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a Complex System Model for Power Systems

Ronan FitzmauriceStudent Member, IEEEANndrew KeaneMember, IEEEand Mark O’Malley,

Fellow,

Abstract—In the analysis of time series of blackouts a power
law dependency of blackout size with respect to fqeiency has
been observed. It has been hypothesized that thiglmaviour is the
result of the power system operating near criticapoints. Models
have been created in order to analyze this type dfehaviour in
power systems. In this paper the effect of consertree versus non-
conservative generation dispatch is studied usingne such model.
Conservative dispatches are ones that are performeid order to
minimize stress on the system and therefore attempb minimize
possible outages and blackouts. This dispatch isropared with a
non-conservative dispatch that attempts to maximizehe stress
and therefore increase the immediate risk of outage and
blackouts. It is found that the non-conservative dipatch although
attempting to maximize the immediate risk reduceshe frequency
of blackouts of all sizes over the conservative g¢liatch in the long
term.

Index Terms—power
reliability, risk analysis.

system modeling, power system

I. NOMENCLATURE
o - critical exponent of system
A - susceptance weighted adjacency matrix of the
transmission system, (Siemens)
¢ - slope of the power law distribution
C - total relative generation capacity of the syste
C: - threshold for the addition of new generation
0; - line upgrade factor
f. - power flow on a ling, (MW)
F - diagonal matrix of line capacity limits, (MW)
F, - power flow capacity limits of a line, (MW)
g - generation capacity at a node, (MW)
h - generation allocation constant
i - line index number
] - node index number
k - time index number
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K -

L -
base
P2 -

large constant

load demand at a node, (MW)

base load demand at a node, (MW)

relative loading stress on lime

- number of generation nodes

- matrix of quadratic coefficients for quadratic

programming

matrix of coefficients for global system stress

maximization

min - Matrix of coefficients for global system stress
minimization

P - vector of power injections/consumptions into the

system, (MW)

P - power injection/consumption at a node, (MW)

pc - power injection at a generation node, (MW)

p. - power consumed at a load node, (MW)

P(S)- probability of an event of siZ

0Jo - probability of random line failure

g - probability of stress induced line failure

ri - randomizing scalar factor

R - matrix of effective inductance between nodethe
transmission system, (Henry)

s - global system stress

S - blackout event size, (MW)

t - threshold of line stress for the onsetpf

M - load growth factor

Il. INTRODUCTION

ELIABILITY assessment is of vital importance in the

secure operation of an electrical power system. gdad
of the system operator is to ensure that no blaskoacur
during a given time period. Despite these -effoltsad
shedding events do occasionally occur. In fact, pides
advances in technology and operational procedurdhe last
decades, the frequency of blackouts does not appeae
decreasing [1].

Recently, several analyses of blackout time seioesa

range of different systems has shown that frequency

distribution of blackouts follow a power law ded&y. This is
important as it suggests that the risk associati#d large
cascading failures may be comparable to that oflenmainor
blackouts. The power law behaviour as well as |oeign
correlations in the time series also suggeststtiebrigin of

the power law results from the system operatingr nea

criticality. In [3], the Manchester model was intigated and
critical points in the power system were obsended[2], a
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mechanism by which the power system may evolve rdsva
critical point was proposed. If these argumentscareect this
suggests that the electrical power system belamgsdass of
dynamical systems which exhibit Self-Organized iCality
(SOC) [4]. A SOC system is one that evolves dynaltyiavith
a critical point as an attractor. The system tltreekxhibits
properties that are similar to a thermodynamic esystt a
critical phase transition without the need for finaing of the
system parameters. A critical point of a systetésregion in
its phase space where the correlation length temdsfinity,
therefore the system exhibits scale
perturbations to the system can propagate acress/ttem for
any lengths and are not necessarily localized. Tbale
invariance of the system manifests itself in theesbation of
power law distributions to the size of cascadingrés within
the system. Another behavioural observation of Sg€ems
is long term time correlations in the time seriésascading
events.

As a result of the system being in such a class;kolut
mitigation efforts may produce unexpected resulésm
example of such behaviour is given in [5] wherevdts found
that increasing the reliability of components ire thystem
increased the risk of blackouts of all sizes in @A model
for the possible SOC behaviour of the electricahsmission

Page 2 of 10
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I1l. SELF-ORGANIZED CRITICALITY IN THE POWERSYSTEM

The electrical power transmission system is aneextty
complicated system with even relatively small systebeing
comprised of millions of components. The systero allves
dynamically as the impedances and ratings of variou
components are changed due to maintenance, repdir a
upgrades. The main objective of these changesteytstem is
the secure and economical supply of electrical pdwen the
source generators to the final consumer. This éeolwccurs
in the presence of an increasing demand for etettgower

invariance,. i&er large time scales. It has been proposed higevolution

of the power system drives the system towardstearistate
[2]. Near this critical state the time series addiouts for the
system show power law probability distributions &g term
time correlations. These characteristics have lobserved in
numerous electrical power systems [7].

An important feature of the power system beingriticality
is the observation of long-term memory in the tisagies of
blackouts. This suggests that a load shedding eaféetts the
system not just in the short term but also in theglterm.
Blackouts cannot be considered as a one off evehtraust be
looked at as contributing to future blackouts ameréfore the
future reliability of the system. While it has begypothesized
that long term correlations may be the result cdtiver effects

system [6]. OPA stands fdbak Ridge National Laboratory, [g] in [2] it is shown that these effects contirtoebe observed
Power Engineering Research Centre at the Universfty even after weather related events are excluded ftioen
Wisconsin and the University oRlaska which are the gnalysis. This suggests that the correlations lagerésult of

institutions that collaborated in devising the modie light of
these findings it may be prudent to investigatehtbleaviour of
other traditional mitigation methods to see whdedf they
have on the long term dynamics of the system.

In this paper, the effect of different generatioispdtch
policies in terms of short term risk to system siguis
investigated. The short term risk being defined the
probability of a blackout at the time of peak ladeimand for
that day. The method in which the generators aspatiched
affects the development of blackouts when they oacd as
they evolve. This in turn affects the engineeriegponse to
the blackout. In the case of cascading line ovedoand
failure, the dispatch of the generators affectsctvhines are
overloaded and thus deemed to be at risk of faimé to
some extent those that fail. The engineering respdao the
security threat that is observed from these compisneould
be to upgrade them so that such overloads do rooir e the
future, increasing the reliability of the systemheTresult of
this is that not only does the immediate generatimpatch
affect the immediate risk of blackout in the systetmalso
affects the future state and therefore the futelialility of the
system. In short, the basic premise is that onBeeurity
procedures influence the long term dynamics of plogver
system.

In Section Il a brief introduction of SOC in powsystems
is given. Section IV gives a description of the Omadel for
the complex behaviour of power systems. Sectiorivéggthe
results and a discussion for running various ddpablicies
within the model and in Section VI conclusions gireen.

internal dynamics of the power system themselvases&
internal dynamics include the operation of the eysby the
system operator and the extension and updatingysters
components by the system planner. The power sybeing
defined in a holistic manner.

Phase Space

Critical Point

Fig. 1. Representation of a power system phasespac

In Fig. 1 a representation of a power system’s @lsagace is
given. The critical point of the system is reprasdnby the
solid line ellipse. Within this ellipse the powststem behaves
chaotically with large cascading failures occurrfregquently.
Outside of the critical point the system behavesimore
ordered fashion with little to no interruptionsthme supply of
electricity. The trajectory of the power systenrépresented
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by the arrowed curve which is the operating staibdhe

system over the time scale of years. The systehoggnizes
into operations within a certain definable regiSnch a region
is represented by the ellipse A in the diagram. Tégion

within which the power system operates is deterchiby

network topology, the reliability of system compateand the
internal dynamics of the system described above.

Under the theory of SOC for power system operatios
region, A, of the phase space that the system tgsewdthin is
close to the critical point of the system. The m@daibity density
function (PDF) of blackout events of the systemrapeg in a
region of the phase space near the critical psittien defined
by a power law function such as,

P(S)=cS™ @)
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Therefore while the use of DC Load Flow analysiy mat be
adequate for some types of studies of power syftéprit is a
valid approximation for use in complex system modgl
Despite the model’'s simplicity it produces very qbex
behaviour which replicates that of real world alieei power
systems. The model also lends itself to analySiganious
blackout mitigation strategies in the complex gsyse
paradigm as has been done in previous work [5,4]2Tlhe
distinction between this work and that of [14] @Gsexplicitly
show the short term risk of the two dispatch palick also
shows a divergence of the Linear Programming (LiR) the
risk aversive dispatch for differing conditions. Anitial
investigation of the effect of generation site edlton and
sensitivity to the factors are also explored.

whereSis the size of the event,is a constaniy is the critical A. Modeling of Cascading Failures

exponent andP(S)is the probability of the event. The constant The model replicates cascading events by a loading

¢ and exponent are uniquely defined for the region of thejependent failure probability of the lines in thestem. The

phase space that the system is operating withiay Bine also ines here are not just modeling the transmissioasl that

the primary measures of the reliability of the posgstem. connect buses but all other components in seriéis thibse
Changes in the internal dynamics of the systemct@mge |lines such as transformers. The stré4spf a line is given by,

the region within which the system operates andefbee
change the reliability of the system. For examplehange in
dispatch policy may result in the operation of sggtem in the
region represented by the area enclosed by tipselB in Fig.
1. The long term efficacy of the change in incregskeliability
can only be determined from analysis of this negia® of
operation. It cannot be determined by short terralysical
procedures.

In this paper an example of a policy that produskesrt
term benefit in risk reduction over another riskitig policy is
given and their regions of long term operation@mmpared.

IV. THE OPAMODEL

The OPA model was developed in order to replicage t

long term dynamics of the electrical power systerject to
cascading failures and responses to those evehtsTf@
model is based on the DC load flow approximatioris
electrical power systems. It does not lend itselfdetailed
examination of blackouts or in depth modeling o #ystem
components. The intent of the model to replicageldmg term
dynamics, in terms of years and decades of themsysas it
evolves in response to load shedding events ardi doawth
and therefore such detail may not be essential hzset

dynamics. The DC load flow assumptions and compion

simplifications are justified under the principlen iISOC
modeling, expressed in [4], that the model accusdmuld be

based on the minimum needed to replicate the l@mm t

dynamics of the real world system. Long term belafined in
terms of years. The high performance of the model
replicating empirically derived reliability statis$ is shown in
[9]. A more detailed model using AC load flow wasvdloped
in [10] however the statistics of the blackout tiseries were
observed to be the similar to the DC model, thiggssts that

the accuracy of the AC model, in terms of compone

interactions, is extraneous to the SOC dynamidhetystem.

M, =—- (2)

wheref; is the flow in the line and; is the capacity limits of
the line. The capacity limits of the lines are mledeas
absolute with no line being allowed above its lirffita line is
at its limit and more power is required to flowahgh it in
order to meet demand then that extra load demasited. For
each line there is a probability of failure that &
monotonically increasing function of the line sies$n this
work, as with most other work on the OPA model,s thi
function is taken to be zero below a threshold eati and
assigned a probability; for lines when,

L >t (3)

for all linest; being equivalent. The threshold value may be
Befined as the onset of the emergency operatinditboms of
the transmission line components. Cascading eveotsir
when a tripped line redistributes its flow to othimes,
including any changes in the flows due to the igatish of
generators, increasing their flows to that abowettireshold.
The method by which a line is taken out of the esystis
described in [14]. The lines now above their thoddé have a

en

probability of failure which may continue the cadicey event.
The cascade stops after the last line is tripped.

The result of such cascading events is a weakenfirige
transmission system’s ability to transmit power nirahe
generators to the loads. If the system is weaksnéttiently
load shedding occurs. The model does not replickaiekouts
that occur due to failures or forced outage of gatoes or
equipment failures due to hidden failures as in thedel
developed in [15]. Similarly the model does not lide
c?ntingencies association with generation failuhesvever
fese types of contingencies can easily be incatpdrinto the
model.
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B. Modeling of Generation Dispatch

In most studies involving the OPA model the genenais
dispatched using a linear programming (LP) algaritihe
objective of the algorithm is to minimize the oljee

function,
Y ps+KY b (4)

4

for the minimization case and as,

o) =—% RA'F AR ®)

max

for the maximization case. R is the matrix of efffex
inductances between the nodes of the transmisg&ians and
the matrix A is the susceptance weighted incideatrimof the

wherepe andp, are power injections into the system from thg}nes on the nodes. The resistances in the linesansidered

generator and load nodes respectively with the lsgimg over
all the nodes of that type. In this model the laad generator
nodes are considered to be distinct and therefoteus is both
a producer and a consumer of power simultaneotibly.load
consumed at a node is modeled as a negative wjeatithat
node and therefore always has a negative value cbhstant
K is an arbitrarily large number that ensures thas ivery
costly to shed load and therefore load shedding onturs
when necessary. Here this type of dispatch is ¢dhe LP
dispatch.

The objective function can be extended and the lpnob

changed to one of quadratic programming such that t

objective function is given as,

PTOp+Y ps+K> p, (5)

where Pis the vector of power injections into the system.

This gives more control over how the generatiodispatched

negligible as per the DC load flow assumptions [17]

When maximizing stress, the problem becomes caneaad
therefore occasionally no solution may be found an
reasonable amount of time. If this occurs, the Idpatch as in
(4) is used. It was also noted that in cases inrghhigh
congestion in the system that the three distinggaives give
approximately the same result. Therefore for latgecades
the quadratic program will tend towards producingoution
that matches the LP dispatch.

The constraints to the objective function are tmsual
system constraints of a power system. They arengige

ZDG—FZDL:O (9)

l;<p,<0 VjeL (10
g;=2p; =0 vVieG (@)
f|<=F (12)
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in the system. It was used in [16] in order to i optimal Equation (9) is the power balance constraint whepresents
power flow when the costs of the generators arerglw non- the requirement that the sum of injections into siystem is
homogenous quadratic cost curves and the matrixs @ iequal to those out of the system; there are ncstmesion

diagonal matrix of the cost curve coefficients.

In this work the quadratic programming method ieduso
dispatch the system in terms of security rathern tle
minimum economic cost. The matrix O is derived friha DC
load flow equations. Two opposing security basespatiches
are considered. First we define the global stréskeosystem,
s, as the sum of the squares of the individual dimess,

SZZMiZ (6)

Under this model a system with a higlsaralue is more likely
to have lines above their threshold value and thsran
increased likelihood of a line failure. Such a systis
therefore less secure than a system with a lswalue.

In the case of immediate risk of cascading blackoat the
time of dispatch, it would seem to be prudent terapt to
minimize global stress in order to minimize immeeliglobal
risk. In this paper, this type of dispatch is cdesed to be of a
conservative risk aversive type. A second posdiidpatch in
terms of the global system stress, that may bepeed, is the
case of maximizing global stress in the system.sTisi
considered to be a non-conservative risky dispaktie. non-
conservative dispatch has the benefit of maximitheguse of
the capital investment into the transmission system

The values of are determined as a quadratic expression

the power injections into the nodes of the systenj13], the
equations for the matrix, for (4) were derived as,

0, —~RATF?AR (7)

min — A

losses due to the use of the DC load flow approttana
Equation (10) stipulates that any load shedding tnhes
positive and that the load served is not greaten tihe load
demanded, wherk is the load demanded at nodeEquation
(11) ensures that generation is positive and thatiot greater
than the capacity at that node which is giveg;aginally (12)
constrains the magnitude of the flow in a line teadue less
than the capacity limits. The flows in the linek, are
calculated using the formula,

e 1
F=—5ARD a3

The chosen dispatch policy is run in all iteratidhat are
required during the simulation. This includes rpdishing
after a contingency. The purpose of the dispatclicipe
investigated here are not to represent real wopédrations
exactly but to show how a potential policy of apdiccher may
cause the opposite outcome than intended whemfhence
of the behaviour of the dispatcher on the plangsdaken into
consideration.

C. Fast Dynamics of the Model

The model can be divided into two time scales, fthst
described here is the fast dynamics. The fast digzam
rePresent the time scales of one day around the difitpeak
gemand of a power system. This is the time thasyistem is
closer to its critical points and therefore moreora to
cascading failures [1]. At the start of each daypkak load, at
each node, is determined. This is done by muliiglya base
demand by a random numbresuch that,



Page 5 of 10

©CoO~NOUTA,WNPE

_ base
I, =r,l,

P = (14)

This randomization of the peak load produces, ahewde,
small changes in the flows in the lines, which niagtigate a
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random. If the generation at this site plus theegation to be
added is less than the sum of the line capacitystcaints
attached to the node than the new generation isdadél on
the other hand the sum of the line capacitieswsitahan the

cascading failure while keeping the total load dedhatotal proposed capacity for the site no generasamdded and

relatively constant. The changes themselves aldtecte
uncertainties inherent in the daily peak load deinatue to
weather changes and other effects, of power sysétisalso
give a variation in the type of cascading evenas thay occur.
The generators are then dispatched as describ&kdtion
IV.B.

A second triggering event is also incorporatechi nodel.
In this case lines are given a small probabilityfaifure, qo,
due to some random event such as fire or lightsimies.
Any of these failures may result in a cascadingcess as
described earlier. It is not necessary that a césgaevent
occurs during an iteration.

After any cascade is completed and a load shedslegt
occurs the system is upgraded in response to WaisteThe
upgrades occur to lines that were overloaded arefbrout
during the cascading event. An overloaded lineefindd as
one that was above its threshold at any time duting
cascade. This type of response is considered éoresponsive
rather that a preventative approach [5]. The upggadre
implemented by increasing the capacity limit of time by a

constant,
Fik+l =0, Fik (15)
where Fik is defined as the capacity limit of lineat timek

and 8i is the line upgrade factor which is greater than 1.

Occasionally the generator capacities are alse@#ased. In
response to increased load growth the relative aigp&, of
the system is decreased, it being defined as,

_29-2P
C= S, (26)

When the relative capacity is below a certain tho&s C,,

new generation is added to the system. In thiepapree
distinct methods for generation allocation are ubedvever in
all cases the amount added to a particular locasiohe same

and is given by,
. h
o' =i +(2]Tp a7

where g'; is the generation capacity at ngdat timek. h is a

constant andn is the number of generation sites. Ne

generation is continually added to different sitadil the
relative capacity is once again above the threshaldile it
may seem strange that the build time for new geioeranay
appear to be one day it has been observed, in tf@i
including a build time is equivalent to a change tire
magnitude of the constaht Therefore the constahtmay be
interpreted as the build time.

Unless otherwise stated the method for choosing
generation sites to add the new capacity as siat§g] was
used. This is performed by choosing a generatidve at

another site is selected randomly. In a recenepHB] a new
economic based approach for the selection of géorrsites
was proposed, this type of selection was not censitlin this
work.

As well as their physical interpretation as congtiom and
generation points the loads and generators may héso
interpreted as connection to other balancing areas.

Start of day

v

Randomly out
lines with
probability, q0

'

Fluctuate base
load randomly

v

Dispatch the
» system with
possible load shed

I

Check for
overloaded lines

'

Out overloaded
lines with
probability, q1

NO

Select a
generation site
and increase
generation
capacity

Generation margin
below threshold?

NO
Reduce line and
generator
Capacities (or
increase L=load

Any load
shed?
demand)

Record amount of
load shed and

update overloaded
lines

Fig. 2. Flowchart of the OPA model.

D. Slow Dynamics of the Model

The slow dynamics of the model involve the continua
exponential increase in load demand. In the OPAeahacak
described in [6], this is implemented by multiplyithe load at

vgach node by a number greater than 1. This is diyen

k+1 k ;
=l el (18)
where pis a load growth factor. The exponential increiase

the load demand causes the load to rise to vegg laumbers
in the course of the simulation. In the implementatbf the
model using Matlab [19] this was found to causdialifty in

finding solutions in a reasonable time with theeéin and
ﬂuadratic programming algorithms when the magnitofdthe
t - )

numbers became excessive. To prevent their usedotm:
increase was instead modeled, for the results showthis
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paper, as a decrease in the line and generatocitepaThis the system planner and the effect on the long tefiability of
is given by the equations, the power system.

a_9
9" = 7’ (9) ,
and 3} ]
K
Fi k+1 — F_| (20) -4 . 1
M 5 © . 4

This implementation does not have much effect enctianges
in the stress of the lines and on the relative gaima capacity
and therefore should not affect the dynamics of riael.

This formulation of the OPA model is novel and neyuseful

Probability of Event
~

in future studies. A flowchart for the model algbm is given ol ]
in Fig. 2.
-10F C i
V. RESULTS& DISCUSSION -1t . i
o o @D
The IEEE 118 bus test system was employed to best t A2

impact of the various dispatching methods. The esgst Size of Event (Amount of Load Shed)

comprises of 179 individual lines with various irdpaces and rig, 3. pProbability distribution of load sheddingeets. Circles are for the

contained 54 generator nodes [20].

In the case of dispatches which require load tsHes, the
load shedding at each node was taken to be thduped by
the LP dispatch. This was done to isolate changéshaviour
that result from generation dispatch and so astamdanclude
reductions or increases in the global stress tloadvoccur if
the load shedding was optimized.

The values of the variables were set as followsesml
otherwise stated. The line failure probabilitiesreveset to

maximization case and the dots are for the minimgiziase.

B. Blackout Statistics

To determine the long term reliability of the systéor the
differing policies the planner response is incogped into the
full OPA model. The system evolves initially thrdugome
transient phase towards the critical points ofdhstem. Near
the critical points the system reaches a dynanaqallibrium

0.001 and 0.1 fog, andg; respectively. The threshold for theWhere the statistics, such as the frequency digiabs of

onset ofgy, t, was taken as 0.% was given a value of i(r,- is
evenly distributed between [1.2, 1/1.2] for all tload nodes

andh was taken as 0.04. The line upgrade factyr, for the

results shown was set at 1.007 which for the maingistress
dispatch gives an average period of 13 days betbiekouts
which is close to observed timings [2]. The loadwgh factor,
M, was set at 1.00005, this increase gives a ydadg

demand increase of approximately 1.8% which mirries

load growth in the North American power system [Bhe

threshold for the addition of new generati@j, was taken as
1.3.

A. Short Term Blackout Risk Assessment

The comparative short term risk in terms of dispatan be
determined from running the OPA model with a nooteing
transmission grid and a fixed load. The capacityitt of the
transmission system are fixed for the day in qoestind the
simulation is run multiple times to determine thielability of
blackouts of various sizes. This open loop form teerefore
inform the dispatcher on which dispatch policy & tmost
prudent for use in that day.

The probabilities of blackout events for one daypabk
load are shown in Fig. 3. It is clear that the dish which
maximizes the system stress gives a much largér ofs
cascading failures occurring in the system and tihest
preferred policy for that day would be to dispatbh system
in terms of minimizing the global stress. Howevds tanalysis
does not consider the effect of the policy on tebaaviour of

events, remain constant. The dynamical equilibrisitiefined
as the selection of a region within the phase speitiein
which the continued evolution is confined as disedsin
Section lll. It is from this point onwards that thtistics of
the system are examined. The dynamical steady ssate
observed when the average line stress over themyistseen
to oscillate around a steady mean value as shoWwigir.

0.7

0.651 B

Average Line Stress

0.35 | I I I | | | |
0 1 2 3 4 5 6 7 8 9

Time x 10

Fig. 4. Average line stress over the system ametibn of time.

The expectation would be that the maximizing dispat
would increase the frequency of line outage evant$ thus
make the power system more prone to load sheddiegte
The absolute frequency distributions of the maxingzcase
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1 and the minimizing case are given in Fig. 5. They glotted blackouts increases dramatically in the maximizatiase to
2 on a logglog;o scale. As expected the frequency of line outad8.37 days from 8.25 days in the minimization case.
3 events increase for events with approximately 1Qdforced In terms of the primary operating goal of a reduttof
4 line outages. For larger line outage events themgthods are blackout risk, the strategy of maximizing immediatackout
S approximately the same. This increase may be cerexida risk causes the system to evolve into a more telignd
6 reduction in the reliability of the system due tomponent preferred state. This may seem counterintuitivéé sisites that
4 failure. continuous risky behaviour on the part of the dispar
8 actually decreases the overall risk to the sysf@mnnderstand
9 4 how this can come about the changes to the upgradin
10 15! | response that occurs between the two dispatch oietinust
11 K be considered.
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9 or less components. However there is an incr@agbe
number of events, in the maximization case, forneyve
consisting of more than 9 lines. This increasénertumber of
components estimated to be involved in the blackestlts in
a greater increase in the number of capacity liofitines that
are upgraded. In the minimization case the avenageber of
upgrades per blackout is 8.32 lines while in theximi&ation
case this number is almost doubled to 16.48 lifais results
in greater robustness of the system to failure tmadefore
negates the influence of increased risk in theufailof a
component for the immediately risky generator dispaThe
increase in the average number of line upgradedlpekout
can be clearly seen in Fig. 8. Here blackouts Heeen binned
by size and the average number of upgrades pes hiaken.
As is seen in Fig. 8 the average number of lineaghes of any
size of blackout is greater in the maximizationecahese
increases also show that the maximizing dispatdieypbas an
increase in cost of upgrades over that of the nining
dispatch. Therefore, the increase in robustnesa sedhe
maximizing case comes at a greater cost of invegtme the
system.

The above results were tested for sensitivity ®oupgrade

factor, O; . It was found that there were no qualitative clesng

in the relative behaviour of the model under théfedent
dispatch methods. These are given in Fig. 9.
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Fig. 9. Frequency distribution of load sheddingreas. The squares and plus

signs are maximization and minimization case fograge factor of 1.05
respectively. The circles and dots are maximizasiod minimization case for
upgrade factor of 1.007 respectively. The diamomasl asterisks are
maximization and minimization case for upgrade dactf 1.0005
respectively.

C. Line Stress

While the generation dispatch in one case trienagimizes
the global stress of the system this attempt isosp@ by the
upgrade process. In Section VI.B. it was shown et
maximizing dispatch causes an increase in reltgbdf the
system in terms of frequency of load shedding evanid in
terms of robustness to line failures. This resah be further
understood by examining the steady state averageslress
distributions over time. When the model entersgditaamical
steady state the distribution of average line segdecome

8

robust [21]. Therefore they can provide valuablerimation
about the system. In [21]
distributions were the result of network topologynda
generation and load locations. These distributwars also be
affected by the generation dispatch method.

The differences between the distributions of litress can
be clearly seen in Fig. 10. For line stress lewd|sof 0.4 and
above the minimization case has a higher numbelinef
which are over that level than the maximizationecabhese
heavier loaded lines are more likely to suffer artage if a
line is tripped and therefore the minimization céseds the
system to a state that is more susceptible to dasgéailure.
This property of being more prone to cascadingifailis also
observed in the average stress over time. The geef@ue of
the global system stress, in the maximizing case is 47.41
compared to the minimizing case with a value of454.In
effect, the maximizing dispatch gives the paradaixiesult of
reducing the global stress of the system when dhg term
evolution and responsive upgrades of the systertakes into
consideration.

180; T

160¢

= 0
f =
£ 140f .
o)
8 1200 . 5
(O] .
w L]
[%]
$ 100}
s o
s 80f
[%2]
2
5 6ot o .
5
[}
400
= 0
=1
=2

20+

0 L L L L L L (5 @
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X (Line Stress)

Fig. 10. Number of lines with stress greater théan Circles are the
maximization case and the dots are the minimizasgec

D. Comparison with LP Dispatch

Observations of the LP dispatch in comparison éoahove
dispatches showed no significant statistical déffere between

such a dispatch and the minimizing case. However th

simulations were repeated for a failure probability of 0.2

and some divergence in behaviour between the LP and

minimizing dispatch was observed.

The frequency distributions for the two cases awvergin
Fig. 11. In it we observe that the LP dispatch gi@eeduction
in the frequency blackouts of most blackout siz&kis
reduction shows that overall the LP dispatch isen@liable
than the minimizing dispatch. However the maxinigzin
dispatch is still an
comparison to the LP dispatch, as seen in FigOl2rall the
average number of days between blackouts for
maximizing, LP, and minimizing dispatches were 83B1.25
and 8.74 respectively and the total amount of thetibnal
load sheds during the period of observation wer8.42
169.25 and 201.08 respectively.
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it was proposed that ehes

improvement on both methods in
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Fig. 11. Frequency distribution of load sheddingres forq;=0.2. The load
shed is given as a percentage of load demand. &roae the linear
programming case and the circles are the minimizase.
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It is worth noting that for the three dispatchingthods the
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consideration the effect on the stress of the sy#tat the new
generation will produce. To attempt to optimize ¢femeration
profile in the system in terms of stress, a profikes generated
by finding the dispatch that minimized or maximizbd stress
when each site had a generation capacity equbéttotal load
demanded. This would give an optimal solution mmie of the
current line capacities. This optimal generatioofifg was
then compared to the current profile and generatias added
to the site where the difference between the cupeofile and
the proposed profile was minimized. It was found@oth the
maximization and minimization cases that this had n
significant effect on the frequency distribution thfe load
shedding events. This suggests that the metho#eotisoice
for new generation may have little or no effect tire
gualitative nature of the results described above.

F. Further Discussion

The model can be divided into two distinct processe
controlled by two distinct actors; the planning ggss and the
dispatch process. In [13] it was proposed that upgrade
process be considered as a feedback mechanisim¢hedses
the reliability of the power system. The plannepiisposed to
determine the capacity of the network from inforimratabout
the last blackout of the system. The capacityhef tetwork
being defined as the ability of the system to tnaihgpower
from the generators to the load in normal and intiogency
operating conditions. If a small blackout or nodilaut occurs
in the system then it is deemed reliable by thamsa and little
to no improvements in the line capacities are immglisted.
Conversely, large cascading failures are the rexudt highly
stressed system and one that is considered tolitderespare
capacity. In [13] it is also suggested that thalfeek control
operation of the power system supports the usesohplified
incorporation of the increase in reliability in t&&A model.

In this work the notion of the upgrading process aas
feedback mechanism is kept and the effect of differ
redispatch policies on this mechanism have beeroedg
The feedback mechanism acts not only in responstheo
capacity of system but to the stress observed arsitnission
components in the system. While capacity is an e

critical exponentg, in the power law region of the frequencyeature of the system and does play a major parthén
distribution as measured by load shedding remaisecurity, grid utilization fills an important rotes well. If we
approximately the same. This observation shows that consider a power system with some arbitrary loadaie, in
differences in dispatching policy do not affect tmmparative most cases, the choice of generation to meet éngdd has a
risk of small blackouts to large blackouts as heerbobserved number of possible solutions that lead to diffeesnin the

in the use of other mitigation policies in this rebdThe
exponent changes occur for differences inghealues so that
the distribution is rotated. Smaller blackouts beeoless

load flows in the lines that are needed to serwe ltad.
Dispatching the generation in one manner may leddigher
stress on the components of the system while dipaf in

likely for smaller values ofy, while there is a concurrentanother manner may lead to a lower stress glolmilythe

increase in large blackouts as observed in [12}wéd@r no
measurable difference in the exponent exists ferdifferent
dispatches whenq; is held constant. In the case@f0.1 the
exponent was measured as approximately 2.0 and,f@.2
the exponent was measured as approximately 1.8.

E. Effect of Methods of Site Choice

In the above results the method for choosing sites
generation allocation was performed as describe8eiction
[lI.C. However this type of allocation does not d@aknto

components. While in both cases the capacity ofpiheer
system is the same, the stress of the componedtthaa the
input into the feedback process is different. Thanper does
not receive any direct input from the dispatcher, it does not
know if a risk taking dispatch was implemented &émerefore
that some upgrades are not necessary if viewed filwan
position of a low stressing risk aversive dispatch.
The relative simplicity of the OPA model may cause

difficulty in a translation to more secure procealwperations
in real world power systems. However, they do sagdeat
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caution should be taken in the implementation ofy aifv]
procedural changes suggested as a result of a doiack
Blackout mitigation assessment should not just isbnsf 8]
determining how the previous event could have lprewented
but also how the new measures will affect the ei@huof the
system in the future. As an example, in the casehef
maximization policy, if the planner responded tfoimation
about the risk associated with the method of depathey
would on review of a cascading blackout correctiyilzute [10]
most of the failure to that of a risky dispatch ippl The
planner then may suggest that as an extra secue#ygure that [11]
the minimizing policy be initiated. This would haveduced

the risk associated with the last blackout andritie of some
further blackouts in the short term. However thetem will [12]
then evolve dynamically in response to this newsues after
some transient, to a new attractor which is asgetiwith the [13)
minimizing dispatch. This dynamical point, as sedove is,
less robust to cascading failure than the prevpomist.

The inclusion of constraints on the number of ueslat
allowed after a given event may be included inriael. If
such an economic criterion was imposed, the systeold
organize itself into a different dynamical equilibon with
differing frequency distributions of blackouts. Theew
distributions could then be compared to the ideaks which
are represented in this work to determine if they ia fact
economically viable or beneficial. Such type of Igsia is [16]
beyond the scope of this paper.

(9]

[14]

[15]

[17]
VI. CONCLUSION
It has been shown that the process involved immgti@g to [18]
minimize short term risk of blackouts in the OPAdaband
possibly power systems themselves is counteradtivéhe

process that increases the system’s robustnesailtwef In [;g]
minimizing risk of component failure the system sloeot E21}

produce as many signals to the planner about patehteats
to security of supply. These result in underinvesitinto the
transmission system compared to an approach thatmazas
the risk of component failure. This continual urideestment
in the system leads to an increase in blackoutseiong term.
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