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Abstract: This article proposes aiew method to increase a
power system's security margiand/or support its lowoltage
buses by re-dispatching generator outputs, using a noretabr
found at avoltage collapse boundary orl@wv voltage boundary

(LVB). This method uses the normal vector as an indicator t

change the generation direction so thmbre power can be
transferred before reaching a boundary of a critical lsnith as
the voltage collapse boundary or theB, etc. The method has

consumer demand. Although load-sheddings and price
incentivescan be used aways to adjust thdoad pattern,
theseare not generallyrecommendedaxcept under extreme
conditions such as at pe#dad or undercontingencies. On
the otherhand, a generation pattern has midexibility in
terms of supplying power. It is easier to control thanldad
pattern by theutility companies or amndependensystem

been tested in simulation on several systems and shown predict@@erator (ISO).

results. It can be applied to many practical powgstems to
enhance the system's securéydreliability, so as to increase
the system's transfecapability. It also provides technical

guidance for open acces$ransmission in aderegulated
environment, when bidding resultsare shown asgeneration

directions (patterns).
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I. INTRODUCTION

Power system stability problemare caused bymany
factors. The generation pattemnd load pattern, which
represent generatioand load at everybus, are among the
leading factors. A poorly scheduled generatiorioad pattern
can reduce asystem's ability totransfer power while
maintaining its securitgndreliability. Intensive studies on
the economidispatchproblem assume that the system ca
maintain its security and reliability. The optinadwer flow
(OPF) programdoes consideboth economicdispatch and
stability, but it requires heavy computations. Withopen
accesstransmission in the futureleregulatedenvironment,
poorly scheduledyeneration patternand load patternsfrom
competitive bidding, will be seen more and more often. The
patterns might cause many stability problems.

Between the powesystemgeneration patterandthe load
pattern, the generation patterneasier tocontrol. Theload
pattern is relatively uncontrollable due to the uncontrollable

Another reason for considerirthe generation pattern is
that thegeneration pattern can causwre problems if not
controlled properly.

Normally there are more load buses tly@meratobuses in a
common power system and these load busesare usually
highly mesh(network) connectedlhey are more stable (in
terms of voltage stability) thascattered generatdsuses.
Industrial experiences havehown that even a remote
enerator shutdown can cause severe voltage instability.
A good generation direction (or pattern) should be
maintained tosupply the maximurnpower possible to the
load before reachinthe boundary of asystem limit. The
boundary ofthe limit can be avoltage collapseboundary
(also called the Point of Collapse (PoC) boundary [2]), a low
voltage boundary (LVB), or a thermal limit boundary, etc. To
form a good generation directiorsometimes agenerator
needs to reduce its poweutput so that othegenerators can
transfermore power tathe load. That is whytilities under
nheavy peak loagbrefer local generation tobuying cheaper
power fromfar-awaygenerators, when system reliability and
stability are critical. In the power industry, economy is
always second to reliability. However, when logaheration
is insufficient, remote generation &till necessary. In a
competitive utility market, buyingpower from far-away
s%]eneratorswill be very common. Themethod proposed in
is paper gives guidance to the cooperation among

g

t
generators (power companies) drow to form a good
generation direction to avoid technical difficulties
transmission.

Much work has beedone in a load space toontrol the
load direction[1,2] to avoid the systemlimits, while few
work has beerdone inthe generation space. Theethods
developed inthe load spacemight not bevery useful for a
generation space. Theninimum distance to the PoC
boundary in a load PQ space can be determined byétieod
proposed in Dobsonjsaper[3,4]. In addition,the minimum
distance to thé?oC boundary inthe generatiorspace can be
obtained in asimilar way. However, thedistance to the

in



boundary of a limit is not the same as the total generation dn balancehe systenpowerloss. The slack bus is usually
the boundary of the limit. The above method carfimot the  also chosen as the voltage angdéerencebus with azero
generation direction forthe maximum possible total phase angle?Q buses are load buses with knopower and
generation bysimply changing the sign of thebjective  reactive power injections. The power flow equation solves for
function. The minimum distance to the boundary of a limit a state variable vector to match all in-1) generator bus
is in theL, norm form (such as(, = \Z x2) in the load active powemutputs(excep_tslack bus), all f-m) load bus
active power andn¢m) reactive power outputs.

The state variable includesall (n-1) bus voltageangles
exceptthe referenceangle) and all (n-m) load bus voltage
magnitudes. It has the form of

PQ space as in most of the papers [3,4]. It mightydml to
use thel, norm form for security reasons, for instance in the
case of finding theninimum distance tothe PoCboundary. (
However, in a generation spacike maximum total T
generation on th&oundary of dimit is expressedetter in X :[|_ , 6, L, |\/S| L ] . xQORemt

the L; norm form (such anEZ\Xi ), since the amount of (2)

wherer is for all (1-1) buses (except the angleferencebus),
sis for all (h-m) load buses. The power flow Jacobgnis a
(2n-m-2)x(2n-m-1) matrix.

power generation and its price are alwagkulated inthe L,
norm forms.

The method irthis paper dealsvith the generation space.
It finds the generationdirection that maximizes the total
generation on the boundary ofimit. A new gradientsearch B. Modlfied power flow equation and Jacobian
algorithm is proposed to find this generation direction using & When the systemload is increasecalong an assumed
normal vectorfound atthe boundary ofthe limit. The paper  direction, the amount ofienerator active powesutputs to
is organized adollowing: Section Ildiscusses the normal palancethe load increase needs to balculated. To ddhis,
vector on theboundary surfaceSection lll introduces the |etK,_ andK,, denote the direction vectors of the system load
search algorithm to maximize generation capability. active powerand reactive power increasé.et Koo be the
Simulation results are also presented. Section IV Summarizgﬁ'ection unit vector of thegenerator active power increase.
the method, its applications and future work. Kp_andKp¢ are all unitvectors in thel, norm forms.Then
the bus complexpower injection S under the generation
increase can be expressed as

S:S)+KPGxg_(KPL+jKQL)XI (3)

whereS, is the base casé,is a scalathat represents the
amount ofload increasendg is a scalar forcorresponding
generatomoutputs. Theabove equatiomloesnot describe the
F=VI'-S=V(YV) -S=0 (1) generator reactive powesutput pattern since itwill be

determined aftethe power flow equation is solved. Now

1. THE NORMAL VECTOR AT THE
BOUNDARY

A. Traditional power flow equation and Jacobian

The traditional power flow equatiof=0 can bewritten in
a complex number form as:

h
where " assumay is a system parameter andiigreasedrom zero to
@0 B0 (RO RO a predeterminedlalue. To balancethe modified power flow
Z‘ei"zg O BDZD ) ZD equationF=0, we need tcsolve for the state variablesand
V= S=UL= Dol U the slackvariablel for the parameteg. Hereall generators'
O wm O OMI OMJ "OMO . -
%/ i, O % 0 HD 0 Eg 0 active pOWGI’. . .
n‘e g 0 n U outputs are fixed bk xg, and all load increase is along the

direction of Kp +jKg). This modified powerflow equation
solves for the stateariabley to match allm generator bus
active power outputs, alh{m) load bus activepowerand (-
m) reactive power outputs. The state variaplbas theform
of

Heren is the number of total system buseéss the complex
vector of bus voltage including magnitudssd angles,l=YV
is the complex bus injectionurrentvector, Y is an nxn
system complexadmittancematrix, S is the buscomplex
power injection vector, j=+-1 is the imaginary unit
number,P andQ are the bus real and reactive power injection y:[l, L, 6, L, M
vectors respectively.

Then system buseare groupednto m PV busesand (n-
m) PQ buses. Generall RV busesare generatobuses with
known bus voltagenagnitudesand generator activgpower
outputs, except onBV bus (usually bus 1), which ishosen
as the slackgeneratorbus. The slack bus has known
voltage magnitude and its active poveartput is slack so as

! L,]T:[I, xT]T, yOR"™(4)

wherer is for all (0-1) buses (except the angleferencebus),
s is for all (h-m) load buses. Themodified power flow
JacobiarF, is a @n-m x(2n-m) matrix.

It can beeasily shown that the traditionglower flow
equation isonly a specialkcase ofthe modified power flow
equation wherthe generatiordirection is onthe previous
slack generator arglis used as the slack variable insteatl of



The advantage of thmodified powerflow equation isthat it is at its PoCboundary ornot. Consideringthis kind of

will keep the generator direction and the load directiopras  situation, the LVBcan bedefined. Asystem isloaded to its
specifiedwhile increasing the generaticend the load till LVB when any one of its buses reaches its preset low voltage
reaching the PoC boundary. Unlike the traditional power flowimit, under a pre-specifiegenerator directiorand a load
equation, allgeneratolbusesand load busesare included in direction. At anypoint on thehypersurface ofthe LVB

the modified powerflow equation. Thenodified power flow formed byscanning all possiblgeneration directions in the
equation contains information of the generatitirection and generation space, there is a bus whose voltage is pitegst

the load direction. It is also convenient for calculating the low voltage limit.

normal vector in dull generation spacsince there is no Taking this constraint int@onsideration, theower flow
singled-out slack generator bus, as to be discussed later.  equation satisfying the LVB conditions can be written as:

C. The normal vector to the PoC boundary surface F(2=0 (8)
in a generation space

To study the maximum possible totgkneration of a
system, or a system's maximum transfer capabiitghould
be chosen as the parameter. Similar to what has dmenin  Herer is for all (1-1) buses (except the angle referebes), q

load spacg3,4], it can beshown that ag increases to its s for all (1-m-]) load buses (the voltage magnitude of the
maximum g., a saddle nodeifurcation occurs. Atthis  |oadbus at its low voltagéimit is known hereand is not

where

z=[l, g L, 6 L, N L], zor  (9)

maximum point ¥.,g. ), we have part of the unknown state variables). Tipewer flow
F(y..9)=0 JacobiarF, is a n-m) x(2n-m) matrix.
Fy\* has reduced rank of (2n-m-1) (5) Similar to themethodthat hasbeenused inthe optimal
,:y‘* has a single zero eigenval ue economic dispatcb], consideringthe variable g, the total
wF\ £0 slack power generation, as the cost function or the constraint
or function, then the normalector to thehypersurface of the
WF,|.(u,0)#0 LVB can be calculated as
whgreg) and v are nonzero left and right eigenvectors u=99 dg _ dg xF, UOR" (10)
satlsfymgwp‘ =0 andp‘ U=0. dP, =
Assuming the load directiofg, +jK o) is pre-specified, in  where 49 js the second row of * and F,, can be obtained in
a generation spac&herethe axesare individual generator drF

outputs Pg, a PoC boundary forms a point for each the same way as, in (6).

generation directioiK,5. WhenK,s scans oveamll possible

directions, a hypersurface is formed by gwnts. Thepower I1l. THE GRADIENT SEARCH METHOD
flow equation will have no solution outside the hypersurface.

On the hypersurface, we have A The search algorithm

Now let's consider how to chanlfg; to increasdhe total

Fy‘* dy + FPG ‘ dR; =0, R OR (6) generationg before reaching a boundaryhe optimization
or problem turns out:
WF,| dy+wF,| dP, =0, P, OR" (7) Max:jgx Ky,
_ _ SUbJeCttO:‘KPG‘lEZer:]- (11)
Smcewpy‘k =0, We have, Fo ‘ dP, =0 which means that the PoC boundary condition
vector, u:(wpp‘ )",u0R™ Is the normal vector to anyPs (or LVB condition)
lying on the hypersurface. To solve the problem, consider the following property in a

D. The normal vector to the LVB surface in a space. .For a continuous and smob$ipersurface in anulti-
i dimensional hyperspade.g. the Pothoundary hypersurface
generation space or the LVB hypersurface in then dimensionPg hyperspace)

Practically, a power system might not be loaded to its Pogt the local maximum of the, norm q G‘ ‘ = Z G‘
boundary. Before reachingthe PoC boundary, some bus max

voltages might be so low that the voltage-sensitiveuit PG‘max
breakerswill separatethe buses from the rest gfower the normal vector to the hypersurface has the form:
system,eventhis maycausecascadesircuit breakeractions. _ _ 1 T m 12
The low voltagethreshold of the circuibreaker isset at a S'U(Pe‘ma)'m[l L L L] sUR ( )
predetermined acceptabienit regardless whethehe system

for example), it can be easily shown that at this point
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Fig.1: The search algorithm.

It also means that at the poirg\max, the hypersurface of the Fig. 1 shows amxample in a twa@eneratoisystem for a

boundaryintersects a hyperplane which is tangent to th
hypersurface athe point PG‘max' All the points on the

hyperplane havéhe samel; norm value as thd, norm

value of PG‘max (which is Z PG‘max ).

dixed load directiorusing this method. Sincthere are only

two generators in thpower system, thegenerationP; space
is two-dimensional. Théoundary of dimit can be either a
PoC boundary or dow voltageboundary,and it is a curve
here (hypersurface ihigher dimensiorhyperspace). At the

To solve the optimization problem using thlbovespace boundary of the maximum possible total generation inLthe

property, we can choose
u—(ues)s

AKpg = =~
u=(ue9)s,

norm form, the boundary surface igangent to a line
(13) (hyperplane inhigher dimension) with a normalirection
S:i[Ll]T. Initially assuming we start from generation

V2

whereu is the normal vector anld is the step size. The new djrection K, andget to theboundary at gK.c, from the

generation direction is updated by
KSgN = KPG +AKPG

After normalizing \KQEN\ :ZK;ZN:]_, we calculate the
1

normal vectowu at this boundary, we can calculate ttt@nge
(14) for Kpg, -(U-(ue s)s)to increaseay. This vector of change is
parallel to the line of the maximum possible total generation.
By adjusting the step sizZie, we obtain thechange in the

systemboundaryagain and obtain newg™" andu"®". This  generation directionAKps, from (13). The newgeneration
process repeatsntil the stopcriterion is met. Theending directionKy."" is updated as if14). SinceAK; stays on

KPG‘max

supply the maximumpower to the system before the
boundary is reached. At the boundary alqn,g;‘max, u equals

S.

is then the generatiadirectionalong which we can the line of theKp¢ unit vector, K" will still havethe L,

norm of 1. We then calculate the n&aundaryalong Kpg""
and get the new possible totajenerationg™™ on the
boundarypoint of g"*"xK "% If the chosen step size is



not too big, g”{new} will be larger thag. This processwill

be repeated until=s, or g,., along KPG‘max is reached. In this

example we assume the basase iszero, which is not
necessary.

Some points about the methaded to bementioned here.
When calculatinggxKyg on the LVB, if the PoGoundary is
reachedbeforethe LVB is reached, wawill stop at the PoC
boundaryand use the normal vector on thHoC boundary
instead.

The method can consider generator MW limits as well. If a
generatorreachedits MW limit, (or if we need tofix a
generator's output at a specified value emasideronly other
generators), we cadrop the generatorfrom the generation
space while keepinthis generator'soutput at its MWIimit
(or the specifiedoutput) in thesubsequent calculations. So
the dimensionality of the generati@pace isreduced by 1. (@)
The method remains unchanged in the reduced dimension. 3

N
=]

Generation(pu) at bus(16)

B. Simulation

To test thismethod insimulation, wemodified the IEEE
24 bus system [6]jnto an 18 bus system with onhjree
generators atbus 1, 10and 16, and one synchronous
condenser, sthe surface ofthe boundary of alimit in the
generation space is a three-dimensicnaface hereand can
be visualized. As shown iRig.2, first, the boundarysurface
is calculatedand plotted. Theload direction ispre-specified
and is the same for all generation directions here.sliface
shown is a 0.8u LVB surface. Toform the surface, for all
possiblegeneration directions, the generatjgerametery is
increased using a continuation power flow programtil any
of the bus voltagelrops tothe low voltagdimit, which is
0.9u for all 18 buses irthis case, or stops at the PoC 2 4 6 8 10 1z
boundary, whichever isreachedfirst. Thus all stopping Searching step
boundary points form the surface. We further segefierator
MW limits at 15 per unit (100 MVA base). So tearface is (b)
restricted in the bus 10 and the bus 16 directions. F|gz Searching the KPG for the maximum generation

To test the method, we choose to start hbandarypoint capability. (a) On the surface and (b) at each step.
A. It takes about 12 steps to get to the finalindarypoint
C, which has the direction of the maximum toga&neration.
At point C, its normalvector is u=s=%[Ll1]T- We also
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Total generation(pu) at each searching step
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We also tested the method using the original IEEE 24 bus
system that has 10 generators, with MW, MVAR limits and
low voltage limits. In the 10-dimension generation

start at adifferent boundarypoint B, which ends atpoint C hyperspacethe methodyives similar results withimproved
as well. Fig.2(a) showsverysteps on theurface Fig.2(b) ~ Security margin or transfer capability.
shows that atachstep, the totageneration at théoundary
is increased. We need to keep the stepg&mmall enough so IV. CONCLUSION
that at the next step the togéneration at théoundary is This paper demonstrates a method afljusting the
increasedDuring the search, walsoneed tokeepthe step ~generation direction to increashe power system transfer
sizeh large enough so wean reachthe final pointC in  capability up to the system's voltage collafeeindary or
fewer steps. For this reason, a variable step size algorithm i&/B. The methodcan also beused to consideany other
implemented with the search algorithm. different operationalimits. With addedconstraint functions,
boundaries can be found for those system limits, such as line
currentlimits. After the normal vector isfound on those
boundaries, theearchalgorithm can beperformed to adjust
the generation direction and avoid those limits as well.



Although the method can beused to considermany

initial points to find them. However there is naguarantee

different system operational limits, it should be noted that fothat all of them can be found.

any limit this method is the fastea$cent searcmethod. Of
the many paths existing between the stariegrchingpoint
and the final maximum totalgenerationpoint, a system
operator will havemany choices to adjugienerator dispatch
before the limit for the maximum total generationrésched.
An system operator might choose,for example, to do
economic dispatch, with thenowledge ofhow muchmore
power can be safely generated and transmitted in mind.
This method will be helpful in an open access
transmission environmentyhere generatorsupply power
according tothe pricing strategypeforeany system stability
limit is reachedWhen asystemoperates near an LVB or a
PoC boundary, increasing reactive power
sometimescan be used to enhanstability. However, this
might be in conflict with system voltageegulation
requirements. Ithis is thecase, the systemperator should
encourage different generators flrm a certaingeneration

generation

This method should beperformed undethe worst first
contingency condition as well, because a posystemoften
operatesassuming this conditiofor reasons of security and
reliability. For example, if wefind a generationdirection
with the boundary maximized under a wdise contingency
case andise it in normal operation, the system will $afe
under any line outage conditions while maintaining the
maximum power transfecapability. Further, thesearch can
also be pre-performedfor each contingencyand put into
operating procedures, so a system opetatows how to re-
dispatch generation when a contingency occurs.
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