for
example, see Fig. 2). The cumulative effects of the multiple fauli per-
turbation on the Jistribution system will probabdly heave a significant
effect on the transmission system.

A gsecond important type of EMP-produced perturbation is the possi-
bility of repetitive EMP pulses produced from multiple detonatiors closely
spaced in time. It is not the purpose of this peaper to discuss possible
nuclear scenarios. However, both single and multiple high-altitude detona-
tions should be considered. Multiple bursts have two izportant effects.
Firstly, there will ne : cumulative effect of repetitive sets of faults,
i.e., closely spacel groups of faults. BSecondly, closely spaced repetitive
surges may lock open meny relays until they are manually reset. Since
typical mechanical relays may interpret repetitive faults as being a
"permanent fault,” three or more bursts closel, speced could lock open meny
relays removing the consumer losd nosrrally fed by the lines, and thus
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reduce the tranymission network's load. A substantial load reduction
could cause the system to accelerate so rapidly that generation could not
be reduced sufficiently before loss of synchronism, or before tripping of
overspeed relays on generators. The effects of repetitive faults with or
without substantial loed reduction will be discussed in Chepter IV.

A third type of EMP-induced perturbation may be the malfunction of
insuffiziently pro* :cted transmission line relays causing either the
unnecessary opening of lines, or the destruction of relay circuits.

Solid state relays commonly used in very high voltage transmission lines
may be particularly sensitive to EMP-produced transients. However,
electromechanical relays typicallyused on distribution systems and lower
voltage transmission lines should not “e seriously wvulnerable to this
type of malfunction. In thiz study, wve have assumed tirat the tiranswmis-
sion systes circuitry vwill not be affected by the transients. Othervise,
there is little hope of the system resmaining in operation. The possible
malfunctioning or damage of solid state relays should be carefully
examined.

A fourth type of perturbation which may occur is generafor tripping.
When a generstor is tripped, it iz removed from the lire and shut down.
One must distinguish between two basic categories of geners’or tripping.
First, generators may be falsely tripped at the time of the burst by
electrical surges induced in the generator control system. If a sizable
portion of the generation capacity is falsely tripped, the entire system
could collapse. However, i-. this study we have not tripped generators to
sismilate such a false-tripping situation since it is not nov known what
offect EBMP will have on generstor comtrol systems. Certainly if EMP
ecauses serious problems c?f this nature, the effect on the stability will
he severe. A secund category of generator trirping to be considered is
that which 1is necessitaied some time after the initial EMP perturbstion,
i.0., after a fow seconds or even after several minutes. Late-%ime
gemers:or tripping may be necessitated either if the generator goverror
systens are unable to resct sufficiently rapidly to an increase in the
systex's average frequency, or if a machin: fnhoutoftupmd:lom
synchroniss. This second category of genervtor perturbations uq e fect



the iater time dynamic response rather than the earlier time transient
response of the system. We discuss the dynamic response furtaer at the
end of this subsection.

An added difficulty in estimating the effects of generator tripring
is the possibility of terminating too wmch generation in response tc a
legitimate need for a reduction. Such a situation could arise since nor-
mal generator regulation and control procedures nay not respond properly
to EMP-type perturbations in which the disturbed ares is very large and
is simltaneocusly affected. Operation and control procedvres may need
to be reviewed to determine whether they respond properly to EMP
disturbances.

The various transmission networks are connected by tie lines, where
the power flow between networks is controlled. A fifth type of pertur-
bation would be direct interference with the tie line monitoring or
control systcm. The normal power flow between networks could be inter-
rupted if tie line control systems were affected by transient pulses,
and the likelihood of such failure increases for computerized sysiems.
Additionally, response of real-time tie line control may be quite
crucial, since significant interactions between adijacent transzission
networks should be expected, particularly if one network is subjected to
the perturbation more severely than neighboring ones. In sowme circum-
stances it may be desirable to open tie lines, a possibility which will
be further discussed in Chapter IV.

A sixth perturbation vhich might result from EMP would be damage to
or interfererce vith computerized load flow centers and dispstch stations.
Typical computer-controlled pover systems are described by Ross and
Green.” This is becowing a more sericus threat becsuse of the more exter-
sive use of computers which, unless shielded, are particularly vulnerable
to EMP effect: and vwill likely malfunction. The possible effects from
such perturbations are similar to tie line control problems.

As a consequence of collective effects of the various BP-induced
perturbations discussed above, there vill certainly be late-time dynamic
effects on the systems. However, one cannot precisely determine what
specific dynamical effects will result from any given perturbation.

D e PR T 7 T

.;4%1?«« N



This study was therefore limited to the early-time transient i »sponse
of the systex. But we presently mention several possible dynaxical
effects wvhich EMP could produce, for ore must keep such possibilities
in mind vhen assessing the total effect of EMP on the power system.
If there is a major load loss, an increase in the gystem's aversge
frequency in the dynamical time period might occur, which could tax
generator control systems to an extreme. Another possible dynamical
effect is transmission line overloading resulting in the opening of
transmission lines and causing cascading failures similar to the
Northeast power failuie of 1965. The power surges in the transient
period were monitored to detect overloading conditions. 1In this
study we assume that transmission systems will remain in operation
except for special cases cf tie line openings. Certainly loss of
rajor transmission lines will only magnify the perturbation. Con-
sequently, it should also be expected that major blast damage to the
transmission system would have a disastrous effect. However, much
of the transmission system and the generation capacity is outside
probable turget areas and therefore may not be greatly affected by
blast, particularly in a limited nuclear engagement. Again, one
cannot at preser.t easily calculate the dynamical response of the
system, particularly to such complicated perturbations as will likely
be induced by EMP.
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CHAPTER II

THE STABILITY PROBLEM FOR THE SYNCHRONOUS POWER SYSTEM

In this chapter the general characteristics of stability are
described, and two historical examples of perturbel transrission systers
are presented in Section A. The stebility equations are given and dis-
cussed in Section B.

A. GENERAL CHARACTERISTICS OF 1OSS OF STABIL™TY
l. tHistorical txamples

Perhaps the wos® nctable historical example of loss o stability
of the transmission network is the lortneast Power Failure of 19€S.
Extensive studies6 of that blackout of nearly all of the lNortheasterr
states have beei. made. Since 1965, the transmission and generatior
systems have been considerably improved, yet the fallure is a good
illustration of cascading failu-es, i.e., failures in which one event
triggers a succession of erents eventually leadirg to the collapse or
all or part of the power system. The sequernce of events leading to the
collapse o the liortheast pcser system was 2vidently iritiated by a
backup relay cpenirg one of five 230<-kilovolt circuits betweer tre Beck
Gererating Statior and Toronto-Zamilton, both ir Canada. This evert
resulted ir rore than two dozer switches tripping withirn the next five
seconds, and producing emormous pover surges. Generators in wester:r
New York and at the Beck Station accelerated until synchronis- was
lost, necessitating their separation from the remainder of the syster-.
After about 7 seconds from the cpening of the first circuit, the trars-
mission network had split into several separate areai. The frequercy of
parts of the system was very low, subnormal by as much s 10% for rany
minutes. "ven isolated parts of the system which had reasorably balarce:
load and generation collapsed because of the initial effects of the '
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perturbation. Swing curves of various generators (see Section B of
this Chapter for an explanation) are presented in Volume III of Refer-
ence €. It should be noted that this particular perturbation occurred
on the transmission system, not on the distribution system, and tkere-
fore differs from the expected EMP-generated perturbations. The col-
lective effect of the series of events resulted in the nearly complete
collapse of a major segment of the transmissior network.

We wish to consider a second example, much less spectacular than
the Northeast power failure. In this second case,the power system did
not collapse, primarily because of a strong transmission system. On
Jarmary 19, 1964, sudden outage occurred on the TVA Paradise Steurx
Plant when generation of 1250 megawatts was abruptly lost. Immediately
after the event, the adjacent tie lines supplied the TVA network with
additional power. The tie line power flow before and after the loss of
generation is shown in Fig. 5. A strong transmission system provided
the generation-deficient TVA network (a2 "sink” of power after the event;
with power from the adjacent networks (a large "source” of powcr), thus
oreventing loss of synchronism. The system in this case was stable to
this particular perturbation.

Fumerous pover failures have occurred since 1965 and concirue to
occur frequently, usually on a state-wide basis. Most, if not all,
have been cascading type of failures initiated by a single event
usually associated with the trangmission system. The type of initiating
events range from storms to mechenical feilure of equipment.

2. Differences Betweer, EMP and "Natural” Perturbations

EMP-induced perturbations will differ substartially from "natural”
perturbations, such as those mentioned briefly above. As explainred in
Chapter I, EMP will most likely induce multiple faults on the distribu-
tion systems--not on the transmission system, and the area coverel by
faults can be extensive. Repetitive sets of faults would possibly occur
for multiple nuclear detonmations. FMP effects may cause the tran;mis-
sion system's average frequency to increase substantially. Local
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increases in frequercy do occur at times from "natural” perturbations,
but not on the same scale as EMP. Additiorally, EMP may perturdb the
transmissior system in many different ways than natural perturbations.
The experience which power companies have gained in determining the
system rasponse rrom natural perturbations may therefore not be directly
applicable in determining the response in an EMP enviromment. W¥We fur-
ther compare the two historical examples given with the calculated EMP
response in Chapter IV, Section D.

B. BASIC PHYSICS AND MATHEMATICS OF THE STABILITY PROBLE!X

The purpose ol Liis section Is to introduce the reader to the gen-
eral paysical and mathematical concepts important in determining the
response of the transmission system to a perturbation such as EMP. It
should not be considered as a rigorous treatment. A reader interested
in a more rigorous development of the stability problem should refer to
standard tex:t..,.7’ 8,9 Reference 7 gives a particularly good physical
explanation. The modeling of the transmissicn system and the numerical
method for solving the stability equations will be presented in Chapter

iII.
1. Basic Equations

The transmission system consists basically of: (a) generating
devices, or machines; \b) the electrical circuitry which transmits the
generated power to the various major substations of the distribution
systems (which we refer to as the network in this chapter); and (c) the
various control and monitoring equipment':, with which we are not pres-
ently concerned.

Electrical transients on the netvork propagate at slightly less
than the speed of light. However, the important time scale relevant to
the synchronous behavior i in 1act not determined by the time of travel

of electrical pulses. Rather, there are two important response tirmes
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(or frequencies) determining the system's transient response. One can
relate the response time T to a correspornding frequency f by the
definition
1
f = T - (2.1)

The equilibrium synchronous frequency f, or its inverse pericdi T,
(60 hertz and 1€.7 milliseconds respectively irn the iJ.S.A.) sets ar
impertant time scale. Frequency deviations from the equilibrium syn-
chronous frequency Ty which we designate as Af become important at a
time At when (20 - 4t) becomes a significant fraction of a complete
cycle. Most of the mechanical relays on botn ‘he transmission and dis-
tribution netvworks operate on this time scale, from one to twenty T,
(approximately 15 to 350 milliseconds).

A second important time scale determining the behavior of the sys-
tem after being perturbed is the machine response time, or machine
period, Tm. A single machine can be modeled as a rotating mass with a
large moment of inertia I. The mass has an applied torque I‘a deliverirg
power to it (from steam plants, hydroplants, etc.), and has a back
electrical torque I‘e opposing I.‘a. Then at equilibrium

T-a-r_*e ;rd=o , (2.2)
and the mass rotates at frequency Wg e However, if a perturbation is
applied, the electrical torque T‘e is changed resulting in a net torque
on the mass and from Newton's law

2 ?
r.=1%5 et) =1%5 &), (z.3)
da
at at
where we have defined
8(t) =e6(t) ~ wgt + &¢ - (2.4)

The motivation for defining 4 is the following. € is just the absolute
electrical phase angle which. in equilibrium, increases as wgot. How-

ever the power delivered by machiues depends upon their relative engles.
Since the machines normally rotate tcgether it is desirable to define a
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coordinate system rotating at frequency uot. Then %5(t) is the angle of
aeparture from equilibrium, measured with respect to some rotating ref-
erence, with all initiai angles given with resmect to one particular
machine at €t = 0.

The mmthemtical difficulties arise from the complicated depend-
ence of T_‘e on the machine angles. For n machines, there are n coupled

nonlineer equations; for the it'h machine

Iisi =l"‘,i - Te,i(ﬁi. 6J-l A ] ci' 5j) "') (2'5)

vwhere the T's are the applied and electrical torques previously defined
for the i'P mechine. A dot means the derivative with respect to time.

Clearly the electrical torque T_‘e, i is a complicated function depending

on all of the machine angles and their derivatives. Equation (2.5) can
be expressed in terms of the applied and delivered power, P8 and Pe,

respectively, by mltiplying by w and defining the inertia constant M,
M = Iw . (2-6)

The torque multiplied by the angular frequency is just the power trans-
Terred, and we have

i85 = Fa,1 = Pe,1(8pr 85 coes By by o) 2-7)

where the subscripts heve the same meaning as in Eq. (2.5).

To get some feeling for the power P e delivered, consider a simple
exarple of a generstor driving a motor as shown in Fig. 6. (Since there
is only one motor, we can suppresc the subgeript i.) Then, for a purely
inductive line X,

EG = EM + Jlx’I . (2.8)

The real power P delivered by the generator is just

- E
P= Re(EG ¢ 1) = (. Glx EM') sin §(t) , (2.9)
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vwhere % is the difference iuph.sebetxeenEG l!'aj‘.:’_:- Cler -1y = is the
cmcialanglesince?depeudsuponthepmsedirrerencebe'anenscand
Ex. In norml operation, EG’ E“. and X are constants so that the power
deiivered by ‘hwe generator is proportiomal to sin %. Equation (2.7)
becomes

% = P _-P_sin¢ (z.10)

vhere P_ is the maxim:~ power transfer. I* is easy to understand why
£q. (2.10) has stable solutious. Figure 7 shows a plot of P_as s
functior. of §. Assume the equilibtriur angie is .o' ther if the load or
the motor is increased it will decelerate or slow down vith respect to
the generator and £ will therefore increase. Correspondingly, tne ieliv-
ered power P, will increase until it exceeds the nev load, at which
time the motor will begin to accelerate until its rotational freyuency
approaches that of the generator agair. Withoat darpirg, %(t} would
oscillate about % unl.en P_ is insufficiert to meet the new load.
(Actually the eue is more eo-pncated than this since % sust change
sign, not just 5 . However, *he basic ides is not modified.) If the
increase in load is too great, the motor will stall. At the nodes of
Pe(5) where P_ sin § changes sign (at O or x), the generator no longer
delivers power, but, in fact, acts as a motor. It must be remrved from
the system; it cannot regain synchronism. A repeat of the roove analy-
sis will show that if the initial angle were ¢ (Fig- 7), then the
motor-generator would not be stauble. In practice in multi-machine net-
vorks, a mackine is considered to be out of synchronism when £ differs
by more than 120° frow electrically "close” machines.

We can r w return to owr orisinal question concerning i.e response
time of the system. For small perturbations, the system will oscillate
about 50 and Eq. (2.10) can be linearized. Then, for small ¢

li

sin(6°+¢) sin 4 cos ¢+ cos § sin ¢
°

(4

sin 8+ ecos § + o(e?) , (2.11)
°
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where

Equatior: {2.10) becomes

!’-;-—-P‘-P,- (sie 8, + ¢ co8 8,)=-(P_cos §,) . €=-P'€ ,

(2.12)
vaere ve have used the equilibrium identity
= (
P, =P_sin & . (2.13)
Equatior {2.12' is just that of harmonic oscillation with natural
frequency
2
o, = WP/ =5 . (2.1k)
m
Lote that
P’ =P cos g, =<2 /P sin ) | (2.15)
LI et I TR 5 - & '

is just the incremental pover gradient (frequently called the synchroniz-
ing power). For typical machines the period, T,» is or the order of a
socond, so that after a perturbation, stable machines will oscillate or
swing, with smll oscillations, sbout their ejuilibrium value with roughly
this same period. Thus the period, 'l'-, defines a second important time
scale for stability studies and is directly relateda to the mechanical
response time of the machines.

A third isportant time scale is the response time of the generator
and load control circuitry. The effects of the generator governors
become important about one or two seconds after a perturbation gince the
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governors respond rather slowly ani gradually. The governor respotse
is difficult tc model, and it is therefore ageir conveniernt to corsider
the response in each of two intervals: (1; the short time transient
response, which is that before generator cortrol becomes sigrificant,
and (2) the later time dynamic resporse, which is strorgly dependent
on the generator -outrol systems. As earlier mentioned, the trippizg o7
circuit breakers is ar important class of perturbations vhich car affect
the transient resporse since relay respounse time is betweer 1 ard 15
oyzles. Typical generator trippirg relays excite “reakers wher there is
a 60% or more voltage reversal for a time of 10 cycles, withL the
excited breakers opening about three cycles later.

Orne carnrnot cosmpletely rartitior a response irto trarsiexnt and
dynarcic stability components. Certainly boir aspects must be considered
since a system which is quite stable during the transiert period, tut
vhich is completely unstatle dyramically, results ir just as unfortun-
ate a collapse as if stability were lost very early. However, one car
be certair that & system which has an urstable transient response will
rot iikely regain synchronism. A study limited solely to the eerly
time resgcnse can therefore be guite informative if rot always corclu-
si7ve, and this is the nrimary limitation or this study. Hcwever, sore
knowledge of the dynamic respornse car be gainel, as will be seer.

2. Method of Solutiorn

Because of the nonlinearity of Eq. (2.7), one must solve the
coupled equations nurerically. We have ised the versatile digital coez-
puter program of the Philacelphia Electric Cocpeny.’-

Initially the load flow of the network at equilibriur rust be
found by solving Kirchhoff's L‘uug for the gi--er. electrical retwork
using an iterative technique. This determines the voltases, power flows,
and init<al equilibvium angles of the machines. for the complete load
flow of 1. machines, there are n equations with n + 1 uniknowns; and, with
the specification of an initial referencs phase 61' t = 0, a unique

solution for all cther 61'3 can be obtained (i.e., again it is not the



absolute angles which are imgortant, but the relative angles . 0O:e
=zast, of course, knos the self .od salual admittance !,t of the networv
between each ;¥ ant & termiral, ant the woltage sazritides E, or tie
machines. The determined 51'8 then completely specify the power ocutp:t
for each machine at equilibriua.

More specifically (recslling that the electrical giantities are

complex’ we have for the pover catput for the i° machine

P, =E I 2.1

IJ = _zijk . Ek . Ze17T

nmdeﬁnhgthephaesimsidei

i \

Equatior. (2.17) can be used to eliminate Ii in (2.16), expressirg the
power of each machine in terms of Y, E, and 5. The angle * can be fourd
by iteration. /An example is given in Section 3 of this chapter.)

Ir this study, a solved base case representing the peak summer
power flow of a projected 1977 transmission network is used. The digital
stability program could be used once a suitable model for the EMP faults
vas determined. Chapter I1I discusser the model in detail.

3. Swing Curves - An Illustrative Exasple

As ar illustrative exaxple of stability calculations, consicer the
simple two-machine problem illustrated in Fig. 8. The power delivered
by each generator is a function of the difference in angies cf the two
mechines, i.e., of & -~ & = A. The power delivered by each machine for
the two-machine problem ig of tie form
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P 4, - b cos iZ ¢+ & - & Ldm
€51 : 1 2

2 = - Ve . ..
“e,3 " % bcos \Z - & * 5y -l

vhere ° is related to the impedance phase of the circuit. The ar-les ¢,
are fourd by using Eqs. (2.1€) through (2.18). Durirg equilibriur ?e'i’
ard the argles 5 and &, are coustant. iHowever, a perturbatior suien as
a fault mod fies the original circnit chargirg a, &, ard =, ard therefore
P, and Py change resulting in a net torque o= the machines. The argles
5, and 8, ther begin to change as given by Eq. (2.7’.

The effects of the perturbation, of course, depend upor mary factor:s
such as the duratior of the fault, its locaticn, its severity, etec. Two
typical results for the change in the *'s as a furction of time are
illustrated ir Fig. 9. The machine angle curves labeled 5 represert ar
urstable case in which the fault was not cleared with surficient rapidity.
ihe case labeled B is the resporse for a more rapid clearing of the failt,
ind the curves indicate that the generators remmir ir synchrornism sirce
the machines swirg back to equilibrium. Appropriately, the curver
are called swing curves and show the deviation of the machire arngles
from equilibrium as a function of time.

s gereral criterior for loss of synchronisa is that whern two elec-
trically close machires differ in phase angle ty more than 120°, the
machines are said to be out of step. Thus, when the angular differerce
ir the %'s of two such machines exceeds this angle, the machines will rot
be in synchronism with each other. The restoring torque will not be
sufficient to resynchronize the machines. A loss in synchronism is quite
apparent from the swing curves.
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CHAPTER ITI

MODELING OF EMP-IXDICED PERTRBATIONS

A. THE DESCRIPTIOX OF THE MJLTIPLE-FAULT ODEL

The general characteristics of 2P-induced perturbations were
discussed in Chapter I, Section D. There it was roted that, witzin
the limitations and sisplifications asntioned, the prircipal distur-~
bance affecting the transient response is multiple fe:ilts on the
distribution system. The response from the perturbation car. be calcu-
1ated by using standard digital coeputer stability progracs. IHowever,
ir usircg thse programs two radifications must bte ~ade. Firstly, ome
sust similate the faults vhich occur on the distribution syste=s {not
on the transmission systez as is the usual case;. Secondly, =any
faults =uct be simultaneously applied on the distribution syste=s con-
nected to the transmission network over a large ares. Fortunxtely
both of these modifications can be eatily handled with ro reprogra=rirg
of the basic stability progra= of Ref. 10.

A fault on a distributior systeam will couple to the connecting
transmission network through some effective ispedance Z, with 7 deter-
mined by the location and nature of the particular fault on the
distribution syctem. Faults should occur prirmarily or the low voltage
side of the major substation transformers shown in Fig. 3. The char-
acteristic impedance Z will then be determined primarily by the primery-
to-secondary impedance of tie transformer at that point, i.e., a fault
on the low voltage side of the transforzer will coiple to the transcmis-
sion systems with an effective impedance Z nearly equal to that of the
typical transformer. This impedance is due to the leskage lux of the
non-ideal transformer and is almost pure reactance. Ferultsg occurring
on the distribution system far from the major substation will have a
much larger effective impedance. Consequently, the faults close to
the mjor substations will produce the most severe perturbatior. of the
transmission gystem. We are asgguming that the voltage ingulation of the
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Ltrans=issior. metvork f2eding t=ze -a’or sibstations is s ficiently ¢go0d
toat FYP will mot intice frilts or the transmigsior syste=. This assz-p-
tion is not withoil Sustificetior as eurlier discisced.

Figure 10 illustrates the =cdel ‘or si-:lating tre effect of
4istribatior syste= faults on the trans=issior syste=. 1= ror=al tran-
siert studies, the load is corsilered to be on the =ajor s:bstatior dus
labelet 5. ‘owever. by defiring an arditioml bus, D. wve cen si=ulate
faults or or close to D by connecting bus D to bus 5 by a “trazs=zissio-
line,” D-5, avirg an izpedance Z- Then the effects or the trans=issiorn
setvork produced by s failt or or near D car be calcilated si=ply oy
faalting D, a2 stardard option in the stability progra=.

The procedure is essentially as follows. The bus D iz grounded [or
is failted with a J-phase fault, leaving the transcissior iine looking
st the predomizantly reactive losd froo the leskage flux of the non-ideal
substatior. transforser. This =odifies the network [the Yf-k ir. E3. {247V
resulting ir a zodification of the a's, b's, and 3's of sqiatiorns sizilar
to {2.19). The swing angles li(t'} sre ther calculatei frc= Eg. (.7
asing the new circiit parameters, i.e., the nevw ij':. If tre failt ior
faults) are then resmcved or =modified at a later time t;, 2 rnew set of
circuit parsaeters will specify the power trarsfers. The =achire argles
5i(t‘. can be calculated for t > t; using the new power transfers the
value of §,{%,), and Eq- (2.7)- Even if all faults sre re-oved ard the
circait is rct'xrned to its initial configuratiorn, 'he =achine argles will
vary in time since Si(t,) are non-zero and the g (%,) are not at their
equilibriy~ values. Thus the net torque or each rotor will still be snor-
zero. The sWing curves 51(1:) will ther show if the i'" rachire loses
stability. e are not directly interested ir the effects of the pertur-
batior. on bus D, itself, nor on the line D-S: *hese circuits are
introduced merely to simulate the effect of distributiorn faults o the
transmissior netvork.

¥iltiple faults .an be approximated in a simple manner. Sirce we
are rot interested in the distribution system except for its effects
or.the trangmission gystem, all digtribution buses wnick are to be faulted
:‘-ny be cornected together. Equivalently, we repregent all faulted
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distribution points by a single btus or which one fanlt is placed. (This
bus is designated by D.) Then the various points T, of the transmission
network that are to be connected to faulted distribution lines are
modeled by connecting each T, to D with a characteristic impedance z.
The model is illustrated in Fig. 11. The effect on 'l‘i by faulting Dcan
then be calculated in the sare manner as described above.

A mumber of irportant psrameters must be specified. In particular,
we must ascertain what points on the transmission network should be
connected to failted distribution systems, i.e., which transmission
buses should be included in the set Ti. Both the rnumber of faults per
unit area within the faulted area, as well as the geographical extent
of the perturbed region, must be specified. We refer to this compli-
cated variable as the fault density fmnction, P()- The density is
specified by the nurber of faults within the faulted area per unit area,
not by the total number of faults averagea over both faulted and unfaulted
areas. Thus o(T) is zero outside the faulted area.

The fault density function o(F) depends on the severity of the EMP-
induced currents, which, as pointed out earlier, is difficult to estimate.
The density was estimated in the following manner. Within the perturbed
area of the transmission network (such as the TVA nctwork) we first
arbitrarily assumed that all major butes having a load cf 100 megawatts
or more would be connected to faulted distribution systems. These buses
specified the set Ti’ thus specifying a particular fauit density. Ther,
calculations were done using different densities in order to determine
the change in the system's response. The size of the perturbed area is
aetermined by the height of burst of the detonations. 1In order to
determine the importance of the geographical extent of the perturbations,
several stability rurs vere made with the perturbation applied to increas-
ingly larger areas.

Another important parameter set which must be svecified is the
impedances, Zi’ ronnecting =ach ’I‘i to D. we refer to this set as the
effective fault impedance, Z(#). The dependence of the response or Zi
was determined by the following procedure. First, all Zi'n were chosen
as equal and fixed at the impedance of a typical major substation

PR NI S Y
|
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trans{ormer. {(The impedance is very rearly purely reactive.] Then
calculations for different values of the impedance vere made. Finall:,
to be certain that using the same impzdance for 21l Zi's is a reasonable
approximation, Zi was randomly chosen betweer specified limits with the
average of the set corresponding to a previoisly used value. A compari-
son of the calculated responses (i.e., of the swing and voltage curves)
then allows one to determine the dependence of the response on the
impedances.

Repetitive sets of multiple faults were easily modeled by reapply-
ing the single set model after the desired time delay from the previous
pulse. The duration of the repetitive faults was chosen to correspond
to typical distribution relay times as in the non-repetitive fault case.
A detailed discussion of the importance of relay times for miltiple pulses
is given in Chapter IV. For tWo or more repetitive pulses, the time
separating the pulses gives an additional degree of freedom. :=fter many
trial calculations usiug different time separations, it was found that
the response was not strongly dependent on this time separation. A
renresentative double pulse was then chosen for further study of the
effects of repetitive pulses. The detailea characteristics of the pulses
used are discussed in Chapter IV.

B. THE MODELING OF OTHER PERTURBATIONS

Many of the other EMP-induced verturbations mentioned in Chapter I,
Section 4, can be incorporated in the stability studies using the digi-
tal program. Lock-out of distribution relays caused by multiple pulses
will affect the transmission system chiefly by reducing the load on
those buses feeding the affected distribution system. In order to simu-
late this effect and ascertain the importance ¢f load shedding, the load
on the buses Ti was reduced. Several stability runs were made with this
load reduced by 10 to 50%, and the size of the area in which load reduc-
tion occurred was also varied.

The stability program could also model both the opening of trans-

mission lines (caused by either proper or false operation of relays) and
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generator tripping. However, as discussed earlier, it was assumed in
this study that EMP would not initially cause the transmission circuitry
to open.

An estimate of the wagnitude of reduction in generation needed to
counteract the increase in system frequency accompanying multiple faults
and load shedding can alsc te mnde. The results and procedural details
are discussed in the next chapter.

The computerized tie-line and load-flow ~onirol systems were not
modeled because of limited time and rescurces. However, the effect
vhich tie lines have on connecting systems was studied. The stability
progras allows one Lo model opening of tie lines at any time during the
stability run. We wished to determine vhether significant effects are
introduced because of the tie line comnections ani also if the opening
of the tie lines before or shortly after the EMP-induced perturbation
occurs significantly affects the response.

Ir. Ctapter IV we present the results and anslyses from scores of
stabil'ty runs vhich vere made in order to determine the importance
of the Jarameters discussed I this chapter and elsewhere.



e e

-

35

CHEAPTER IV

RESULTS OF KURERICAL STABILITY CALCULALVIONS

A. TIKTRODUCTION

This chapter discusses the results of the stability calculations
using the model previcusly described. In Section B we present the
results for perturbations consistirg of single sets of mltiple faults.
Perturbaticns consisting of repetitive sets are discussed in Section
C. By calculating the response from a wide variety of perturbations
one can determine both the possible range of EHP-protiucf.:l effects orn. tLe
syster'; transient response and the important parameters gpecifyirg the
EMP pulse. This approach is necessary since one camnot quantitatively
specify a unique and universal EMP perturbatio:n.

The unmodified transmission network used throughout this studv for
the base case was a projected peak summer power flow network for 1977,
provided by the Tennessee Valley Authority (TVA}. Over 1500 buses
2600 1lines, and 300 generators were modeled. The transient resporse was
calculated using the transient stability program and the solved base
case of the projected 1977 power flow.

Ffaveral test runs of the model illustratci in Fig. 11 vwere made to
ascertain whather or not the connection of the tranimission buses T;
to the bus D representing the distribution system through the impedances
Z1 would introduce a false perturocation even when no faults were applied.
No significant perturbation was in fact introduced.

The network was modified as specified, and the transient response was
then calculated without faulting the distribution bus D. No significant
deviations from equilibrium were produced, so that the circuit modifica-
tions of the model 4o not perturb the system by significantly modifving
the load flow.

Several 'representative pulses” for both the single set and the
repetitive sets of pulses were chogen and defined by specifying the impe-
dances, fault densities, area of coverage, and duration. Table 1 lists



Table 1.

Several of the Representative Sets oi1° Faults, Each Comprising a Perturbation

Number

Label

Number of Buses
Faulted in the
Perturbed Area

Geographic Aresa
Covered §i

Perturbations

Effective
mpedance

Comment

|

F”

Approximately 1/3
(78 out of 264)

As in No. 1 above
plus 58 additional
in areas 12 and 13

As in No. 2 but 24
more buses on b
additional neigh-
boring networks

As in No. 1

Area 10 only (TVA)

Areas 10, 12 (MO &
AR), and 13 (IL &
MO)

As in No. 2 plus &
more networka

As in No. 1

10%

10%

104

Z, chosen randomly
between 10 to 20%

with average Z =15%

All buses with
100 MW or more
load on TVA were
faulted.

Approximately aame
denaity in 11 of
faulted area as in
above.

Same denaity in
areas faulted in
No. 2, but with
lower density in
h added areas.

As in No. 1
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four of the single-set pulses and also gives the notatior we use in
identifying eack.. This is by ro means a complete list of all pulses used
in the study. These representative pulses were selected teca.se they
illustrate the different syste- responses for different perturbations as
outlined in Chapter I, Section D, and Chapter I1II. The pulses were
selected cs "represcntative pulses” after scores of stabiliiy runs were
mede using many different pulses.

Four difierent grouys of machines were chosen to illustrate typical
swing curves in order to facilitate the comparison of the rezponses fro-
different perturbations. Table 2 lists the 2ifferent groups of machines,
their locations, and their power outputs at equilibrium. The machire
location nares and area designations are giver for the convenierce of
those familiar with current Tennessee Valley Authority (TVA) rames.

The distribution relays are an important consideration ir determin-
ing the effects of EMP. Typical distribution relays take about 0.133 to
0.25 second (8 to 15 cycles) to open when clearing a faulted line. (One
cycle is 1/60 of a second.) The open relays will then reclose in about
0.25 second (15 eycles) after opening. If the line is still faulted,
they will again open ir an additional 0.133 second and remain open for
about a second before reclosing. If, after reclosing, the line is still
faulted, or if the line is refaulted withi: the next minute or so, the
relays oper and remain opened until) manualiy reclosed. They are said to
be locked open. As a result c¢f this programmed sequence, repetitive
bursts occurring shortly after the initiation of the clearing sequence
which also refault the lines will cause the relays to respond in the sama>
manner as if the lines had remained uncleared and consequently will lock the
relays open. The relay time sequence will determine the duration of the
faults, since EMP rerely initiates the faults which then remain until the
lines are cleared. Since ¥MP will not fault a distribution line wnich
has no voltage, open lines will probably not tc affected by EMP. Thus,

a second EMP pulse arriving after the opening of a relay removirg the
line will not affect the line. There will, therefore, be about 15 cycles
vhen a second EMP pulse will have little effect. We ignore this limita-
tion of double pulses, but this simplification should have no signifi-
cant effect. ‘
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Table 2. Machine Croups Used for C.~parisor

. fachirne
Sroup Machine Bus Machine _—
So. Kusber Aves Location 1%%:3'
1 1539 Generator #1 1C - TVA Paradise 535
1639 Generator #2 10 - TVA Paradise 535
1606 Generator #1 10 - TVA Bull Run Lk3
1606 Generator #2 310 -~ TVA Bull Run Lyl
1756 (SystemRef.) 14 - AEP" Ohio 1369
y. 1546 Gemerator #1 10 - TVA Paradise €75
1546 Generator #2 10 - VA Paradise €75
1666 10 - TVA Kingston C 195
1668 0 - TVA_ Cumberland 1268
175€ (SystemRef.) 14 - AEP Ohic 1369
3 1088 15 - Carolima
and Virginia URQ 260
1443 10 - VA KY HY 190
1447 10 - T™VA SHAWF 294
1485 Generater #1 10 - TVA COLPT 527
I £ 1 - EDE ASERY 200
Lo 6 - XGE GILL 319
251 1 - EDE SEMPP 450
803 8 - Miss. WILSN 400
1756 (SystemRef.) 1k - ARP" Ohio 1369
5 1666 10 - TVA Kingston C 195
1669 10 - TVA CUMEF 1268
1676 10 = TVA BR FYG 065
1699 14 - AEP* KAM 800
1702 1h - AEP* T 600

*American Electric Power
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B. THE ZESPOLIE FROV - SINGE SET OF MULTIPLE FATLTS

ae first discuss the tran:ie.it resporse obtaired fro= a singie
applicatior of =ultiple faults {correspordirg to the pertirbatior caised
by a single E¥P pulse.. The time duration of the failts was choser to
be that of the opening time of typical distrivutior. systex relays. £11
fa:lts were applied sim:icaneously since the differerce irn arrival tize
of the EMP pilse over the network's ares is only a smll fraction of a
cycle, ard such a time jelay is of no conszquence.

The typical single fault :aration was chosen to be 0.2 secord.
Each of the representative sets of faults given in Table 1 wizc applied
for this duration and the netJork then returned o its original configu-
ration. The Tault duratiorn time was then changed inorder to determine the
dependence of the response upon this parameter. All faults applied were
3-dhase faults (the most severe case) since it was much easier to deter-
mine an effective impedance for this situation. This is a reasonable
assumption because 3-phase faults may typically occur if EMP induces
faults at geometrical discontinuities. However, if the voltage or ore
of the three lines is near a voltege node, it is possible that the EMP
pulse ray fault only two of the three lines of the 3-phase system,
creating a two-line-to-ground fault. But the basic characteristies of
such a perturbation will not differ in principle from the 3-phase fault.

The system respcnse from five different single pulse perturbatiors
will be separately discussed with emphasis on the effect of changing the
various pulse parameters. We again remind the reader that the five cases
are only representative of scores of pulses used in this study.

All voltages and impedances are given as per unit or percent quanti-
ties? (a per unit quantity multiplied by 100). Equilibrium values are
typically near 1 per unit.

1. Faults Applied to the TVA Area Only

The perturbation F of Table 1 was applied for 0.2 second. The per-
turbed area was restricted to that of the Tennessee Valley Authority



(TVA-Area 10). After 0.2 second from the time that the faults were
first applied, the network was returned to its ror—=1 configuratior,
i.e., the T, lires, the faults, and the bus D vere removed. Calcula-
tions of the transiert response was continued to 1.25 seconds.

The swing curves of several machines are shecwn in Figs. 12 through
15. All machines of Fig. 12 are in the TVA network except that labeled
175€, which is a far away reference mechine located in Ohio (see Table
2). The rurbers refer to the bus murbers to which the machines are
cornected. Most VA machines remained in synchronism with bus 160€,
and Fig. 14 shows a typical group. Recall that a machine is considered
to be out of step wher its machine angle & differs by more ti:an about
120° from the electrically "close” machines. Most non-TVA machines
remained in synchronism with the reference machine 175€, as shown ir
Fig. 15. Note the tendency for the TVA machines as a group to separate
from nor-TVA rachines. Furthermore, TVA generators at bus 1639 lost
synchronism with the remajinder of the TVA system, and the swing curves
of Fig. 13 also indicate that the two generators at bus 1546 lost
synchronism. Thus two effects can be observed. First, machines within
the TVA system lost stability and second, the entire group of TVA
machines have swing curves which differ in slope from the non-TVA machines.
We presently discuss this latter effect.

An increase in machine angle §(t) implies that the frequency of the
particular machine has increased which can be estimated in the following
marner. A change in frequency Af will result ir &(t) increasing linearly
in time as

At) = 8g + 360 - &8t , (4.1)

vhere angles are measured in degrees and Af is the increase in freguency
in hertz. After the fault perturbation is removed, the swing curves
tend to become linearly increasing as the system damps to a new equili-
brium frequency. They are only approximately linear not only because
the transient oscillations take several seconds to damp out, but also
because the pover transfer does not depend iinearly on 4. However, by
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averaging many swing curves together, an approximate Af can be obtaired
from the "average slope” of the swing curves.

It is instructive to compare the change in frequency of the per-
turbed area, Afp (which in the present case is the TVA network), with
that of the unperturbed area, Afu. Ignoring the machines which have
lost synchronism with their adjacent nejghbors (as will always be done
in calculating Af), Afp > 0.75 hertz while Af =1.1 nertz. Ir this
case, Afp < Afu, probably because several TVA generators lost synchronism
and therefcore reduced the total TVA power output. The increase in Afu
shows that there is a significant coupling between the perturbed areas,
and it will be shown later that this coutling is quite jimportant.

The uniform increase in frequency of all machines is somewhat pecu-
liar to multiple-fault perturbations. The system freguency increases
primarily due to the change to a predominantly reactive 1lnad, resulting
in a great decrease in power absorbed by the load, even though large cur-
rent surges are produced, and there is a widespread decrease in voltage
ot the transmission lines connected to B Thus, although the faults
cause large current surges, the voltajes decrease greatly (by as much as
60% at many machine buses) resulting :n a greatly decreased power output
of the generators for the duration of “he faults. Since the applied tor-
que of the machines is not decreased initially, the machines accelerate.

Unless the generator governor systems can handle the increase in
frequency, the entire system affected will speed up excessively, possibly
resulting in the tripping of cverspeed relays which then disconnect the
generator from the network. However, if the estimates of Af for the
perturbation considered above are in the ball park, the goverror systems
may be able to handle the overall frequency increase and prevent loss of
synchronism. In any case, typical governor systems begin to have an
effect at about one to two seconds after the initial perturbation occurs.

In summary, the transient response to a perturbation ccvering only
the TVA network area results in (i) several TVA machines losing stability,
(ii) an increase in frequency of TVA machines, and (iii) a somewhat
greater increase in the frequency of the unberturbed networks.
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2. The Effect of Increasing the Size of the Perturbed Area

in the first case considered, the fault perturbation was applied
rather uniformly over the TVA transmission network. Generally, the
transmission system consists of several groups of transmission networks
(of which TVA is but one). Internally these networks have a strong
electrical connection but are less strongly connected tc adjacent net-
works. Figure 16 pictorially shows some groups cf networks close tc
the TVA network. Not all networks of the base case are shown. The
power flow between the different networks is given for the equilibrium
case. (The number in each circle is used to designate the particular
arca and corresponds with that given in Table 1 ard 2.)

In order to determine the effect of increasi:ug the extent of the
perturbation, the size of the perturbed area was increased as specified
by fault set F’' of Table 1, and was applied for a duration of 0.2 sec-
ond, the same duration as in case 1. The perturbation was extended to
areas 12 and 13 of Fig. 16. Aree 13 (Illinois-Missouri exported about
1090 megawatts to TVA through connecting tie lines in the equilibrium
load flow, while Area 12 (Missouri-Kansas) exported about 550 megawatts
to Area 13. The three areas, 10, 13, and 12,comprising the perturbed
area form a connected link. The average fault density i—: the entire
perturbed area t.as about the same as case 1. Figure 17 and 18 show
typical swing curves.

The interesting difference between the responses of this case and
the former is that the perturbed and non-perturbed area machines
remained in synchronism much better when the perturbation covered the
larger area. For instance, the four machines at buses 1639 and 154€
did not lose synchronism for the larger area perturbation. In fact,
only one small machine (not shown) lost synchronism as compared to more
than half a dozen machines losing synchronism in the first case. Thus
for the second case, even though the ,~~turbation was more severe,
covering a much larger area ani consisting of about 70% more faults,
the system remained more gtable in “he transient time interval.
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At 1.26 seconds after applying thi: perturbation, the change ir. >
(not &F) of the TVA buses was nearly the same ir case 2 as ir. case 1,
but the reference bus angle changed by about 50% more iz case 2- Yote
aiso that the swirg curves for the second case are much more linear than
in the first. From Eq. (L.1) the linearity vwould imply that the machires
in case 2 are no longer accelerating and have somewhat stabilized at a
"new equilibrium” system frequency. The continued acceleration observed
in the first case, even after one second, wculd indicate that the per-
turbed and unperturbed areas were still interacting or interfering with
each other. The net change in frequency, \f,calculated by linearly
extrapolating the late time part of the swing curves, is about the same
for both cases.

The difference in response of the two cases given so far can be
partially understool in a simple way. In case 1, the perturbed ares
(TVA) is strongly connected internally and less strongly connected with
its neighbors, as pictorially illustrated in Fig. 16. Consequently,
vhen the perturbation is applied solely to TVA, the frequency of this
area tends to separate from the adjcining asreas causing the perturbed
and unperturbed synchronous regions to interfere or beat with each
other. Since there are so many ties with other areas which are unper-
turbed, the interference is st:icng. The result is that machines
within the perturbed area lose syncironism. However, as the size of
the perturbed area is increased to irclude adjacent. areas, the connect-
ing perturbed networks hang together much better since there is less
adjacent unperturbed areas with which to interact. We shall return to
this phenomenon when the results for double nulses are given.

3. Faults Applied to a More Extensive Area

In order to further verit; that the difference in response observed
in the previous two caces was the result of increasing the size of the
perturbed area, the size was increased still further to include four
additional areas, all connecting TVA. Because of practical limitations the



fanlt density in the four added areas was considerally less tharn on
areas 10, 12, and 13, but the major loads were still faulted. Figure
19 shows the response froe such a perturbation (fault set F’ defined
in Table 1).

The effect -. the additional faults was minimml. The swing
curves of the TVA machines showr. ari the other machines were guite
similar to case 2. The change ik frequencies wes nearly the same as
the previous two cases: af = 1.1 hertz and Af'p = 0.6 hertz. Th2
response of the TVA network itself is therefore not strongly deperdent
on very far-sway perturbations once the adjoining areas are perturbed.
Thus as the size of the disturbed area is increased, the effect on the
interior of the perturbed area "saturates”™ so that the response there
does not change greatly.

4. Dependence of the Responsa on the Effective Irpedance Z

In the exacples presentad above, the effective impedance Zi fro=

the distributicn tus D to each transrission bus 7, vas set at 10%.
Other stabilicy calculations vere made both with d1ifferert average values
of the effective impedance and with all Z:.L ~andomly chosen between fixed
limits. There was mirimal difference between the responses of cases with
randomly selectad Zi’ and cases with all egual zi when the average of the
Zi of the forre- case was the same ag 7 of the latter.

Figures 20 and 21 show the swing curves for fault set F given ir
Table 1. The fault duration time was 0.2 sec, and the fault density and
area were identical to F in case 1, except the Zi's vwere chosen randorly
between 10 and 20% with the average value of 15%. Comparison should be
made with Figs. 12 through 15.

All of the machines remained in synchronism during the transient
period, including those which lost synchronism in case 1 wvhen Z was equal
to 10%. Note, however, the very la:sc amplitude of oscill~tions of some
machines, e.g., on bus 1546, indicating t.ct these machines were strongly
affected and nearly lost stability. The change in the frequency of the
unperturbed area was about the same asg case 1 (M’_\1 = 0.95 hertz).
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For a singlec pulse perturbation, the effactive impedance strorngly
affects the system response, as one would expect. By changing Zeff from
10 to 15%, the systex kept in synchronisr much better. Consequently,
if EMP produced faults only on the very low voltage lines (which have a
much greater impedance to the transmission lines) ard not close to the
major substations, then the effects of EMP or the transient stabilitly

would certainly be less severe.

5. Dependence of the Response on the
Time Duration of the Faults

The duraticn of EMP-inducad faults should be about 0.2 second since
the distribution relays take this long to initially open. Howover, one
stability run vas made with fault set F of Table 1 applied for only 0.12
second in order to determine the dependence of the response on the fault
duration time. A typical set of sving curves are shown in Fig. 22. The
machines remained in synchronism much better than for the longer fault
duration as one would expect for the shorter fault time. Yet some of the
machines had large amplitude oscillations, indicating that they neariy
became unstable. Clearly, a rapid clearing of faults is desirable; t.itor -
tunately, the longer (0.2 second) fault duration time corresponds more
closely %o preser.t actual relay times. The more realistic time (0.2 sec-
ond) was used in the remaining calculations.

C. THE RESPONSE FROM REPETITIVE SETS OF MULTIPLE PULSES

in the previous section the response to a single get of multiple
faults was calculated. We presenily turn to repetitive sets of multiple
faults. Since the occurrence of two or more sets of repetitive faults
introduces several new vari-bles such as the number of pulses and the
time =eparatvion of the pulses, the vroblem must somehow be simplified.
If our study is limited to the transient response of the network, then
quite natural restrictions can be applied to the parameters. For
instance, with this limitation we are not interested in two or more
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pilses separated by a time greater than the trarsient and dyna=ic
resporise times, i.e., in pulses separated by a tiwe greater than that
for the system to returr. to egquilibrium. The rewctior of the systex o
such widely separated pulses would be no different fro= its reaction to
individual single pulses.

Muitiple pulses all occurring within the transient time period will
produce the most seriois perturbations, and we will henceforth limit
this study to such cases.

The mechanical design of the distribu®ion relays provides a sizilar
limitatior or the new parameters introduced by the miltiple pulses. The
relay desigr. was previously discussed in detail in Section A. It was
noted chat a second EMP pulse occurring after tke initial reclosing of
the relays could refault the lines. The relays would ther activate ard
reopen a second time about 0.133 second after the occurrerce of the sec-
ond set of faults. They would rewain open for about one second tefore
agair reclosing- A third EMP pulse occurring shortly after ti:e second
closing would lock the relays open until manually reclosed. If the third
pulse occurs before the secord reclosing, the relays will 1lready be oper
so the lines probably will not refanlt. We furtner simplify the probler
in studying the transient behavior by representing multiple pulses ty a
2-pulse model, with each pulse occurring within a second of eech other.
Such a simplification is necessary since the stability program canrtot
faithfully calculate the system response much beyond 1.5 seconds after
the initial perturbation unless the dynamical controls are modeled which
was beyond the scope of this study. However, this Z-pulse model should
determine the primary disturbance from multiple pulses, and the pulse
parameters are then conveniently restricted so that they are within man-
ageable ranges.

Using the above simplifications, & representative double pulse was
chogsen to model the primary effects of multiple pulses. The First fault
was chosen to have a time duration of 0.2 second (for tiile same reasons
as in the single pulse cases, i.e., thc relays take this long to iritially
open). Then the network was left unfaulted for the next 0.3 second. The
second set of faults was then applied (after 0.5 second from the initia-
tion of the perturbation) for a duration of 0.15 second. The second fault



duration time is shorter than the first because the relays respond more
rapidly on the second opening. In summary, a double pulse of chnsen
fault density and area of coverage was used. The system was fauvlted for
0.2 second, back to the unfaulted configuration for 0.3 secona, faulted
for 0.15 second, and finally back to tns unfaulted configuration (at
0.€5 second). We refer to this configuration as the standard caouble
pilse.

The intermediate time between the two pulses was latei- varied to
see if the response would differ significantly. The response did not
greatly change for somewhat longer separation times between pulses.

1. A Double Pilse Applfed to the TVA Area

Fault set F of Table 1 was used in the standard double-pulse con-
figuration previousliy described. Typical swing curves are shown in
Figs. 23 through 26. The effect of the perturbaticn was much worse
than of the single-pulse perturbation of the same fault set (case 1 of
Section B). Many more TVA rachines lost synchronism. In particular,
Fig. 25 shows a2 much greater angular spreed in 5§ of the TVA machines
than occurred in the equivalent single-pulse case (Fig. 1k).

The average frequency increase of the stable TVA machines, Afp was
I hertz, mere than four times greater than for the single-pulse case:
Afu = 1.4 hertz. 1In contrast to the frequency increase of nachines
vhich remained in synchronism, a typical frequency increase of a machine
losing stability was 15 hertz. Such an increase would definitely trip
the overspeed relays of the generator.

Figure 26 shows a distinct separation between perturbed and unper-
turbed area machines (see Table 2 ard Fig. 16 for a list of the machine
areas). This separation is merely a consequencc of the difference in
Afp and Afu, which is much greater than for the single-pulse case.

2. A Double Pulse Appiied to a More Extensive Area

In order to determine the effects of increasing the size of the
perturbed area while keeping the fault censity of the perturbed area
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constant, fault set F’ was used in the coublie-pulse configuration. The
comp-rative single-pulse calculation was giver. in Section B, case 2.
Again, as in the single-nulse case of larger ares coverage, the perturbed
and unpert rbed areas remained in synchronise ruch better, With fewer
generators losing synchronism (cumpare Fig. 30 with Fig. 2€). Only bus
€39 badly fell out of step. The increase in the average perturbed anl
unperturbed frequencies wvas Afp = 2 hertz and Afu = 1.4 hertz respec-
tively, both nearly twice as great as far the single-pulse case. But

Af | vas much smaller for fault set F’ thea for set F.

Ia particular note the remmrkable difference in the behavior of the
group of machines shown in Figs. 25 and 29. In Section B, mse 2, a
simple explamation was given for the improved response from the pertur-
bation of larger areas. This improvement suggests that the transmission
system would be more stable to EMP-type perturbations if the aJjacent
transmission groups were not tied together. A test of this hypothesis
will be given in the foll-wing example. In any case, the machine con-
trol system must be able to damp the large frequency increases if the
system is to remain stable during the dynamic time period.

3. The Effect of Opening the Tie Lines Before
Apylication of the Perturbation

The original set of faults, F, was again used in the double-pulse
configuration to perturb the TVA area as in case 1. However, the major
tie lines connecting adjacent networks were opened before the fauits
were applied to see if the perturbed area's stability was improved. It
was hoped that the opening of the tie lines might eliminate the inter-
ference between the perturbed and unperturbed areaz and improve the
steoility. If this interference causes the loss of synchronism, then
the effect of opening tie lines should be gimilar to that of perturbing
a larger area as done in case 2.

In all, seven major tie lines were opened immediately before the
perturbation was applied. (It was impractical to open all tie lines,
tnt all high voltage, 500 kilovolt, connections were opened.) Although
some local areas were affected by the tie line opening, in general, the
gsystem was not severely disturbed.



MACHINE ANGLE (deg)

ORNL-DWG 73-7618

000
800 |
| | |
o— F'—o}a-NORMAL-s}e-F "ofe— NORMAL —
| | |
600 $ gﬂ'
Qe —
400 ® o -0 -
A
200 \6°
0]
(o) 0.25 0.50 0.75 1.00 .25 1,50
TIME (sec)

Fig. 27. 8wing Curvea for Two (Oc:iurrences of Fault
Set F’ for Machine Group No. 1.



MACHINE ANGLE (deg)

ORNL-DWG 73 -7817

2500
2000
| | |
o—F '—o}a-NORMAL~}e- £ '-oja— NORMAL —
' ) |
1500
1000
500
o L=t —— |
o) 0.25 0,50 0.7% 1,00 1,28 1,50

TIME (sec)

Fig. 28. 8wing Curves for Two Occurrences of Fault
Set F’ for Machine Group No. 2.



MACHINE ANGLE (deq)

- 7
0o /
e

1

ORNL-DWG 73-73502

o—F ' ~ojo NORMAL -oje-F“sfe— NORMAL —>
!

/

/

0 0.25 0,50 0.75 1.00 1.25 1.50
TIME (sec)

Pig. 29. Swing Curves for
Set F’ for Machine Group No. 3.

Two Occurreuces of Fault



MACHINE ANGLE (deg)

600

400

300

200

100

0

€7

ORNL -DWG 73-7501

o—F'—o}e-NORMAL ofe- £ ‘sje—NORMAL —

0
©
@y
(\

2

V.

/|
74

Z

“

/__./

s

0 0.25

Fig. 30.

Swing Curves for Two Occurrences of Fault

050

0.75
TIME (sec)

Set F’ for Machine Group No. 5.

1.00

1.25

1.50



Figures 31 and 32 show the results of the double pulse during fault
set F, except with the mjor TVA tie lines open. The TVA syste= held
together much more strongly tnan in the comparative case with the tie
lines closed (compere Fig. 3] and Fig. 23 and Fig. 32 and Fig. 2€). Orly
one major TVA machine (not showmn) lost synchronism. Both figure: illus-
trate that the TVA network swings separately from the unperturbed ares,
as one would expect since the two areas are no longer connected. (This
also shows that the removal of solely the high voltage tie lines is suf-
ficient to remove most of the interaction.) The frequency change Af of
the perturbed and unperturbed areas can now differ greatly since there
is no interaction between them. The average frequency increase for the
TVA machines was g\fp = b hertz with the tie lines open. This is not
{00 mich greater than for the case when the tie lines were closed (then
Afo = 3 hertz).

In summary, a sultiple-fault perturbation has a much less severe
effect on the perturbed area when there are no umperturbed areas cornec-
ting ard interacting with it. This partitioning of the system by the
opening of tie lines before EMP severely perturbes the system may pro-
vide 2 means of minimizing the effects of EMP on the transmission
system.

L. The Dependence of the Response on
the Effective Impedance

Tre dependence of the response on the effective impedance was dis-
cussed in Section B, ~ase 4, using a single pulse. We now present the
results for the double pulse using the same set of faults and effective
impedances. The fault set F previously defined was used. Figures 33
and 34 show typical swing curves. In contrast to the single-pulse case,
this double-pulse case using the larger effective impedance set F aid
not differ substantially from the original set F. The average frequency
increases were about the same for both double-pulse cases as was the
overall instability.

The single-pulse perturbation was probably more affected by the
impedance increase because the system was then just on the verge of
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having major instabilities, i.e., the higher Z perturbation was then
about the most severe that the transmission system could experience
without having many rachines lose stability. Bat when the perturbation
consists of a doutle pulse, it sov disturbs the system that it is unstable
even for the larger effective impedance, and consequently the response

is not strongly dependent on the impedance in this instability range.

5. The Effect of Major Load Reduction

In the introduction of this section, we discussed how multiple
pulses can lock open the distribution system relays until they are later
manually reclosed. With the relays open, the load on the isolated lires
will be removed from the transmission netvork resulting in a net reduc-
tion of lcad. Since the generators cannot react instantaneously to such
a load reduction, the machines will accelerate. A load reduction will
affect the response primarily in the dynamic, rather than the trarsient
time interval.. However, stability mlculations were mde to determine
if a major load reductio:. might exacerbate the instabilities produced by
a double-pulse perturbation. The distribution loed on a line is removed
vhenever the relays are open to isclate that line. Since the clearing
time following the first fault is shorter t!an that following the second,
it is reasonable in our model to reduce the loed after the second fault.

The standard double-pulse perturbation was applied to the network
using fault set F, and the load was reduced on a chosen subset of trans-
mission buses after the remova) of the second fouit :.: (at 0.5 second).
The important variable is the fraction of loc¢d reduced, and the results
do not vary greatly for a reduction in load on diff{erent sets of trans-
mission buses as long as this reduction occurs cver a reasonably large
area {and not on just a few buses!). Figures 35 and 35 show typic.l |
sving curves for a 3U% reduction on bus set F’, i.e., on areas 10, 12,
and 13 of Fig. 16. About 11,000 megawatts of load was removed uniformly
over & multi-state area. After 1.5 seconds, the increase in average
system frequency was about the same (just a 1little more) as the compara-
tive double pulse with no load shedding (Section C, case 1). Swuprisigly
srne machines seemed to swing together better themn in the comparstive
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case with no load reduction, a rather peculiar result since even without
load reduction the entire system accelerated considerably. But even
though some of the machines vwere more stable, about the same total num-
ber of generators lost synchronism as in case 1.

Apparently a major load reduction does not greatly affect the trans-
iert stability, but it may pose a serious threat to the dynamic stability
vwhich is beyond the scope of this study to determine. The load reduction
results in a frequency increase which differs in principel from tnat
produced by the multiple faults. The latter is caused hy ‘he extensive
drop in voltage during the duration of the faults, wivh the average
acceleration being reduced after the cleeiing cf the faults. But because
of the slowness of generator control action, a uniform load reduction
will result in a net accelerating torque on the machines for a longer
time, so that the total net frequency increase may be greater. In case
” below, the frequency increase caused by multiple faults will be coa-
pared to that caused by a reductior in generation (which is just the
opposite of, but anelogous to a load reduction).

6. Effect of Changing the Fault Density

All of the previous calculations of Sections B and C were made using
the same fault density in the perturbed area but differeil in the size
of the perturbed areas, the effective impedances. the mumber of pulses,
etec. Many studies using different fault densities were also made, ani we
presently give an illustrative example. The representative double pulse
was used. The fault density was reduced vy randomly removing one-third
of the buses from fault set F of Table 1, thuc reducing the fault density
applied to the TVA area to two-thirds of tha: in case 1 of this section.
Figures 37 and 38 show typical swing curves for this case.

The difference in responses of the two cases was not surprising.
Some TVA machines remained in synchronism much better for the redaced
dengity pertrrbation {compare Fig. 27 with Fig. 23), while other machines
(Figs. 38 and 24) st:1l tell out of step. The change in average fre-
quency of the TVA machines, Afp,ns about 1 hertz for the ‘low density
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perturbation as corpared to 4 hertz for that of higher density. But the
increase in frequency for machines outside of the perturbed area was
nearly the same for both dencities.

The fault density is certainly an importart factor in determining
tha effect of EMP on the transmission system's stability. Unfortunately
it is not presently known what range of fault densities EMP may produce.
The density used in the majority of cases cf this study should not ve
too unrealistic if the distribution lires electrically close to major
substations are faulted. These calculations would be more realistic
if, instead of the sharp cutoff between perturbed and unperturbed areas,
the density decreased gradually at the outer boundary of the perturbed
area (i.e., the edge of the line of sight of the detonation). The
gradual crange would occur near the perimeter of the circles of Fig. 2
since thLe 'MP field decreases there for increasing distance from ground
zero. He 2ver, this modification of the fault density should not change
the response significantly; the important parameters are the size of the
faulted area and the average density within the faulted area, as previ-
ously discussed.

7. The Change in Average System Frequency

Earlier, we briefly discussed how EMP-induced perturbations result irn
an increase in the average systeam frequency. It is important to know
the aeriousness of the frequency increase during the dynamic time period
resulting from multiple faults. One measure of the severity of the
effect is the decrease in power generation necessary to counteract the
frequency increase. But the present stability program cannot reliably
calculate the dynamic time Deriod response. A crude estimate of the
arcunt of generation which must be shed to counteract this frequency
increase, Af, can be made by determining the change in frequency for a
given change in generation, APS, i.e., by determining M/APE- However,
one cannot merely reduce generation by AI"g in a particular transmission
group (such as TVA) and measure Af, for then a large amount of power
will be supplied by the tie lines (ar illustrated in Chapter II, Section
A, and Pig. 5).




We used the stability program to estimate i..t‘/.’&!’G for the dynamical
time period in the following manner. First, the principal TVA tie lines
were opened. Then a number of TVA generators with known total mega-
wvattage APg vwere tripped. The swing curves were then linearized ani the
increase in frequency from equilibrium Af was obtained from the slope
of the exirapolated curves [see Eq. (L.1)] thus giving Af/APg. One great
difficulty in this procedure is that it is difficult to linearly extrapo-
late the swing curves. After a sudden reduction in generation, the swing
curves oscillate adout a line of negative slope for only a second or
less, but then the curves swing upward, sometimes quite steeply. The up-
swing occurs because the voltage drons on the machine buses reducing the
electrical torque and results in a net accelerating torque.

If the swing curves are linearly extrapolated in the intermediate
region before the upswing (i.e., before the machine angles start to
increase) and Af/APG is determined as described in this section, the
following results are obtained. With the major TVA tie lines open, 24%
of TVA generation was tripped (6,200 megawatts out of a total of 25,500
megawatts), and the frequency decreased by about 0.55 hertz. This gives
Ai’/AP8 equal to about 9 x 10-% hertz/megawatt. For a generation reduc-
tion of 45% (about 11,000 megawatts) the frequency changes by about 1.1
hertz, which is reasonably proportional tc a 24% reduction.

For case 1 of Section B, Chapter IV, this approximation gives the
frequency increase from the EMP fault perturbations which would be
roughly equivalent to a 30% decrease in the loed using the above deter-
mination of Af/APg. Note that in this estimate we have tacitly assumed
that Af/ APS res:lting from a reduction of ISPg of generation is of the
same magnitude (and of opposite sign) as that resulting from a AP a
decrease ir load. We remind ti.e reader that this is a very crude esti-
mate as illustrated in the following example. If we use the above
procedure to estimate the equivalent decrease in lsad needed to cause
the frequency increase of case 1 (Section C, Chapter IV) where Afp =}
hertz, one would need to terminate abou* ZL,COC megawatts or nearly all
of the generation, a clearly absurd result! However, the above estimates
may yive some indicetion of the seriousness of the frequency increase in
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the dynamic time interval resulting from similtaneous multiple faults
over a large geographical area.

D. A SUMMARY AND COMPARISON OF EMP-INDUCED AKD
NON-EMP-IFTMICED PERTURBATIONS

We brierfly summarize the results of this chapter. Both a single
set and repetitive sets of multiple faults severely perturd the trans-
mission system, the latter disturbing the system much more severely
than the former. Loss of stability of a significant number of genera-
tors ir the perturbed area may occur from expected EMP-induced
perturbations. The size of the perturbed area is a crucial factor in
determining the magnitude of the a.sturbance of the gystem. An inter-
action or interference occurs between unperturbed and perturbed areas
vhich tends to exacerbate the instabilities. Consequently, the system
may be more stable if tie lines between perturbed and unperturbed
networks are opened prior to the disturbance in order to reduce such
interactions. Other important parameters of the perturbations affecting
the “ransient response are the fault density and the effective imped-
ances (determined by the location of the faults).

Two examples of rormal perturbations were given in Part 1 of
Chavter II, Section A, with a discussion of the differences between EMP-
induced and natural perturbations presented in Part 2 of that section.
It should be clear that the two types of perturbations are really quite
different, as are the responses from the perturbations. Certainly EMP
may lead to a cascading type of failure not unlike the Northeasi. Power
Failure. However, the initial EMP-induced perturbation affecting the
transient response ii quite different. The second example of Charter
IT should also be contrasted with EMP perturbations. 1In the former case,
the effects of the power deficit resulting from the loss of generators
was greatly reduced by the power transfer from the adjacent networks as
{1lustrated in Fig. 5. Thus the connecting networks help stabilize the
system from the local perturbations. However, for EMP-type perturbations,
the perturbed area is so extensive that a ctabilizing effect fromadjacent
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netwo-ks is not nearly as significant. In fact, a significant and
destructive interference can result. Consequently, one should not naively
compare the effects of EMP-induced perturbations with those of "natural”
perturbations.

In conclusion, it is possible that EMP may induce a serious pertur-
bation on the distribution networks whict can cause a large portion cf
the transmission network in the perturbed area to lose synchronism, and
consequently result in an immediate and massive power failure.
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CHAPTER V

THE LIMITATIONS OF THIS STUDY AND SUGGESTIONS
FOR FURTHER WORK

The philosophy of this study was to determine the transient response
from EMP-generated perturbations using standard calculational techniques.
Because of the limited scope of this report, necessary limitations were
made. In this chapter, many of the approximations and limitations are
discussed, and suggestions for further work are made.

A. DIFFICULTY IN DETERMIMING A REALISTIC
EMP-INDUCED PERTURBATION

Many different forms of perturbations ware studied in this work.
Clearly a large number of parameters are nezded to specify the pertur-
bation, ail of which are deperdent on the nature of the EMP pulse (or
pulses) as well as on tne coupling mechanism of the EMP field to the
electric power system. Needless to say, it is difficult to specify
"the representative disturbance.” One must therefore be cautious about
taking any of the representative disturbances used in this study as "the
real thing."

Because of this uncertainty, preliminary calculations were made,
varying ihe parameters specifying the perturbation over & wide range in
order to determine which variables were important. Secondly, we hoped
to determine the effect on the stability for different choices o>f para-
meters to provide some intuition for the possible range of effects that
could be produced by different types of conditions. In this way, a gen-
eral understanding of the synchronous behavior of the system when
subjected to the unusual EMP-produced perturbations has been gained.
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B. LIMITATIONS OF THE STUDY AND IRADEQUACIES
IN THE NETWORK MODEL

Due to the great complexity in calculating the system response,
several simplifications were made which somewhat limit the applications
of this study. Most important, machine excitation and voltage regula-
tion were not modeled. The response could thererore not be calculated
for times greater than 1—1/2 to 2 seconds after the initial perturba-
tion. Consequently, the later time dynamic respon~~ could not be
calculated at all. Because of the lack of realistic damping in the
system, the later time transient response (between 1 %o 1-1/2 seconds)
may also be somewhat overly pessimistic. But the apparent major louss
of synchronism found using this model, particulerly for the multiple
pulse cases, canrot be ignored. However, one should not expect this
study to have precisely determined the behavior of the transmission
system when subjected to expected EMP-induced perturbations.

Other insufficiencies were discussed elsewhere. We again mention
the critical need to determine the effect of EMP on (1) the load tis
line and control systems, {2) the generauior control systems, and (3) the
solid state transmission relays. Further study of these sub~rystems is
needed tefore any final conclusion concerning the effects of EMP on
the power system can be drawn.

It is possivle that high altitude nuclear detonations could occur
without having anmr blast darmage. It was not the purpose of this paper
to discuss various scenarios. however, if many low altitude or ground-
burst nucliear detonations occur causing significerut blast damage to a
significant part of the transmission network, then the transmission
system will certainly lose stability. Moderate physical damage accom-
panying EMP would only enhance the instabilities calculated in this
raper. Consequently, the transient disturbance as calculated for EMP
perturbations alone should be considered as a minimal perturbation.

A further difficulty in all stability studies is the difficulty ir
reprecenting the load, which is frequently expressed as a constant
impedance load, and occasionally as A constant current or a constant
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megavolt amp load. However, all of these represerntations are simolifi-
~ations since the nature of the load is not precisely know=. Ir this
study, the load was modeled as a constant impedance load. However,
some calculations were made using the other two load representatiors
in localized areas in which machines lost stability, in order to see
if the different representations significantly affected the response.
The results were negative. The local response changed very little.
Machines which lost stability for the local loai, modeled as constant
impedance, also lost stability when the local load was modeled as con-
stant current or constant megavolt amp load.

If EMP perturbations produced transmission line surges of suifi-
cient magnitude to open relays, the effect on the stability would be
severe. However, the power flow in the major lines in the perturbed
area was monitored in most of the stability calculations. There were
significant power surges, but they were not large enough to trip relays.
Consequently, the transmission lines were nct opered at any time,
except for the tie lines in a few cases. If addit onal effects result
in excessive power surges, such as might occur if muy generators were
tripped, then the possibility of the opening of transmis: on lines
should be incorporated. The limited szope of this study could not
estimate the likelihood of such events.



CHAPTER VI

GENERAL CONCLUS1GIC

The results of this study indicate that the electric transmission
system may be disturbed by EMP-induced perturbations sufficiently te
cause much of the system to lose stability, resulting in a iarge power
failure. Although the effects firom EMP are coeplex, a model was defined
which stould reasonably represent the effects on the transmission system
from induced perturbations on the distribution system.

Both a single set and repetitive sets of multiple faults severely
perturb the transmission system; the repetitive sets of faults disturd
the system much more severely. Loss of stability of a significant num-
ber of generators in the perturbed area can occur from expected EMP-
induced perturbations.

The severity of EMP-type perturbations can perhaps be reducei by
separating perturbed and unp2rturbed areas by opening “he tie lines
ccennecting these regions. The interference between the {wo areas would
then be minimized. PFurthermore, a rarturbed area losing synchronism
would then not result in the collapse of the areas which were not
directly affected. However, further consideration of possible effects
from such a tie line opening must be made before such a procedure is
adopted.

As outlined in Chapter V, further study should be made of other
possible EMP-induced perturbations which were rot included in this work.
Only then can final conclusions be Arawn concerning the severity of
disruption vwhich EMP may induce.
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