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CHAPTER 1

THTRODUC TION

1,1 INTRODUCTION TO THE PROBLEM

The main objective in control of power syutem is %o
ninimize the cost of genercted power while maintaining its
quality (frequency and wltage) at accepteble level and
satisfying the system security constraints.

Under normal operating conditions - system servicing
the load demand with wltage and frequency within acceptable
linits and 2all equipments working within their operating limits
- the major concern of the power system operator is gcononic
diepatch whereby the total system generated power is allocated
emong the participating generators in such a way that the
system operating cost is minimum, Power system operators will
like to run the system in this mode indefinitely. Unfortunately,
certain uncontrollable events such as unplanned outages of
generator or transmiseion equipments may force the systen into
emergency operating conditions, were some lines become over

loaded and/or some buc woltages ave beyond accepizble 1linits.

Though at the planmning stage the effects of probable
contingencies on the system are analysed and some redundancy
is built into the system to make it withsitand these contingencies,
it is not possible to foresee at the planning stage all the
operating conditions into which a system may find itself during
its operation, also due to economic and other reasons it is

poasible to bulld only a limited amount of redundancy into a



pystem, All these produce o severe burden on the power
system operators trying to maintain continuous supply to the
consuners at acceptable level of quality under all cilrcums-

tances,

In the past when systems were small in slze and operating
in isolation it wes possible for the operators to rely on their
experience and certain tools ~ distribution factors, vorst case
load flow results etc - provided by the system planners, to
take appropriate control actions in the event of unplanned
outage conditions. TWith the rapid interconnections of the
power systems the system response to disturbances have become
very complex. Also, these interconnections along wvith their
nany advantages heve created certain problems such a2s blackouts
caused by cescade tripping initiated by the outage o f some
element, All these factors along with the need for a reliabdle
ﬁower source have led to a new concept of on-line monitoring
ang control of power systems -~ security control systems(1).

The concept of security control is 2ll encompassing in that

it not only takes control decision3 auring normal operating
conditlons but also during emergencies ,and since 1ts introduction
has been a major field of research in power systemﬂ(g“g)‘

The security control scheme consists of contihwously moni-
Toring the power gystem operating state and the effects of Probable
outage contingencies on it, and if any dangerous operating condi-
tions are detected preventive control actions -~ preferrably
optimal according to some criterion -~ are computed and initiated

to overcome tie denger on the system. The simplest security



monitoring concept is to determine the effects of probable
transnission and generator outage contingencles on the steady
state perfomance of the system at its current operating
condition. Although this concept ipgnores the dynamic trensition
02 the system from its operating state to its poat outage

steady state, in the absence of any practical transient security
assessnent schc-me(a) it is generally accepted as an useful

assessment of security( 53) .

Though the epplication of security
control concept appears quite strelght forwerd, the major

problem in i i:iplememtation has been the lack of accurate and

fast methods for security monitoring and control.

This thesis examihes this problem critically and brings
to bear upon 1t the latest tcchniques from wldely differing
fieclds like pattem recognition and linear programming, to
develop an accurate and fast algorithm, for the security
constrained economic dispatch problem which is sultable for

on~line application,

1.2 QUILINE OF THE TLSIS

In this theois the lerpe and complex Jecurity
consirained economlc dispatch problem has been decomposad into
three smaller mgpageable problems: (i) economic dispateh, :
(ii) security assessment and (iii) seeurity comtrol. Each of
these pmblem is t2ken up individually and uoing the latest
state of the art techniques very fast and accurate algoritims
are developed for each of them aeparately. These algoritims

are then properly co~ordinated to obtain the solution to the
overall problem,



The Chapter 2 of the thesis deals with the econonic
dispatch problem, On the basis of detailed review of the
existing econonmic dispatch methodologies it was found that the
classical coordination equation method using the transmission
loss penalty factors is the most widely used method in practice.
The main criticiem of this penalty fzctor method is due to the
use of B cocfficients for calculation of the transmission loss
penalty factors. Although the B coefficients are dependent on
ays ten operating conditions, in practice B coefficients are
considered constant, This leads to error in calcul ation of

penal ty factors.

In this thesis an accurate and fast method for penalty
factor calculation is presented, The method uses the systen
voltages and LU factors of [B' | matrix (seme as thet used in
fast decoupled load flow (FDLF)). The economic dispatch method
proposed uses the coordinetion equations, penalty factor cal-
culations and FDLT in an iterative mode. The method 1s accurate,
fast and hes storage requirements similar to that of FDIF. The
method is well suited for on-line applications. The effective~

ness of the method is demonstrated through several examples.

The power system security assessment problem is formulated

in Chapter 3, On undertaking detailed survey of the existing
literature on this subject it is found that the existing methods
for security assessment are though well suited for planning
Studies, they are not suited for on-line applications, This is

mainly because these methods either reguire large computertine



(especially when a large number of contingencies are to be

considered), or do not provide a2ccurate results., This made it
necessary to explore alternative nethods. For this purpose
EEQE@In recogcnition metiod was investigated and fully exploited.

The pattern recormition process with main emphasis ob
pattern classification process is discussed in Chapter 4. The
pattern classification process io primarily a two stage process.
The Iirst stage called the training process involves generating
a pattern claosifier (also called decision function, decision
surface, separating surface etec.) through a training process.
Both statistical and deterministic methods used for training
of the classifier are discussed. The second stage of the process
consists of using the trained clmsifier obtained through the

training process for classifying the unknown pattems,

In power system security assessment one is mainly concerned
about the security status of the system operating condition
(secure/insecure). This problem is formulated as a two class
Security classification problem. For the training set (used
%o generate the security classifier) a large set of pattemms
(power system operating conditions) of known classification
(secure/insecure) are generated considering the entire operating
spectrum of the system and using FDLF and contingency analysis.
The variebles characterising the power system operating conditions

constitute the pattem wvector. In g power oystem the network

Topology keeps chenglng from time to time. This has been modelled

by considering logical varlables for the planned outages in the
systen.



As the number of variables characterising a power system
operating condition is generally large a feature selection
method based on Fisher linear discriminant measure is used to
select a small number of effective variebles (features) to

characierise the pattern vectors.

For the security classifier a linear decision function
is generated using an iterative training procedure involving
the pattern vectors in the tesat set. The training procedure
involves solution of linear inequalities, The problem is
formulated as an optimlsation problem which i1s solved using
Fletcher-Recves coajupate gradient method with periodie restar-
ting. The method does not regquire storage of any matrices
making 1t possible to solve large paitern classification problem
on small computers. The particular cloice of the objective
function which is sirictly convex for the inconcistent case
(vhen patterns are linearly inceparasble) leads to an optimal

security classifier in all cases.

The security clmsifier concept is further extended 4o
obtain individual security classifiers for each contingency.
These single disturbence clsssifiers are then used to identify

the contingencies which force the power system operating

condl tion into insecure state.

A new securlty control index (SCI). is proposed, The SCI
is based on the severity of the operating conditions (found
from the value of the security function) and the probadbility

of the occurrence of contingency. The computation of SCI requi-



res only one nultiplication operation when the probabllity of
occurrence of contingency is knowm. The SCI 1is computed for
each contingency individually and is very helpful in neking
decision about initiating security control actlons.

In case wien the value of SCI is more than the predeter-
mined threshold value of SCI, indicating severe breach 1n
security, preventive security control should be initiated to
keep the systen out of the danger. This pioblem is discussed
in Chapter 5. On the basis of detailed review of the literature
on this subject it is found that the linear programming (IP)
methods, especially the dual revised simplex methods are well
suited for on-line applications.

A method of real and reactive power rescheduling for secu-
rity control is presented. The real and reactive power resch-
eduling problems are decomposed into two oubproblems each of
which is solved using dual revised simnlex nethod with reduced
basis Tormulation and coordinated by FDLF %o obtain the solutilon
to the full problem. Two modifications in the algoritim are
proposed to incorporate piecce-wise linear cost functions in
the objective without increasing the storage requirement. This
enhances the accuracy of the model as well as avoids large shifts
in only ®» few control variebles. 1In the reactive power problem
all control variables including transformer tep changes are
represented as reactive power injection changes. This rosulis
in much asimpler formulation. The use of o load bus as voltage

reference to avoid the iliconditioning of the [B" | results in



a formulation fHr reactive power rescheduling problem vhich is

exactly similar to 1ts counterpart real power problen.

In certain contingency conditions it is not possidle to
relieve line overloads by rescheduling the real power sources
only. In such cases load shedding has to be resorted to. The
cost for load chedding can not be calculated only in terms of
revenue lost, The consimer resentment due to load shedding
should also be taken into account. For this purpose the concept
0f reseptment cost due to load shedding is introduced. As the
consuner resentment rises repidly withn the increase in load
shedding, the resentnent cost is modeled in this thesis by a
quadratic function and is given a very high value in oxrder %o
use load shedding only as a last resort. By incorporating
higher resentment costs for certain buses a priority schene for
load shedding is developed. As only real power load can not
be dropped at any bus a proportional cmount of reactive load is

also dropped to keep the power factor at the bus constant.

The preventive security conirol in meny cases may be very
costly, e.g., inwlving preventive load shedding etc. under
these circumstances it may be preferable not to use preventive
control at all but to prepare a contingency plan which is to
be initiated immediately if the contvingency really occurs,

The economic dispateh, security assessment and security
control methods arec effectively coordinated to obiain an accurate
and fast solution to the overall problem of security constrained
economic dispatch. The effective use of single disturbance cl ms-

1flers and SCIs greatly reduce the computation time as security



control actions are to be computed only for the conditions
vhich cause breach in security. The effectiwness of the

method is demonotrated through several test exemples,

The Chepter 6 presents the general conelusions of

thesls about the effectiveness of the proposed nethod.
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CHAPTER 2

ECONOMIC TOAD DISPATCH

2.1 IRTRODUCTION

A given load demand in a power system with several
generators can be met in an infinite number of ways. The
purpose of economic dispatch is to allocate the total systenm
load emong different gemerators, in such a way that the
total system operating cost is minimum, The system load
demend keeps changing with time, but for the purpose of
economic dispatcn the system load demand is sampled at
regular intervals (5-10 minutes) and the load is assumed
to be constant during the sampling interval., For economic
load dispatch all the generating units that are to take load
are assumed to be committed and no-load running costs are

incurred irrespective of waether they are assigned to take

any load or not,

Initielly the 'base load method' a2nd '‘best point loading'
methods were used for load diSpatch(14'16). Later it was
realised that these methode do not leed to most economic
system operating condition and it was recognised that the
"equal incremental cost method"(13"16) led to the most econho-
mic operating condition, With the development of inter-
connected power systems and interconnections between operating
companies for the purpose of economic interchange of power, it
became necessary to consider not only the generator operating
(production) costs but also the transmission line losses in

the system, The inclusion of transmission line losses for the
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economic operation led to the incremental tranamission loss

formula(14’16)

which when incorporated with incremental
production cost led to the classical "coordination equation
method"(14'19} for economic load dispatch, This method
because of its simplicity and robustness is very popular and
is in wide use with minor variations for real-time economic

load disPatch('G’.

The methoda for economic load dispatch discussed above
consider the allocation of real power only. A breakthrough
in matnematical formulation of tne economic dispatch problenm

was achieved by Carpeniier in early '60'3(20).

He treated
tane entire network in an exact manner and formuiated an
optimal load flow problem including both real and reactive
power injections in the system., This resulted in a nonlinear
optimisation problem formulation, Since then a great deal
of interest has been generated in formulation of the optimal
load dispatch as a nonlinear optimisation problem with
equality and inequality constraints and has been subjected

to much study through te present (26'40). Because of large

problem size and convergence difficulties the implementation

of optimal load dispatch in real-time still remalnse challenge.

In this chapter an economic load dispateh method for
real-time application is proposed. The method is based on
incremental transmission loss calculations and the coordi-
nation equetion method, The penalty factors for transmission
1088 is calculated using the load-flow data which glves more

accurate results than the classical B-coefficient method,



2.2 GENERATOR OPERATING COST

In economic load dispatch problem generator operating
cos3t characterlistics 1s the most important factor. The
major component of generator operating cost for fuel-fired
units is the cost of fuel input/h, while the cost of main-
tenance, water etc. contridbute only to a small extent(1l).
In case of hydro units the fuel cost has no meaning but its
genereation 1s constralned by water discharge rate whicn is
uged for their scheduling. In this thesis only fuel fired

units are consldered,

The input-output characteristics of a fuel-fired unit
can be expressed in terms of million calories/h, or directly
in terms of B/h versus output in megawatta, Since it is
difficult to express the costs of labour, maintenance,
supplies etec. as a function of output it is ususl to assunme
these costs as a fixed percentage of the fuel cost at that
output., The generator operating cost characteristic for a
typical fuel fired unit is shown in Mg. 2.1. By fitting
a sulteble degree polynomial, an analytical expresasion for

the generator operating cost characteristics can be written

as

cj(PJ) &/h at output Pj.

Where J stends for the unit number, It generally suffices

to fit a second-order polynomial %o 03(14). 1.4
c = P
(Pj) a;Fy + by, +dy k/h (2.1)

Where a, b and & are constants.
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243 ECONOMIC DISPATCH METHODS

In this section a review of economic dispatch metihods

are presented,

135.16
2.3.1 Merit Order Schedgling( 5,16)

(a) Base Load Method : In this method tne most
efficient unit is called for supplying the load at light
loads. As the load inoreases the power is supplied by tnis
unit until its generating capacity is reached, Then for
further increase in load the next most efficient unit starts
supplying load and a third unit will not be called upon to
supply load until the maximum capaclty of second unit is

reached and so on.

(b) Best Point Loading: Here the units are succe-
sgively loaded to_ﬁggir lowest heat rate (maximum efficiency)
point, beginning with the most efficient unit and working
down to the least efficient unit,

2,3.2 Ineremental CQost Method(13’14'16)

It was realised as early as 1930's that merit order
scheduling does not lead to most economic operating condition,
and 1t was recognised that incremental cost method yielded
the most economle results, The ide2 of incremental cost
loading 1s that the next increment of load is to be taken by
the unit whose incremental cost is minimum. The net effect
of this is to equalise the incremental coste of all the units.

That is for most economic loading:



acC C ac
_1.._ ._..1— _—!l—- 2
TR | PO v = A\ (a constant) (2.2)
1 J n
ac

Where E?i is the incremental production cost of unit jJ.
When the generator operating cost characteristics is
represented by a second-order polynomial as in equation
(2.1), then the incremental production cost of the Jjth
unit is given by

dcC

el W
de = ayPy + bj (2.3)

2.3.3 The Coordination Equation Method(14'16)

In the equal incremental cost method the effect of
transmission losses are neglected. A modern electric utility
serves a vast area of relatively low load density, The
transmission losses may vary from 5-15% of the total load
and therefore it is essential to account for transmission
losses in any economic load dispatch formulation. It is
evident that when transmission losses are included, the
equal incremental cost method is no longer applicable. But,
the change in transmission losses with the wvariation in
generation scheduling can be taken care by coordinating the
generator production cost with transmission loss as follow:

Let,
CJ = Production cost of generator j in Ry/h.

and Cy; = Totel production cost in k/n
n

then, Cy = Oj(Pj), for a n generating plent system.
j=1
The problem is



Minimise C; = '

gubject to
g = Py + P - P, =0 2.5)

and
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e
]
O_:OK
l
d
(39

(@

Vhere,

d
e
i

Generation of plant j

o
=

= Total transmission loss

= total system load demsand

Lower 1limit of generation &t plant jJ

*—-l-.‘%-;‘ u.tia Uw
[}

i

Upper limit of generation at plant j.

The Lagrangian function for this system can be formed as

L =Cq + )\g-ﬁ1n?h?-d7;1}1n§h§ (2.7)

Where, )\ , p? and‘p? are the dual variables associated
with equations (2,5) and (2.6). p? and p? ia(are) zero
when the corresponding constraint(s) is(are) not effective
{i.e., wnen Pj i3 not on a limit). The negative sign in
equation (2.7) for terms with i, are used so that in case

f limit violations (i.e., L 0) the contridution of
these terms towards Lagrangian function L is positive. The

hecessary condition for minimum operating cost is given by



a m
2L 2Cs 208 _.om %y ow Y ,
or
ac P
- (1-=2) -+ =0 (2.9)
EF% ?3 3 J

WVhen no unit is operating at limit both p? and pg are 2zero

and equation (2.9) becomes
4acC 2P

4\ —=

J %

the classical coordination eguation for economic load

s (2.10)

"

dispatch.

Instead of using the coordination equation it is
sometimes more convenient to use the penalty factor form

of the equation (2,10) as given below:
dcC
_1 s -\
ﬂd PFJ . (2.11)

V/here, PFB = Penalty factor of plant j to account for the
transmission loss. and
PF, =—1q; (5,45
Since the transmission losses are usually small the penalty
factor is close to unity, (Fbr positive incremental transmi-
g8ion ¥2EE the penelty factor 1s greater then unity making

. incremental
Ynat plant less attractive. For negative /transmission losses

The penalty factor is less than unity which has the effect
of meking that plant incrementally more attractive. )
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In case of generation capacity limitation on any

plant k, the following holds

ac 2P a
W= ap, - AC - 33 = e - AR
oF M ac, L& dC,
}lk S - &; + }\(1 - -b?k) = /\/PFk - Ek 2015)

Where‘pﬁ or pg is the incremental loss due to capacity
limitations and incremental cost of delivered power N\ is

given by

ac
)= ﬁ.‘i’. PF, for plant j not on limit.

2.3.3.1 Incremental transmission losaes

In order to calculate A and A 's 1t is necessary %o
know the incremental transmission losses with respect the
power at the generationa (equetions (2,10) and (2.13)) for
the total system load demand. Some methods for calculating

tne incremental transmission loss are found in literature(14’

17’18!19). In industry the method of B coefficients is

widely used for calcuiation of incremental transmission

(16)

_loss In this method the transmigsion loss in the

System is given by

n n !
T; - Pi Bij Pd -] i’ j - 1. 2'00000' n (2014’)

The incremental transmission loss of plant j tims becomes

-3 g

=5-Tt=. 7 2 B,. P 2.1
Pj 1=1 13 "1 ( )
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The B matrix (matrix of coefficlents B,,) represents a set

iJ
of coefficients through which an approximation to the exact
transmission loss 1s obtained, The B matrix is a square,
symmetric real matrix, The Bij coefficients in B matrix

remain constant under following assumptionss

(1) All loads are assumed to follow a certain form in
their variation with total load demand change. Any

nonconforming load is treated as negative generation,

(11) All bus wvoltages and voltage phase anglea are
asoumed constants,

(iii) All source (generators, tie-lines and non-conforming
loaeds) reactive powers are assumed to remain a
certain percentage of the source real power as they

change.

Several sets of B matrices are often used to better
reflect the actual system volteges, angles and transmission
configuration. The popularity of loss formula is becsuse of
its simplicity in its use for either on-line or off-line

calculations, The deviation of B coefficlents are given in

reference (14).

Some other methods(1823) for calculation of trans-
mission loss use Zgpyg matrix and system state (i.e., real
and reactive powers at all the buses and voltage magnitude
and aengles at all the buses). This makes these metinods
more accurate but less sultable for resl-time application

because of large computation time,



2.3.3.2 Economic digpatech

Whatever may be the method used for calculation of
transmisaion loss and incremental transmission loss, the
solution procedure for economic dispatch is usually similar.
Wnen scheduling for a specified total generation, the A s

are computed iteratively using

i-1 1-2
R S ¢ - Pi")(‘ =) (2.16)
™ -

ithere, 1 = iteration being conducted

[
1
-—
]

iteration just concluded

h
D)
It

iteration concluded just before 1~ 1.

Pp = toteal system generation
m

= ;“1 Gep 47 & = Do. of generating buses

Pp = specified total system generation.

The algorithm for iterative solution of (2.16) is as follows:

Step 1 ¢ Select N~ and AW~? arbitrarity, \ ¥ 0.
S -1 i-2 "
tep 2 3 Using equation (2.10) compute Pten and PGen g
}=1,.00y m, If for any j_?Gen 3 violates
its operating limit set it at the limit it is
violating.
Step 3 : Compute P11 anda PL?, using P Zi P
’ T T v USIRE Fp = Gen g
ep 4 : If (PT -~ Pp ') £ tolerance, set A\ = ?\
& to step 7. Otherwise contimie.
Step 5 ¢ Calculate')} using equation (2.16),

Step 6 ¢+ Set 1 =41+1, go to step 2.
Step 7

*a

Print N\ , Phon s Pp » TetUrn)



The algorittm for calculating A8 using equation
(2.16) was first suggested by Kirchmayer''*)., The algoritim
convergea very fast for monotonically increasing cost functions
like the quadratic coast functions usually used for economic

dispatch purpose.

2.3.4 Optimal Load Flow 20+20=40)

Work started in late 1950's to improve upon the loss
formila approach(16). Around the same time digital computer
metaods for load flow made its appearance., A load flow is
characterized by the voltage magnitude and angles at the buses
of the network under study, real and reactlive power injections
at the tuses. The object of load flow study is to find out
the voltage magnitude and angles at all the buses in the power
system using the real and reactive power injections at the

generator and(load buses and the transmission network =dmi-

——
|

ttances. oy e | 9

An optimal load flow is a load flow in which fuel
costs or some other quantity is optimised with the ordinary
load flow constraint around all the buses and additional
constraints such as voltage limits etc. also recognized.
When fuel costs are minimised, the optimal load flow serves
as economic dispatch and determines the veal and reactive
power output of the generators and that of other reactive

Sources and sets transformer taps to the optimal position,

Tne general problem of static optimisation of the

operating coats of a power system subject to the equality
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L

constraints imposed by the load flow equations as well as

the inequality constraints imposed by the equipment ratings
and voltage limite was first formulated by J .Carpentier in
1962(20). The resulting optimisation problem was & nonlinear

| progremming problem and.pugf;ciency conditions of the

theorem of Kuhn and Tucker were applied to derive the
optimisation equations which must be satisfied at the

optinum.

Kubn and Tucker conditions for power flow optimisa-

tions:

Let, [ x] be the vector of dependent {unknowm)

variables wnich consists of V and & on (P, Q) buses, and
® on (P, V) buses; fixed parsmeters P, Q on (P, Q) buses
and & on slack bus be denoted by vector[:pj s the vector
of control variables [u:]consist of parameters as woltage
magnitude on generator buses, generator real powers P, and

transformer tap ratios,

The optimisation problem for load flow with inequality

constraints for control parameters can be stated as

Minimise £{x, u) (2.17)
[u]

subject to equallty constraints
g(xy uy, p) =0 (2.18)

the load flow equations, and the inequality constraints
[u] % [u‘“"] Lo (2.19)
[umirEI - \'_u-:\ < o (2.20)



Assuming convexity of the functions (2.17) to (2.20)
the Kuhn and Tucker theorem glves the necessary condition

an

[VL] = 0 (gradient w.r.t. u, =, N\) (2.21)

end, the exclusion equations

G (- = -o

e (] - D) -
:Fmaxj > 0} [pmin:‘ > 0

Where, L is the Lagrangian function acounting for both tae
equality and ineguality constraints; the sugmented function

L = £(x, u) + Dﬂt ]:g(x. u, p)] + [n"u]t ([ul - [umaxj )
o et o] - [u] (2.23)

Where, [)"_] 18 the dual variable associated with the equality
constraint and [pmax:] and ]:Pmin] are the dual varisbles asso-
ciated with the upper and lower limits of the inequality
constraints., If w; reaches a limit, 1t will be either uinax

or u?i" and not both (otherwise it will be included 1in equality
constraints); therefore either inequality constraint (2.19)

or (2,20) 1s active, 1.e. cither u®2% or n™P oxigts tut

never both. The equation (2.,21) becomes
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L_E- = l:_)!: " I:_ﬂt[\] =0 (2.24)
] L) e

Y
il
"

Py =P e A2y > 0

™8, 12w < 0

["\l] s [g(x.u,p)] (2.26)

at the optimum [}1] mast fulfil the exclusion equations

=1
| ond
i

(2.22) which say that

min max

K =0  1fuy < wy o Uy

- mBx _ .max
Py SRy >01fuy =wy

min _ min

Py

Carpentier used Gm}ss-Siedel iterative method for the
solutioh of nonliﬁear optimisation ecuations (2.24) to
(2.26), The convergence behaviour of which proved to be
very difficult and erratic. At present, the gradient methods
for optimisation of power system operating conditions is the
most widely used method, Some other nonlinear progremming
methods such as Powell and Fle‘tcher-—Powell(zg) method,

Flacco and Mcormine or SUMT(ZB) methods have also been used,

But when number of variables inoreases to above mndred



(which is a general case for moderate size power systems)

then these methods dewvelop convergence problems(3o).

Among the gradient methods of optimisation, Dommel
and Tinney'e(27) formulation of the power system operating
condition optimisation is the most simple, elegant and
videly used. Dommel and Tinney in reference (27) extended
the Newtons load flow method to an optimal load flow in

the followlng manner:

The problem 1is

Minimise f(x, u) (2.27)
(2]
subject to the equallty consitreints of the load flow
equations
g(x, uy, p) =0 (2.28)

The augmented Lagrangian function is given by

L = £(x, u) + [x:‘t [g(x, u, p)] (2.29)
The set of necessary conditions for the minimum are
34030 - [34] [ -
3] [34] -« [2d [ -
:%}'—\j = :g(x, u, p)] =0 (2.32)

Equation (2.32) represents the load flow solution, the

control parameters 'u' need only be in the feasible region



but not necessarily optimal. Equation (2.30) contains
the transpose of the Jacobian matrix of the load flow

waich can be solved for N as

e -[] T [ (2.33
2L

J in equation (2.31) represents the gradient vector(27)

B R [

The computationel process proceeds as follows: a
get of feasible control parameters 'u' is assumed and a
load flow by means of Newton's method is obtained. At this
solution point, a repeat solution is carried out for A in
(2.33). The gradient [vf] is next caleulated using equa-~
tion (2.34) from which a correction in 'u' is obtained as

I:z.x u] = = O [v:] (2.35)

The above method 1s stralght forward with the exception of
theselection of factor 'C'; too small a value causes slow
convergence, whereas too large a value causes oscillations,
It can be seen that the adjustments in 'u' are in outer
loop whereas, the inner loop consists of the load flow,
The limits on 'u' are enforced according to the Kuhn and
Tucker conditions, Inequality constraints on dependent
variables (functional constraints) such as voltage limits
at (P,Q) buses are handled by penalty function approach

wherein, any violation of functional constraints penalises



the objective function,

Although the optimal load flow results in an exact
economic dispatch probvlem formulation, its real-time
application still remains & challenge. The main reason
for this is the large computation time taken for tne
solution of nonlinear optimisation problem for any realistic
size system, also the convergence of these methods are not
guaranteed (i.e., the solution may diverge from the optimum).

 Because of these difficultles in the computational procedures,
the nonlinear optimisation methods have not become attractive

(
| for practical applications in the power utilities' ),

The coordination equation method using the penal ty

i

factors are still by and large the most popular method for

. leconomlic dispater, As reported in reference§(16, 17) the

rigorous methods using exact network models used for economic
dispateh do not offer significant savings as compared to
those obtained by classical coordination equation methods.

As already discussed in section (2.3.3) the main disadvantage
of using coordination equation method with the penalty factors
lies in using B coefficients for caloulation of penalty
factors. These dlsadvantages are mainly because of large
storage needed for storing many sets of E;B] natrices as

well a8 many assumptions used in calculating the B coeffi-
cients are no longer valld in real time applications, To
overcome these disadvantages of [B]matrix usage some other
methods for calculating penalty factors more aceurately and

requiring less storage have been suggested(17’19'21’22).



2.4

(1)

METIODS FOR CALCULATING PENALTY FACTORS

Stevenson's Method(22) : This method for calculating

accurate penalty factors using system operating
condition data are based on the fact that incremental
transmission loss for any generating plant m can be

expressed as

af X pE, &

. i (2.36)
°Pn 42198 "%

Where 91 is the voltage angle at bus 1 in a N-bus
systen,

If the voltage magnitude is agsumed to be
constant at the value obtained from the load flow
golution then we can write

E—EJL=2 1 lv\lv|o ain (8, - 8,) (2.37)
2 8y i=1 i1V73171) J i
YThere, Gij is the real part of Yij’ the 1) eclement
of the system bus admittance matrix YBUS . The
details for the derivation of equation (2.37) is

given in Appendix A2.1,

e
The terms for =T are caloulated using a
n
sensitivity approach involving several load flow

30 -
solutions.-f;f$ is determined by finding variations
“Tm

in wvoltage phase angles (91) w.r,t. discrete change
in generated power Pm. all other generations remaining

constant. An increment in Pp( = APp) with all other

generations remaining constant requires a correspond-



el
ing change in total recelved load in order to satisfy the

law of conservation of energy. The algorithm for computa-

tion of 1?3L coefficients is as follows:
‘m

Step 1 : Select a generating bus (say m) as the
slack bus,

Step 2 : Obtain load flow solution for the base case
loading condition. Store bus wltage aungles
[e"] = (9:, corey 9%), and slack bus real

2, o o
Uy power P .

Step 3 s Increase the load at all buses by a small
amount (say 2%)., Obtain load flow solution
for the new loading condition. Store new °
bus woltage angles o' = (e;,......, Qﬁ),

and slack bus real power‘Pﬁ.

Step 4 : Compute Ay = 9{ - 92, 1 =1, 246usy Ny
/ o
Also AP:n"Pm'Pm
Step 5 : Comput ke (
ep ¢ Compute A, = 24.38
in = XP_ )

Step 6 ¢ If all generator buseé\over, stop. Otherwise
make next generator bus a glack bus. Go %o
Step 2.
In reference (22) it is claimed that the coefficients
Ay (equation (2,38)) are essentially constant and need t%o
evaluated only once and stored permanently. The calculation
of é;;i- for any loading condition is carried out using tae

2P
Stored A,  coefficlents and 733? 8 calculated for that opera-



(11)

ting condition using egquation (2.37). On extensive testing
on different pystems, it is found that Aim factors remain
constant for lerge veriations on load levels only 1f the
system bus vol tages remain constant. 1In cases where system
bus vol tage magnitudes varied considerably on changes in

load, 1t was found the A, coefficients no longer remained

im
constant. A variation as large as 10.4% in A, coefficient
is found in some cases on variatlion of load from full load

to bhalf load,

The advantages of the method over B coefficient
method are much simpler computation for Aim coefficients
using sparse YBUS matrix and fast load flow methods, & more

accurate penaliy factor calculation as system operating

30

condition including bus voltages (via equation 2,37) are used,

The disadvantages are large storage needed for storing Asm
factors as well as in cases where- bus wltage variations are
large the Ay, factors no longer remain constant and so some

accuracy is lost,

Happ's Method(17)z This method uses the Jacobian matrix of

the converged Newton-Raphson loed flow for calculating tae
penalty factors. The methods in references (19, 21, 22) are

similar, The incremental itransmission loss for any generat-

ing plant m may be written as

. ;PI D
1? = ZN ?:v : ‘o:i (2.39)
T m i=1 i m

Where V, = |V,|/8;, the complex woltage at bus 1 in the
N-bus system., Similarly we may write



J1

P E ):] 2 Vv

G it i

Where Qm is the reactive power generation at plant m.

Combining equations (2.39) and (2,40) in a single

matrix equation for all the N-buses glves

[22/28|o®p/2¢] = B/ 0 2/ V] [oe/ 22 26/ 20

AVILP [21V]/0Q

= [lpL/-re) iPL/oW] [ 5 '\ (2.42)

-1
post multiplying both sides by [D] glves

[pr/ el ~PL/.', a = [PI/ 1P "IPI/ ‘)Q] [D"-‘ (2.43)

Where _[1)-1"' in terms of its submatrices may be represented as

2P/>6 ‘ ®/3 V]|

2Q/20 ’aq/a | Vi

How transposidg (2.43), we get
.~ 7] I~ w L B

0P o P

L Packias’ 7

>8 - aP/aeiaP/aiVl 2P

2Py, 20Q/a8 [0Q/ 217V " (2.45)
— 2V Jl L _‘ _ 29Q 1
wWhere th FP/ 8 |22/ ot

ere e matrix in 3 *

_BQ/aGIGQ/c)IVI equation (2.45) is

the transpose of the Jacobian matrix used in N-R load flow



method augmented for slack and PV buses.

The (‘OPL/bPi) terms for the generation buses are
computed by solving for equation (2,45) using the LU
factors of the Jacobien matrix, This method provides
quite accurate, simple and fast method for calculating
the penalty factora, The use of full Jacobian matrix may
pose some limitations in terms of storage and in systems
where fast decoupled methods of loal flows are used it
may pose coordination problem in the sense that full
Jacobian matrix has to be calculated after the load flow

solution is avsilsable.

2.5 IPROPOSED METHOD

The economic dispateh method propnsed here i3 bhased
the "coordination egquation method and penalty factors are

used to account for the transmission losses in the system.

fenalty factor calculations

The method for penalty factor calculation proposed
here are based on certain simplifying modification of the

z@pp's method and is presented below,

If 1t 1o assumed that the transmission losses are
mainly due to real power flow (i.e., contribution of
reactive power flows towardes transmission lossSes are negli-
gible) then the three fourth of the Jacobian matrix in
(2.45) can be conveniently dropped giving
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[+ [ [ (246

Wnile calculating the elements of matrix Eb P/ 6]
if it is assumed that the wltiages are constant at 1 pu.
and if the elements of transmission system which predomi~
nently effect the reactive power flow (e.g. line shunt
reactances and off nominal transformer taps ete.) are
neglected then tae EOP/D 9] matrix reduces to a matrix[_B"']
a matrix exactly similar to [B'J matrix used in fast decoupled
load flow but augmented by row and column for tae slack dbus.

The new equation can now be written as

[aPL] [B ] \/ (2.47)

The presence of all buses inclnding the slack bus

may lead to illeonditioning of the [B*] matrix, To over
come this difficulty (with 1ittle loss in accuracy as
borne out by the r;iumerical testa) BPL/aPslack is assumed

to be zero and the row and column corresponding to the
slack bus are deleted from| B']meking 1t identical with
the [B'_] matrix, The final equation may now be written as

..i.’ia] . [B. ]t I}’;&] | (2.48)

The 'BPL/‘O P, for generators at each gemerating bus (except
that at the slack bus, whose coefficient i1s assumed zero)
is computed by solving the equation (2.48). The penalty

factors are calcul ated using



PE_=1/(1=- 2./ PR) (2.49)

-

Economic dispatch

In the proposed method it is assumed that,

(1) The cost curve for the generators connected at a bus

is represented by a single quadratic cost function
and is known, and

(11) The loads at all the buses are accurately known.

The first assunption is not binding but is used mainly
to reduce storage and some simplifications in conputation.
The second assumption is generslly true, but if telemetered
measurcnents are not very accurate a satate estimation

mathod(116’ can be used to obialn acourate data,

The economic dispatch for the given total generation
is obtained by calculating the incremental cost of delivered
power { A ) uging the iterative scheme used for equation (2.16)
and the coordination equation (2.11). In order to satisfy
the total received load the economic dispatch for total
generation mist satiefy the power balance equation
Pg = Pp +2¢ (2.50)

Where,
Py = Total real power generation in the systam.

Pp = Total real power load in the system.

Py = Total transmission loss in the system.

As ipitially the transmiassion loss P; is not knowm
accurately so the economic dispatch for the estimated total

generation, in general, may not satisfy the compatibility



condition of equation (2.50) and a new dispatch must be
found to satisfy the condition. The change in generation
dispatch will change the transmission loss in the system
and so the penalty factors will also change.

The problem can be solved iteratively by calculating
the transmission loss and the new pemalty factors using a
load flow solution in the iteration loop with the 1terations
carried till the condition of equation (2.50) is satisfied.
The complete scheme for economic dispatch 1s shown in PFig,
24la

Blocks A and B in the flow diagram represent the
input of data and initialisation, The initial total
generation is estimated 10% more than the total system

load demend to account for the transmission losses.

The block C represents the economic dispateh function
wherein the As and economic generation schedule are compu-
ted. The internal loop 1 represents the iterative loop for

computing )\.

In block D fast decoupled load flow solution with
the generations as obtained in block C, 1s obtalned to find

the new system operating state,

Block E and F are merely for convergence check. If
the cnange in generation at any bus from its value in the
Previous iteration is more than the tolerance value then
the process proceeds to block G, otherwise the present values

for generations constitute the economic dispateh for the
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given recelved load.

In block G new penalty factors are calculated using
the system state found in block D and the process returns
to block C for a new economic diapatch schedule with the

new penal ty factors,

The algorithm is very fast as both the fast decoupled
load flow and the penalty factor calculations involve
constant matrices the LU factors of wrich are computed

and stored once for all at the beginning of the proceas,

2.6 RESULTS AND DISCUSSIONS

The economic dispateh method developed in this
chapter was extensively tested or (1) 5 bus/7 line/2
generator, (1i1) 8 bus/14 line/4 generator and (1ii) 14 bus/
20 line/6 generator systems. The details of the study
gystems are given in Appendix 1. The nmumeriecal results

obtained are summarised and presented below:

Tables 2.1 %o 2.3 present the Aim coefficients for
the study systems, TFrom these tables it can be seen that
Ay, coefficients remain essentially constant for the
voltage control buses but there 1s some variation 1in the
values of these coefficients when the loading conditions
are changed. This can be seen from Table 2.4 where it can

be seen that the maximum variation in A coefficient for

im
the 14 bus system 1s more ithan 10% when the system loading

condition i1s changed from full load to half load,



The proposed method for economic dispatch is compared

with the Stevenson's method (Aim method, referred to as
method 1 in tables) and !lapp's method (method 2 in tables).
In order to make the comparisons meanmingful the economic
dispatch for the given received load is carried out using
the scheme in Fig.2.2 in all the methods, The only change
being 1n block G for the calculation of the incremental
transmission losses and the penalty factors using the diff-
erent methods. For the convergence check the tolerances
used in voth block C and D is 0.05MW and MVAR and that
used in block G is O.1MW, The tolerance used in dblock G
is kept higher than those used in block C and D mainly to
avoid conflict in tolerences and ending up in an infinite

loop,

Table 2.5 shows the penalty factors calculated using
the tiree different methods, TFrom this table it is seen
that the penalty factors calculated by the three methods
are qulte different., Table 2.6 shows the results for
economic dispatch by the three methods for the full load
condition. From this table it is seen that though tae
generation dispatch by the three methods are different
the production cost for the economic dispateh by the three
methods are almoat sanme. In order to check the effective~
ness of the proposed method an economic dispateh was
carrled out using tne scheme in Fig, 2,2 dbut keeping all
teoe penalty factors at 1.0. It is seen that there is

‘{ b
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considerable increase in transmission loes as well as the
production cost as compare to thre proposed method. The
resulits are presented in the last column of Table 2.6.
Table 2.7 presents the details of the number of iterations
requlred for convergence. It 18 seen that the number of
lterations required for convergence for the outer loop
(loop 3) is independent of the system size for the sample

systems studied.

In order to find the effect of choice of slack
bus on the economic dispatch by the proposed method, the
economic dispatch by the proposed method is carried out
with different choice of slack buses. The results are
Presented in Table 2.8 and 2.9, Table 2.8 shows that
the penalty factors change withn the choice in slack bus,
but the results in Table 2.9 show that the generation
dispatch as well as the production cost is independent

of the choice of slark dbus,



TABLE 2.1

Aj;, Coefficients - 5 Bus Systemn

{a) Rll 1load condition
Generator
Bu\ Bus 4 5
_I_No No
1 -0.03294 =-0,07077
3 0 04067 -0 ,06839
4 0.00 -0.04193%
5 -0.00977 0.0
(b) Half load condition
Generator
Bus 4 5
Bus
No Yo
2 -0,03994 =0,07040
2 -0,04020 -0.06730
4 0.00 ~0.04171
5 -0 .00975 0.00




TABLE 2.2

Ay, Coefficients - 8 Bus Systenm

(a) Full load condition

\ Generator

ggé\\thg 5 6 T 8
1 ~0.00566 | ~0.00577| ~-0.00497| -0.00854
2 ~0.00973 -0,01021} -0.00614| ~0.00970
3 -0 .00472 -0.00913| -0.,00427] =-0.00500
4 0.00414 -0.00893| -0,00697| -0.,00697
5 0.00 ~0.00831] =0.00517 | =0.00542
6 -0.00603% 0.00 ~0.00380 | -0.00808
7 ~0.00604 | -0.00697| 0.00 =0 .00710
8 -0.00424 | -0.00921| =0.00506| 0.0

(b) Half load condition

enerator
\\\ Bus 5 6 T 8
-0.00562 | =0,00573 | =0,00493 | ~0,00847

2 -0 .00954 -~0.,01001 | ~-0.00596 | -0.00949
3 -0.00470 | «0.00908 | -0,00424 | -0.00496
4 -0 .00410 -0,00884 | -0,00689 | -0,00689
5 0.00 -0.00826 | -0.00516 | ~0.00540
6 -0,00599 0,00 -0.00379 { -0.00801
7 -0.00601 | «0,00693 | 0,00 -0 ,00703
8 ~0.00423 | -0.00916 | =0.00596 | 0.00




TABLE 2.

3

Aj,-Coefficients ~ 14 Bus System

42

(a) PFull load condition
Bue Giﬂﬁ’a’ 3 4 7 8 13 14
No. \ Bus
No
1 ~0.09652 [-0.02353}~0.10685 {-0.27828|~0,.15463|~0. 18361
2 ~-0.08681|-0,01879 [-0.10277 |-0.27421|-0.15230| ~0 . 18102
3 0.00 ~0.00982{=0.09537|-0.26681|-0.14913|-0.17679
4 -0.10206| 0.00 ~0.08714(-0.25858|-0.14501{-0.17184
5 -0.11062|-0.0183%0}~0.09978|~0,27122|=0.14233{ =0 . 17547
6 ~0.18185!~0.00081| =0.13264|-0.30408|~0.06900|~0.15510
7 -0.14366|=0.04566| 0.00 =0,171441=0.13776| ~0 ., 14551
8 =-0.14366|-0.04566| 0,00 0.00 =0.13776]1-0.14551
9 ~0,16561[=0.06976(-0,06058|=0.23202| -0, 13395|~0.13167
10 -0.17702|-0.08246| -0.08140| -0.25284{-0.13285|-0, 14298
11 ~0,18792|=0.09559| ~0.11540| =0.28684|-0, 11180 |-0. 15653
12 -0.,20499 |~0.11507| «0.15317] ~0.,32461|=0.05082 |=0. 15753
13 -0.19567|=0,10495| =0.14004(-0.31148| 0.00 -0.,13253
14 ~0.17914{-0.08561| =0,09657| -0 .26801 |~0.07502 | 0.00




(b) Haxf load condition

Bu Gggf-ra- 3 4 7 8 13 14
No Bus
No
1 -~0.09729{~0.02334|~0.10682| -0.,27663 | ~0.15660| ~0,20277
2 ~0.08766|=0.01885|~0.10296} -0.27242 | ~0.15435| ~0.19997
3 0.00 ~0.1002 |=0.09529| ~0.26655 { -0.14917| ~0.17626
4 =0.10213| 0.00 -0.08725| -0.25870 { -0.14560]-0,17124
5 -0.11129|-0.01833| -0,09975} -0.26921 | -=0.14398|-0.19319
6 ~0,18048| ~0.08551] =0, 12728} -0.29670 | -0.06881| -0, 16561
i -0.14355|=0.04558| 0.00 ~0.17125 | =0.13751|~0.14571
8 -0.14355| =0.04558| 0.00 0.00 -0.,13751}-0, 14571
9 -0.16686( =0.06904|-0,05993| =0.22938 | -0.13425)-0.13262
10 ~0.17821|-0.08016| =0.08034|=0.25000 | =0.13246|-0. 15532
11 -0,18726( -0.09083|-0,11147|~0.28093 |-0.10987 |{~0. 16822
12 =0.20206|=0,10713]|~0.14534{~0.31430 | ~0.04837 |[~0.16531
13 ~0+19563) =0,10479]=0,13986|-0.31152 | 0.00 ~0,13206
14 ~0.17899] -0.08536|«0,09627 |~0.26753 |-0.07498 | 0.00




TABLE 2.4

Variation in Aim cosefficients for load change from
full load to half loead

A, for which | % maximum
chenge 1is change 1in
maximum Aim
5 Bus system A3’4 1.15%
8 Bus systen 52,8 2.,16%
14 Bus system Ay 14 10.4%
TABLE 2.5
Penalty Faotors
(a) 5 Bus systen
Generator Method 1 | Method 2 |Proposed
Bus No Method*
4 1.02925 1.05215 0.98742
1.04025 1.06378 1.0

*Sleck bus = Bus No. 5




TABLE 2.5

{(b) 8 Bus systenm

{Contd.)

Generator | Method 1 Method 2 Proposed
Bus Ko Hethod*
5 1.00792 1.01346 0.99748
6 1.00694 1.01270 0.99637
7 1.00564 1.01227 0.99520
8 1.00999 1.01538 1.00
*51ack bus = Bus No, 8
(e) 14 Bus systenm
Generator Method 1 Method 2 Proposed
Bus No Method*
3 1.05545 1.11305 0.89585
4 1.02465 1.1053%0 0.871574
7 1.03169 1.08023 0.88385
8 1.03169 1.03914 0.883%85
13 1.03754 1.14742 0.89697
14 1.14244 - 1.,20922 1.0

#Slack bus = Bus No, 14




TABLE 2.6

Comparison of Economic¢ Disvatoh Schemes

(a) 5 Bus gystenm
Incremen tal
Method 1| Method 2| Proposed Praduation
Method g gsee
o8t Method
P4(MW) 89,037 89,962 90.076 89,385
P5(Mw) 78 .780 8.754 78.64 79.639
Total MW Genera~
Transmission
Loss (MW) 3.717 3.716 3.716 4,024
Production
Cost(Rs/h) 208%3%,36 [20833.13 |20832.40 [20888,38
(b) 8 Bus systenm
Tnoremental
Metbod 1 Method 2 gz%%gged Peo ditotion
Cost Metnod
P g (1¥) 350.00%  350.00* 350 .00* 350,00*
P (HW) 350,00*| 350.00% 350.00* 350.00%*
Po (MW) 347.139] 346,836 347.26 346,205
PB(MW) 532.805 533.108 532,68 534,02
Tota) Generation
(MW) 1579.94 1579.94 1579.94 1580.22
Transmission
Logs(MV¥) 9.94 9,04 9,94 10.22
Production
Cost(Rs/h) 481238,33 F81232.88 481240.20 481390.90

*Generations on iimits,




TABLE 2.6 {Contd)
(¢) 14 Bus system
Hotnod 1| Mevund 2| Jogponed | roreionial
Cost Method
P3(MW) 99.992 101.944 100.774 98.834
P4(MW) 75.,00% 75 .,00% 75.00% 75.00*
P7(MW) 90.942 93.475 91.870 86.255
Pg (UMW) 50.00% 50 ,00* 50.00% 50.00%
P13(MWJ 102.861 96,910 103.00 98.834
P14(MW) 97.592 99,167 95.488 108,960
Total Generation(MW)l 516,386 516,416 516,232 517.89
Transmission Loss(MW) 16.386 16.416 16.232 17.89
Production
Cost (Rs/h) 3259 .40 63856.,80 |63860,70 $3951,68

* Generators on limits.

TABLE 2.7

Detalis of Convergence Characteristics

furber of 1terations Number oFf itera-

umber of ite-
for load flow tions for(loop 2)* {rations for
(loop 1) uter loop
faximum | Average Baximum ¢ Average [(loop 3)*
5 Bug systenm 5 345 4,03 3
8 Bus sysgtem 5 3.5 4 4.0 3
14 Bus system 9 5.3 5 4.03 3

* Loops 1, 2 and 3 correspond to those in Fig. 2.2.




TABLE 2.8

Effect of S)ack Bus on Penaltiy Factors

(a) 5 Bus system
Generator | Slack Bus No »
Bus No 4 9
4 1.00 0.98742
5 1.01200 1.0
(v) B Bus system
Generator Slack Bus ¥No
Bus No 5 13_ 7 8
5 1.00 1.00104 1.00225 0.99748
6 0.,99889 1.00 1.,00118 0.99637
7 0.99769 | 0.99878 1,0 0.99520
8 1.00247 | 1.00353 1.00476 1.0
(e) 14 Bus systenm
Genera- Slack Bus No
ﬁgr Fus 3 A 7 8 13 14
3 .00 1.03314] 1,02188( 1,01898] 1.00590| 0.89585
4 3.,96672] 1,00 0.98927|0.98663|0.97446}0.87157
7 0.2752311.,00924| 1.00 0.99752]0.98430 | 0.88385
8 0.97529]1.00924|1.00 1.00 0.9843010,88385
13 D.98684(1.,0212811 01073[1,00801]1.00 0.89697
14 1,0993211,14372|1.,12883|1,1264911.11323|1.00




TABLE 2.9

!
A

Effects of Slack Bus on Generation Dispatech

(a)

5 Bus systen

Slack Bus | No.of MW Dispateh Production
No. Iterations P4tmwi P5IMW5 Total Cost(k/h)
(loop 3) (MW)
3 90,025 | 718.689 (168,714 20832 ,53
3 Q0.075 | 78.639 {168.714 20832 .40
(b) 8 Bus system
e
gl u0_Diopateh s
No tiona P5(MW) Ps(MW) P7(MW) PB(MW) Total |Cost
(1o0p 3! (Mw) 1(r/1)
5 3 350.00*|350.00%{347.246 {532,698|1579 844|481240.50
6 3 | 350.00%|350.00%{347.243 | 532.701{1579.944 481240 .69
7 5 |350.00%|350.00%| 347243 |532.701}1579.944 |481240. 20
8 3 350.00* |350,00%|347.256 | 532,688 |157944 |481240.20

* Generations on 1limit.
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CONCTISIONS

An economic dispatch metnod inwlving tranasmission
loss penalty factors 18 presented in this chapter. The
penalty factor calculation does not involve any precalcu-
lated coefficients like B, coefficients oxr A;, coeffi-

cients,

The use of previously calculated and factored [?'] .
fast decoupled load flow matirix reguires no extra storage
and the computation of penalty factors are very fast., The
method coordinates very well with the fast decoupled load
flow algorithm. The economic dispatch method was extensively
teated on semple aystems., The most significant result was
that the production cost for economic dispateh schedule
by the proposed method was very closc to that of the more
rigorous method uzed in reference {17), This indicates a
high accuracy for the proposed method for economic dispatch
purpose. As the method has not been tested on practical
sygtems, becavse of the limitations of the computing
facilities available (IBM 1130 system with 16 k words core
memory), 90 eny conclusive claim for accuracy c¢an not be
made ag yet, but as indicated by the results of the sample

systems tested, a high accuracy of resul ts can be expected,



CHAPTER 3

REVIEW OF SECURITY ASSESSMENT METHQODS

5.1 INTRODUCTIOR

Power system security means immediate future reliability

of the system. Unplanned outages of generators, transmission
equipment or faults may cause disruption of service in a part
of the system, or a complete blackout in the system through
cascade tripping of circult breakers due to overloading of
equipments in the other parts of the system, During planning
and design stage some redundancy 1s built into the system to
meet these contingenciles, But, due to economic and other
considerations only a limited amount of securlty can be built
into the system, Also, some unforeseen events can occur during
the system operation which may lead to dangerous operating
conditiona, Thus an on-line security monitoring of the system

ig essential for reliable operation of the system,

Power aystem security assessment is the determination of
the security status (secure/insecure) of the power system
operating condition based on a glven next contingency list,

The next contingency list contains the list of contingencies
which may occur in immediate future and usually includes: loss
of generation, loas of a transmission line or a transformer,
sudden change in load demand, faults in any part of the system,
ete.. For any contingency condition the power system security
status can be determined for both dynamie instability and

steady elate emergency conditions. The trend in power systenm



Securlty analyseis is to have separate analysis for dynamic
(or transient) and steady state security(4). The work
presented here deals with only steady state mecurity of
power system, In the sequel the term "security" will be

used for steady state security.

In the last decade a great deal of interest has been
generated on steady state security analysis of power systems.
Several approaches to computer simulated security assessnent

methods are aveildbiet 19-03)

Bagically these approaches
start with the knowledge of the present state (base case)

of the system obtained through power flow solution or state
estimation metnods, the system is then tested for wvarious
contingencies by solving for the changes in the system opera-
ting conditions applying the contingencies in the list one
by one. The post contingency operating condition for each
contingency 18 then checked against the system operating

constraints, Bssentially these methods uae_gensi?}yity

anglysis, simplified power flows or distribution factor
methods for finding the post contingency operating conditions.

In this chapter basic introduction to the power system
security assessment problem is given and a short review of

the existing methods 18 presented,

2a2 THE PRINCIPAL OPERATING STATES OF A POWER SYSTEM

Power system security is the capabilily of the system
to withatand contingencies (1.e.,_253}§gggg_§3§gjs) without

violating system load constraints and operating iimit cons-



trainta. The power system operating condition is never
atatic as the system load demand is always changing but

in the course of operation a power aystem is considered

to transit from one operating state to another with small
time steps. For the purpose of security analysis these
operating conditions can be characterized in terms of four
operating states -~ normal, alert, emergency and resto-
rative(1’4). These operating states of the system can be

defined with the help of three sets of constraints. These

three sets of constraints are:

(1) ZLoad constrainta; G(x, u) = 0

(2) Operating constraints; H(x, u) - 0

(3) Seocurity constraints; S(x, u) - 0
The loed constraint simply recognises the physical squations
which satlisfy the requirement that load demand will be met
by the system., The operating constraints stipulate the
objective of using system components wlithin permissible
1imits and to meet the_ggg}}ty_gfandard of the systenm.
Overloaded components, bus voltages outside the tolerance,
frequency deviations are violations of operating constraints,
Tor the system to be secure 1t should be able to withstand
contingencies without violating the load and operating
constraintas, That is, to be secure it has to satisfy certain
security constraints. Accessability and location of gene—
rating reserves, limits on transmission line capacities are

~ examples of security constraints,



With the help of these three constraint set the four

operating states of the system can be defined as:

(1) Normal state

All toree sets of constraints satisfied., That is,
when operating in this state the system is meeting all
the load demand at proper frequency without overloading of
any transmission eguipment and generator, as well as it

ls able to withstand contingencies,

(2) Alert state

Load and operating constraints satisfied, security
constraints not satisfied. That is, waen operating in
this state the system is meeting the load demand at proper
frequency without overloading of any transmission equip-
ment or generator but is not able to withstand contingen-
cies, 1ne operating objective in thias state is to take
proper corrective action so as to bring the system to the

normal operating state.

(3)  Emergency state

Operating and security consiraints not satisfied,
load conatraints not necessarily satlsfied, A power system
operating in this state 1s not able to meet all the load
demand, and, or the quality of service in terms of wvoltage
and frequency is out of tolerance limits. The operating
Objective in this state is to stop the emergency from sprea-
ding and to obtain generation load balance qulckly by means

of reallocating generation and, or by shedding some load.
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(4) Restorative state

Operating constraints are satisfied, load and security
constraints are not satisfied. This state follows emergency
state. In this the deterioration of system conditions have
been halted, but the operating conditions are far fronm
normal, That 13, 811 the consumer loads are not satisfied
or, the quality of service is not normal. The operating
objective in this state 1a to restore all the loads and to

return to the normal operating astate.

The objectiv- of power system operator 1s to keep the
system in normal operating state as long as poseible and
should the system g into aslert or emergency state, corre-
ctive control actions should be taken to dbring the system

back to the normal state.

The philosophy underlying the security assessment of
a power pysatem may be characterized as follows: The system
operating condition is considered secure if the current
state of the system can withstand the contingencies in the
contingency list without violating the load and operating
constraints. Thus the security criterion for the system is
dependent on the contingency list. The larger is the con-
tingency 1ist considered, more stringent is the security

'eriterion for the glven system.

3.3 CONTINGENCY LIST

The following contingencles are usually considered

for security analyais(63)z



(1) Outage of a transmission line

(2) Outage of a transformer

(3) Outage of shunt capacitor or reactor
(4) Toss of a generation

(5) Sudden loss of a load

(6) Sudden change in flow in & tie-line.

The outages of type (1) =~ (3) can be simulated by
changes in the network admittance parameters and can be
classified as network outage contingencies. The outages
of type (4) — (6) can be simulated by changes in bus power
injections and so, can be classified as power outage

contingencies,

In case of network outage contingencies the practice
in security analysis is to agssume the network configuration
and the bus power injections, in the contingency state, to
remain same as in thepre-contingency state (base case)
except for the changes in network admittances to account
for the simulated outages, 1In case of power outages the
network configuration and admittances remain same as that
of the pre-contingency state, But the bus power injections
for the other generators are rescheduled, according to some
generation distribution law, to take into account the lost
generation. The generation distribution law in its sgimplest
form can be distribution of the lost generation equally
gmong all other generators taking generators physical cons-

traints into consideration (i.e., generation of any generator



should not exceed its maximum generation capacity), or
generation distribution can be done in the inverse propor-
tion to the penalty factors of the plants. An optimal load
flow or economic despatch can be carried out for redistri-
bution of generation but, it will be very time consuming
especially when a large number of outage cases are to be

simulated, and so i9s generally not preferred.

The preparation of a 1list of contingencies to be
considered is a major sub-problem in large power system,
The methods generally used are heuristic and operatort
experience with his system is usually the only guide in
preparation of such a list, Of late some contingency sele-
ction and ranking methods have been proposed(41'45). These
rethods usually define a real power-flow index of the

sypel41)
Fy

d '§ 1 ( )2“ (3-1)
1=1 ’n PTax
Where, Pl = real power flow in line 1
PTQI = Meximum power transmission capacity of line 1

KL = Number of lines in system
n = non-negative real index and usually, n = 1,
For each line outage index J 19 calculated using de
load flow method and contingencies are ranked in ascending

order of J.,

Though, the method 18 fast the accuracy of the results

are not adequate,also it provides solution only for real power



overload constraints. As there is very little correlation
between those contingencles wnich produce line overloads
apd those which produce unacceptable voltage levela(46),

a voltage reactive power index 1s needed to indicate the
contingencies which produce unacceptable voltage levels or
reactive power overloads in the transmission lines,

Similar to the real power~flow index “a voltage reactive

power flow index is defined as

im | 1im
J £N\V1-§I+EW1Q1-01| (3.2)
vQ © B v {ln y ¢ 1im s
1 Y
Where,
Vi = Voltage magnitude at bus 1,
Viim = Upper or lower voltage 1imit (whichever is

effective) at bus 1,
Wy = Voltage welghing factor.
Qi = Reactive power injection at bus i.

Qiim = Reactive power injection limit at bus 1,

P = Set of buses at which voltage goes beyond 1limit.
)/ = Set of buses at which reactive power injection
goes beyond limit.
Jyq 18 evaluated using the fast d.c, load flow type techw

(46)

nique and the contingencies are ranked in order of

severity as indlicated by qu.

Though these contingency selection methods are quite
fast there accuracy is suspect also the large number of

contingencies to be evaluated still takes quite some tinme,

09
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But these methods can be of help to the operators in choos-
ing the small number of severe contingencies to be evaluated

by more accurate methods.

5.4 SECURITY ASSESSMENT -~ STATEMENT OF THE PROBLEM

Basically securlty assessment answers the question
"What 1f a contingency out of a set of probable contingen-
cies (contingency list) takes vlace?" The possibilities
are that either the system will ride through the disturbance
and settle down to & normal state, or it will find itself
in an emergency state. In the later case the sBystem is
insecure and security assessment function must inform the
operator a8 to which contingency 1s causing insecurity and

tne nature and severity of the anticipated emergency.

The steady state operating condition of the power
syatem is characterized by a set of nonlinear algebraic
equations:

X
P, - |V§[é%1((0pq cos 8 . + By, sin epq)|vq|) =0
0 (3.3)
Q - [Vp[Z ((6

- B
2, (%pq sin epq bq 908 epq)lvq[) =0

P = 1’ 2’ ®e e svyg Nc

Vhere ?
N = Number of buses in the system

[VqlLeq = Voltage magnitude and angle at bus q,
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qu’ijq = Real and reactive parts of the pq element of
YBUS matrix respectively.
®pq = % " 8

Equations (3.3) are power flow equations and repre-
sent the steady state equilibrium condition of the power
network, TFor the purpose of making the statement of secu~
rity assessment prodblem clearer, here we define three sets

of vectors;

(1) S = (P1, PZ’ es e Pu. Q1, ng ees e QN)
a vector having 2N dimension and representing the
real and reactive power injections at different

buses in the systen.

(2) C = (011, G12’ L B G1N, G’21, LEC AN 3 ] G2N’ LR L B )

Cuws B11s Bz seees Bygs Bpq0 cvo Bogeeeess Byy)

2

a vector of 2N~ dimension, representing the network

admittance parameters,

(3) X = (v1v Vos seen Vs B4 92v vesey BN)
a vector of dimension 2N, representing the state var-

iables of the system for the given operating condition.

The three vectors (X, S, C) completely define the
operating condition of the systenm, Any network outage will
bring a change in network parameter vector C only and
similarly any power outage will bring a change in power

injection vector S only. If a power system operating condi-
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tion (base case) is defined by (Xo, s°, ¢°), then the post

contingency states of the system can be glven by

(xi, 89, Ci), i=1,2, ¢...y, n, for network outages and

(x?, Si, ¢y, 1=(0+1), eeeay {(n +p), for power

outages in the system,
Thus the securlity assessment problem can be stated as;
glven the base case operating condition
(3% 82, ¢°)
and contingency definitions

Ci; i=1,2, .00y n, the network outages

and St; 1

determine Xi, the post contingency system operating state

(p + 1), +.0.y (n + 1), the power outages

and identify 1f any dangerous operating conditions (line
overloads, voltage beyond tolerance limit ete.) appear in

the event of the contingency.

3,5 POWER SYSTEM SECURITY ASSESSMENT - A SHORT REVIEW

Various methods for power system security assessment

46-65)
d( ¢ 65'. of which & few are bdriefly reviewed

e

have heen propose
here mainly to highlight the different trends and approaches
in security assessment methodology. The varlous methods for
power system Security assessment can be broadly classified
into the followlng three types of approaches:

(1) Probabilility methods;

(2) Simulation methods;

(3) Pattern recognition methods,
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The probability method for security assessment was

(64)

first proposed by A.D.Patton All probability methods(s’

64,65) for security assessment define an index of security
waich reflects the probable future performance of the systems
for the contingencies under consideration (contingency list).
These methods assess the security of the system over a time
period in near future consideringrthe probability of outages

for the glven system operating configuration.

In these methods a security function, which expresses
the risk of system operation as a function of future time,
is defined. A number of different formulations for security
functions are posaible. A simple function which defines

the system risk is glven in reference (64) as:

5(t) = ZPy(%) . Q%) (3.4)
Where the summation in theory is over 8llpossible system
gtates, but in practice overstates obtainable from initial

state by some maximum number of contingencies, i.e,, contin-

gencles in the contingency list.

Py{(t) = the probability of the system being in state
1 at time t into the future.

Q; (t) = the probability of violating the load and/or
operating constraints at the time ¢+ into the
future,

The security index S(t) is compared with the maximum allowable
value of the index (S®). Where S% 98 defines the maximum

allowable risk of inadequate system performance which can be



b4
accepted. If S(t) >> ST, the security of the systen has been

breached and the operating condition muat be modified to
improve the system security.

If the load is considered deterministic Qi(t) will
elther be zero or one.. Several formulations of security
functions are given 1n{5r 64, 65). Which can take care of
dynamical operation of the system also into the considera-
tion, The probabilistic methods of security assessment have
been applied for generation system security assessments but
have not gained much attention for the composite generation-
tranemission systems as the computational effort becomes
quite complex, Further, its scope is limited to planning
or off-line studies only because of the large computational
time inwlved for computing +the system state probability
P;(t). TFor on-line applications where the system operating
conditions are accurately known through telemetered data
or state estimaition process, the simulation methods appear
to be more promising and have been gaining much attention

in the last decade,

So far simulation methods for security assessment hawe
recelved much attention of the power system engineers(#1~63)
The simulation methods for security assessment can be further
classified into two classes; one which uses pre-caleulated
distribution factors to simulate the outage effects and the
other which use8 repeat solution of power flows to simulate

the outage e¢ffects,
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In the distribution factor methods the changes in
power flows caused by the power and network outages are
computed using pre-calculated distribution factors, and
superimposed on the base case values(24’ 46'48). Fgure 3,1
i1l lustrates the effect of a line and/or generator outage
on another line, The resultant post-fault complex power
flow Srs in line 'rs' due to the outage of a generator 'g'

and/or line 'pq* can be written as

& o @0 0
Srg = Spg * Gg,rs Sg (3.5)

for generator 'g' outage, and

o 0
Srs = Spg * qu,rs Spq (3.6)

for line 'pé' outage, and for combination of line and

generator outage

_ 0 . o0 0
Srq = %rs * Gg,re% * Cpq,rs Spq (3.7)

Where the superscript 'o' indicates the pre-outage condition
and Gg,rs and qu,rs are the distribution factors for power
Tlow in line 'rs' due to outasge of generator 'g' and line

‘pq' respectively. The distribution factors can be derived
using the elements of line impedance and Z-matrix of the
system(48). Once the distribution factors are calculated

and stored, the computation of power flows in different

lines in the system for outages of lines or generators becomes
very fast and can be implemented for on-line application in

security assessment, The main drawback of the method is that
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FIG.3%.1

66 .
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only power flow information due to outage conditions are
obtained and no information about the nodal woltages are
available, Also 3ince the distribution factors are calcu-
lated using only the system impedance matrix elements (i.e.,
assuming V = 1,0 pu throughout) the accuracy of the results
are sugpect. If system operating conditions are also taken
into account then the distribution factors have to be updated
to better represent the system conditions, This will increazse
toe computational burden dy a great extent as a large set of

distribution factors have to be computed and stored.

The outage contingeneies can be formulated as nonlinear
power flow problem and solved using the Newton-~-Raphson method.
The accuracy of results obtained will he wvery good but tae
computing time needed to process a large number of contingen-
cies will be excessive. Noting that the accuracy of solution
for outage simulations is not as demanding as that in case of
power~flow solutions, simplified power-flow methods using d.c.
power flow, sensitivity metnods or linearized power flow

methods are commonly used for contingency simulation and

gsecurlty assesspent,

D.C. power flow methods give very fast solution for
contingency analysis but the accuracy of the results are not
adequate, also only real power flow solution is available and
no voltage information cen be obtained. Some Z-matrix methods
for contingency evaluation have begn proposed(49“51), The
methods are quite fast for contingency simulation but their

main shortcoming is that storage requirements for large



non-sparse Z-matrix is excessive. OSome of the methods
overcome this shortcoming by using Z-matrix axis discard-
ing technigue and considering only a small number of 1limit-

ing lines for overload monitoring(50’51),

By and large the Y-matrix methods for contingency
power flows are more popular because of the reduced storage
requirement of the sparse Y-matrix., Since 1970's tuae trend
in security assessment metnods ls towards use of constant
matrix methods for contingency. analysis. These methods
linearise the power system model about the base case opera-
ting point and use either sensitivity techniques or linear

iterative power flow methods,

Sachdev and Ibrahim(54) have proposed a faat contingency
evaluation method using the base case sensitivity matrix,
Transmission line or transformer outage 1s mathematically
modelled by its pre~contingency configuration by adding
changes in power injections at the end buses of the outage
branches, The method can be explained with reference to
Mg, 3.2. The basic and final state of the system buses i
and j (for a outage simulation of line 1~ j) are shown in
Fig., 3.2(a) and (b)., The voltages at these two buses will
not change from that in the final system state, 1f the line
i~ j 18 reconnected and power equal to that flowing into the

structure of
line is injected into these buses, Thus the/Jacobian matrix
representing the system after the line outage remain unchanged

from that in the basic state except that 1ts elements are
slightly different due to the change of magnitude and phage
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angles of the voltages. Thus the retriangularization of
the Jacobian matrix [J] to account for the network changes
due to outage is aveolded. The modification of the power
injection into the end buses 1 and j, wnlch would simulate
the outage effect, 1s computed using tne sensitivity matrix
S (= J"J) of the basic siate in an iterative mode using
the respective nonlinear power flow equations., The main-
drawback of the method is low accuracy because with the use
of linear sensitivity of the basic gystem tae metiod tries
to satisfy the conditions in the outaged branch more readily
than in the rest of the system. To overcome this shortcoming
a power injection modification index is proposed but this
requires off-line studies, The method in reference (61)
tries to overcome the above ahortcom%ng by trying to meet
the scheduled demand at the end buses irrespective of the
flow in the outage element,

The method proposed by Pai and Khan(57) uses a ficti~
tious state model concept and matrix inversion lemma of
Shermon and Morissqg’to compute the sensitivity matrix for
the contingency case from the base case triangular factors
of the Jacoblan matrix. The post contingency state of the
system is obtained using this sensitivity matrix in an

iterative mode.

A linear iterative power flow technigue for contingency
evaluation has been proposed by Peterson et al.(53). The
algoritm uses decoupled formulation for real and reactive

power, The two Jacoblan sub-matrices for the decoupled
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formulation are evaliated at the no-load point and thne
triangular factors of these submatrices are stored, The
effects of network outage simulations are obtained without
modifying the triangular factors using compensation method(52).
The nonlinearity and coupling effects are introduced using

an iterative scheme. The method is quite fast but the

results obtained are only approximate solutions,

Stott and Alsao(ss) extended their decoupled load flow
algorithm to include the outage calculations, The method
uses the matrix inversion lemma of Shermon and Morrisson to
gimilate the network outage changes in the Jacobian witaout
modifying the triangular factors of the Jacobian. The method
is fast and does not have large storage requirement as only
triangular factors of the sparse symmetric decoupled sub-
matrices need to be stored, The method requires two to three
8-V iterations to acnieve the required accuracy. The details

of the method are deseribed in Mippendix A3.1,

Recently Zaborszky et al.(se) have proposed a concept
of "concentrig_relaggjégg? for contingency evaluation. The
method makes use of the sparsely connected topological
structure of the system and utilises the dlagonal dispersion
nature of the power system. The basic idea is that the effects
of disturbance get attenuated as they travel away from the
location of the disturbance. A concentric relaxation method

1s used by treating the system or a plece of it ("a float")
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as electrically rigid and gradually relaxing the results

tier by tier (a tier comsists of all the buses directly
connected to the buses of the previous tier) to account for
tre actual flexibllity of the transmission system., The ternm
"concentric relaxation" refers to relaxing the conditions of
the network to fit the changes injected by the contingency.
The tier by tier updating of the variables are done using a
Gauss=-Siedel type algorithm. The speed of solution is

derived from the exploitation of structure of the system as
the changes beyond third tier are negligible(ss). Thougn

fast contingency simulation methods have been developed, the
1arge number of contingencies to be simulated require consi-
derable computational effort and time making them unattractive
for on-line applications., Thus some better approach to
security =osessment which is accurate as well as wvery fast and

reliable needs to be developed.

The application ﬁattern recognlition to security assess-
ment appesrs promising for on-line applications., These use
a large set of training data and an off-line training process
to design security classifiers., The security classifiers are
used for classifying any power sysiem operating state into
secure or ingecure state, Once the classifier is available
the classification process requires negligible computational
effort and time and can be used for on-line applicationg,
The details of the pattern recognitionr process 1s presented

in the next chapter.
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CHAPTER 4

SECURITY ASSESSMENT THROUGH PATTERN RECOGNITION TSCHNIQUE

4,1 INTRODUCTION

Pattern, in a general sense can be defined as
description of an object or & situation., Recognition of
patterns is a basic attribute of buman as well as other
living beings, It is thougnt that the decision making
ability; for example, the next move in a game of chess is
based on the present pattern on the board. The goal of
pattern recognition systems is to clarify these conplicated
decision-naking process and automate these functions using
computers. The pattern recognition ovroblem offers unique
crhrallenge because recognition 1s someting everybody
performs but the procese underlying it is not very well
understood, apparently because most everyday perceptuzl

processes are carrled bYelow the conscious level,

The lack of complete theory of perception has not

dettered people from {¥rying more modest tasks. Many of

these involve pattern classification - the assiganment of

a physical object oxr event to one of the several prespecified
categories., Extensive study of classification problems has
led to some absiract mathematical models that provide the
theoretical basis for classiflcation, Though these models
are generel, sStill for specific problems one has to come to

grips with special characteristics of the problem at hand.
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In this chapter a brief overview of the pattern recog-
nition problem is presented. Then the power system security
agsessment is formulated as a pattern recognition problem.
Some existing methods in literature are briefly reviewed,
In the end a pattern classification algoritnm based on
gsolution of linear inequalities 1s proposed for power systen

security assessment,

4.2  PATTERN RECOGNITION - BASIC APPRoACH(67-72)

Pattern recognition in general encompasses a large
variety of problems, Many of these can be characterised as
classification of an object or an event into different pre-
specified categories, This is usually termed as "pattern
clagsification" problem. In this thesis we will confine

ourselves to this category of problem only.

In general, pattern clasalfication system design
involves several subproblems, The first one is the sensing
problem. This concerns wita the representation of the input
data which can be measured from the object or event to be
recognlsed. Each measured quantity describes a characteristic
of tne pattern, Usually these measurements are arranged in
the form of a measurement or pattern vector (a n-dimensional
vector for n measurements used to characterise the pattern).
The pattern vector contains all the measured information
available about the patterns. When the measurements yield
information in the form of real numbers the pattern vector can

be considered as a point in n-~dimensional Fuclidean gpace,

IR
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In most of the pattern recognition problems the
dimensaion of pattern vector is quite large., This makes
the design of the Tecognition system quite complex and
costly. ©So, the second problem concerns the reduction of
the dimensionality of the problem, This can be achieved
by extraction of characteristic features or attributes
from the recelved input data, This is generally referred
to &8 preprocessing or caaracterisation problen, The
features characterising attributes common to all patterns
belonging to the same class are called intraset features
and the features which represent difference between patt-
erns of different classes are called interset features,
The elements of intraset features which are common to all
pattern classes under comsideration contain no discriminatory
information for pattern classification and so can be dropped
conveniently. If a complete set of discriminatory features .
can be determined for each pattern class then the pattern
claspification problem will become a simple feature matching
problem, in which any new pettern will be classified by

matching ite features with the features for different pattern
clagses. Unfortunately, in all practical problems it is
very diffiocult, if not impossible, to get 2 complete set

of discriminatory features. But stlll some of the discri-
ninatory features may be found which can be of use for
classification problem. (Feature extraction 1s a very
important aspect in automatic p;¥¥ern recognition proceas.)

The third important aspect in pattern recognition
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proceads 1a the determination of a decision rule or a
discriminant function which is able to classify the
patterns into different classes. After the measurements
for the patterns have been made and expressed in terms

of patiern vector, each pattern can be viewed as a point
in the Euclidean space, If tne patterns are to be classi-
fied into I distinct classes, then tine classification pro-
blem can be seen as dividing the Euclidean space into ¥
distinct reglons, one for each class, Thus the clagsi-
fication process is generation of decision boundaries
wnicn separate the i pattern classes based on the measure-
ment data, Let Wer Woseenp Wy be designated as M possible
pattern classes, and let X = (x1, oy sesey xn)t be the
feature measurement wvector, where Xy represents the ith
feature measurement, Then we can define a decision or

di scriminant function assoclated with class wy as
di(X)>dj(X), 1¢#) and 4, § =1,2,.0044, ¥ (4.1)
if the pattern vector X belongs to class L That is if the

decision function, di(X) has the largest value for a pattern

X, then X¢ Wy .

Tahus in Euclidean feature space, the boundary of
partition (the decision boundary) between reglons associated

- with class 'w; and Wy respectively, is given by

dij(x) = d,(X) - d,(X) = 0 (4.2)

The geometrical interpretation of the above concept is

illustrated in Fig, (4.1) for a two-dimensional pattern space
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model. Many different forms satisfying equation (4.2) can
be selected for di(X). The common among these are Linear
Discriminant Functions, Piecewlse Linear Discriminant
Functiona, Polynomiael Discriminant Functions etec.

After the classifier has been designed 1t is used
for classifying unknown pattern samples, Thus the pattern
recognition process is a two 9tage process. The first stage
consists of designing or generating the classifier using the
measurement data of the known pattern samples and the second
stage is using this classifier for classifying unknown
saemples, The block diagrem for the two stage pattern
recognition proCess ias shown in Fig., 4.2,

4.3 CHARACTERISATION (PREPROCESSING) PRggLEm(59:73-78)

As seen from the above discussion preprocessing is
uged for extracting' those attributes from the measurements
of the pattern samples which contain dlscriminatory infor-
mation with regard to the pattern classes, ,EE?_{S?ture
extraction process is a very important aspect in pattern
recognition scheme as it strongly affects the design and

_—

performance of the classifier. Bagsed on the difference in

the basic approach to the problem, the feature extraction
process. can be divided into two different groups:
A1) Peature extraction;
(2) Feature Selection.
v
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4.3.,1 TPeature Extraction

The feature extraction process can be considered
as mapping of the original measurements into a usually
much smaller and more effective set of features, This
tantamounts to finding a transformation for the data

from the n-dimensional measurement space to a m-dimensional

feature space, where m << n. The main objective of this
—;ranafbrmation is to reduce the dimensionalty of the data
and to retain or enhance the discriminatory information
for the pattern samples, Both linear and nonlinear trans-
formations(76) can be used for this purpose. But since
nonlinear transformations are in general quite complex and
time consuming 1f the data set is 1argeJ UBUﬁlly,-linear
‘transformation methods are preferred(69’73‘75)_

Karumnen Loe've Expansigg(69’73“74)

The moat important and widely used linear transfor-

ma@igg_method for feature extraction is bvased on Karhinen~-
J;;;'ve (K—Ll_expansion. The method makes use of the
orthono;;gl transformation of the data from measurement
space R: to the feature space Rﬁ in such a way that the

mean-square error in transform ation 1s minimum, Tet the

N pattern samples in n-dimensional space are represented by

pattern vectors as
Py = ( e
1 = \Pq1 Pipseceey P1n
t
Py, = (Pyqy Popreceer Dpp)

)t

Py = (Pyqs Puos-ceer Pyy (4.3)

=
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Tne problem is to find similarly represented orthonormal

vectors in m-dimensional feature space:

_ 3
Fp = (£490 £5090 oy )

By = (8hd Eagy veneny fmn)t (4.4)

such thet

2
T

N m
1 < < (1
Q (P1o Fao seey Fm) = ﬁfuiupi - ,;_a( )Pj'

j=14
| n m
P e = 2 (1) 2
= o 2 (pya - 7. @Y 2..) 3
LI v 0 e Rt LB pee B B L (455)
is minimised. Where,
agi) = (Pi'Fj)' the dot product of‘P1 and Fa. (4.6)

Equation (4.5) provides a relationship for finding
a gset of veetors which ylelds the least error averaged over
all sample points, The solution to this problem is the

(74)

diserete X-L expansion A simple method for solution

is as follows:

(1) Construct the nx n covariance matrix l:c:l for the

measurement data, where,

213
Cix =N 1}:—1 Fiy Pax (4.7)
(2) Solve the eigenvalue problem

[C][F]_] = *7"12 [FJ P l=1,2,.,..,n

(4.8)
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Where [?1] is the 1t: eigenvector and ~; the correspond-
ing eigenvalue. The normalised eigenvectors E!1] form

the orthonormal vectors,

Choose m eigenvectors [?i. 1 = Vypeunay q] corresponding
to the m largest eigenvalues obtained in step 2, to

conatruct the transformation matrix.

Em] = [ ¥ i (4.9)

The features (311""’ xim) for ith pattern sample are

obtained using

X;q | Py 1
: = T : (4.10)
_xim_ - _ 5 Pln 5

K-L expansion method provides the best orthonormal transfor-
mation as it minimises the mean-square distance between the
semples in n-dimensional measurement space and thelr pro-

jections in the m-dimensional feature space.

The maln drawback to E-L expansion method for

feature extraction is that 1t involves the diffioult problem

‘ of computing elgenvalues and eigenvectors of a large matrix,
Also, the information compression property of the K-L

expansion 1s not always associated with the compression



of discriminatory infbrmation(77).

4.3.2 Peature Selection'®9:77)

The feature selection process 1s radically different
in epproach from that of feature exiraction in the sense that,
feature selection processvfinds the smallest subset of mea-
surements for tne pattern, from the original_@ggsu:gments,
wrich will yleld optimum qlqssifigaﬁ{ga. This suggests‘;

gearch tecnnique to be used for this purpose. A simple algo-

rithim for this purpose can be as follows:

Step 1) For each positive integer m < n, find the subset S;
of dimension m for which classification performance

f(Sm) is maximum,
Step 2) Find the smallest value of m for which
P #*
£S,) > £ (4.11)
Where £ is the minimum desired performance.

The main problem in implementing the above algorithm
is that, even for moderate values of m and n the number of

subsets to be searched is extremely large. For example, for
n =20 and m = 10, the total number of subsets will be (%g)

= 184,756, This makes the implementation of the above scheme
almost impossible(77).

Another approach to feature selection can be ag

follows:

83

Step 1) For each measurement T4, 1 =1,,..,n, characterising

the pattern vector, find out the classification per-



formance measure f(xj.) on @n individual basis,

Step 2) Rank the measurements according to the values of
f(xi)’ i1=1400ey n.

Step 3) Select the top ranking measurements as featires.

A simple performance measure which can be used in above

algorithm can be based on the interclass distance between

the means for the measurement. The main shortcoming of
the method is that each measurement is considered inde-
pendent and no interaction between features is taken into

account. In the extreme case this may lead % the choice

e rve—

of k highly correlated measurenents as features and so
the classification performance using these m features
lwj.:l_l be same as that using a single feature. A feature
- Lieiectiqp procedure which avoids thisdrawback is proposed

in Section 4.7.

4.4 PATTERN cpASSIFIcATToN(69-72,78,79)
Once the set of features has been selected and the

data conceming the patterms and their features are avail-
able, the next problem is the determination of a_decision
function or a "classifiexr" of these features based on the
glven data. Por a two class problem (extension to multi-
clasg problem will be presented later) the classification

protlem can be stated as, o

Find, da(X) (4 12)

such that
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<0 Xew,
Usually an iterative process 1s used for finding d(X) as
given by (4.13) using the given data. This iterative
process of finding d(X) 1s termed as "training" or "lear-

ning" process, When data for the patterns with known

classification 1a available the tralning process 18 termed
BS_EEEEEEEEEQ learning or "training with a teacher",

When no prior knowledge about the classifications of the
pattern vectors are avallable the training process becomes
an "unsupervised learning" process. The aporoach used in
unsupervised learning are usually heuristic and mostly
gome distance criterion like cluster analysis or nearest
nelghbour rules are used for the tralning of thq}classifief.
Fortunately, in many practical classification prodblems the
apriori knowledge of the classification for the pattern
vectors, used in the training process is known and we will

1imit our discussion to the supervised learning methods only,

There are two main approaches used for supervised
learning proceas:
(1) statistical methods;

(2) deterministic methods.
(68-72)

4.4,1 Statistical Methods
7

Bayes decision theory is fundemental statistical appro-
ach to the pattern classification problem. This approach is
besed on the assumption that the classification problem is
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posed 1n probabilistic terms, and that all relevant

probablility values are known.

Let, X be a pattern vector, and we want to decide
whether X belongs o wy or w,. A decision rule based

8imply on probabilities may be writien as

N

L |

P(we|X) Z P(wy|X) — X (4.14)

£ W,

The aposteriori probabilities P(“ﬁlx) can be deter-
mined using the apriori probabilities P(mg) and the condi-

tional probability density functions P(Xlwi) using Bayes

theorem
p(X|w, )B(w; )
P(WjIX) = P(X) s 1 =1, 2 (4.15)
Where, 2
P(X) = 12;1 p(7|wy )P(wy) (4.16)

Substituting (4.15) in (4.14) and dropping P(X) as it is
common on both sides of the inequality, we get the decision

rile ap

-w
p(} |7g )R (wy) Z p(X |wy)B(wp) —> X . w; (4.17)

Decision rule given by (4.17) is the Bayes decision rule

for minimun error in classification. It is an optimum

decision rule as use of this rule will lead %o minimum
clagsgification errors, Because of this important property
this rule is very frequently used in pattern classifioation
and forms a basis of comparison for all other statistical

classification algoritims. The implementation of (4.17)



requires a priori knowledge of P(wi) and p(X\wi) for 1 = 1,2.
In case when these are not known a priori, these can be estima-
ted from the data available, When a set of pattern samples
with known classification (alsc called iraining set) is
available then estimation ofP (w;) is quite simple, but

the )a priori class conditional pdf p(xlwi) can be estimated
only 1if the statistical distribution of the pattern samples

in each class 18 either known or assumed,

In case when a training set of pattern samples with
know)classification is avallable then the pattern classifier
can be designed using a training procedure, Using (4.,15)
and (4.17) the decision rule can bemodified as followst

The Bayes decision rule in (4.17) is egquivalent to
implementation of the decision function

4, (X) = p(X|w )P(wg) o 1 =1, 2 (4.18)

Where a pattern is assigned to class w; if 4,(X) > dj(X),
1 # 3. An expression that is equivalent to (4.18) but does

not reguire explicit knowledge of p(X|w;) and P(w ) can be
obtained using (4.15) and (4.18) as
di(X) = p(WiIX)P(X), 1 =1,2 (4,19)

However, since P(X) does not depend on i it can be dropped,

vielding, a decision function

di(X) = P(Wi‘x)’ 1i=1,2 (4.20)

The decision boundary for thls two class case is given as
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d1(x) - d5(X) = 0. Tms the equivalent decision boundary

function can be derived as

d(X) = d4(X) = 34,(X)
= p(wq| X) = plwy|X)
= p(wy| X) = [1 - p(w1|x)]
OR d(X) = 2p(wy| X) - 1 (4,21)

This leads to the decision rule

A~ Wq

p(wq|X) 2 ¢ = X (4.22)

£ Wy
Implementation of decision rule (4.20 - 4.22) requires
the knowledge of pdf p(wi‘X). Unfortunately, the pdf
p(will) 18 not directly available and the only information
available is the class membershlp of each pattern vector
in the training set. Using the informatlon about the class
membership and feature measurements of the pattern vector
for all the patterns 1n the training set the pdf p(w|X)
is estimated using some 1terative learning (or training)
algorithm involving stochastic approximation methods. Seve-
ral algorithms are availsble in literature(69-72,» 78,79)
this problem. The adventage of stochastic methods are that
in the 1limit they always converge to the optimum  Bayes
classifier. The main drawback of these methods {s the very

(68)

slow rate of convergence' which makes the implementation

of these methods difficult,
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4.4.,2 Deterministic Hethod§568'69'72’78)

From the above discussion it 1s clear that the
statistical methods elther require prior knowledge about
the statistical distribution of the pattern samples for
each class or the learning algorithms used for stochastic
approximations are very slow. DBoth these shortcomings are
over come in deterministic methods, Basically, the idea
is to find 4(X) that works well at least on the glven
gamples of known classification. Restating the two-class

classification problem in (4.13), we have the decision rule:

da(x) = (4.13)
<0 Xéwz

Let after feature selection the pattern vectors inm the trai-

ning set are arranged into two sets

o " .
A (N1) = [?1 Poessos XN1] patterns in class Wy
(4.23)

: P Hg
X(N2) = [11 g 1',2] patterns in class L

(4.24)
W

There xj = (131. x 2,...., xjm) 19 a row vector consist-

ing of m features denoting jth pattern vector in class wy

end two sets of N1 and N2(F1 + N2 = N) patterns for class
wy and w, reapectively.
Let us consider a linear decision function (see

Appendix 4.1)
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a(x) = a®x (4.25)

such that a pattern X; is classified correctly if

a(x)

8’k >0 and X ¢ w,
(4.26)
or d(X)

a’% < 0 and X ¢ w,

In the later case, we see that Xi 1s correctly classified
if gt(_xi)'7 0. This suggests replacement of all patterns
in class w, by its negatives. With this normalisation we

can look for a parameter vector & such that

§xi>0 H 1=1, 2,0.-.0,N (4.27)
or AW >0 (4.28)
ihere, -
[ W, W,
X11 ses e v reea X.'m 1
XN-.I.Iooooao...n-o XN1m1
A o ';"‘ = T (N1 + ¥2)(m + 1)
2 2 matrd
-X11 ............-x‘lm "'1 X
. (4.29)
w w
2 2
Hz’..o--coooco"ﬁa-1
t
and W= o(8qescces 8 B 4) (4.30)

In (4.29) the pattern vectors have been augmented by ones
and minus ones in the las¥ column to indicate the known

classification of the patterns,
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Thmus the problem of finding the decision function

d(X) is nothing but finding a solution to the linear inequa-
lities given in (4.27) or (4.28). If there 13 a single
vector W* which satisfies all the inequalities in (4,28)

then the system of inequalities is said to be a consistent
set (classes are separable) and W* is a solution, Other~
wise the system of inequalities is inconsistent (classes

are inseparable) and solution W* is a vector which satisfies

the maximum number of inequalities in (4.28).

Many algorithms are available for solution of the

(69,78,109,110)

linear inequalities A very aimple algorithn

for solution of (4.28) based on reward-punishment concept

and commonly known as perceptron algorithm is as follows:
Let W(1) be the initial weight vector, which may bve

arbitrarily chosen. Then, at kth training stepy

Tf w(x)X(k) < 0, replace W(k) by

Wk + 1) = W(k) + CX(k) (4.31)
Otherwise leave W(k) unchanged, i.e.
Wk + 1) = Wk) (4.32)

Where, X(ik) is the pattern vector under consideration at the
kth iteration step and C is the correction increment, a

constant with condition C > O,

A more general procedure for solving the linear ineq-
ualities 4is to tramsform the problem into an optimimation

problem the solution of which also guarantees a solution to
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(4.28). For this purpose we writ @ (4.28) as

AW > B (4.33)

Yhere B = (b1, b2, o Semce hN)t with bij> O 1 =1, 2genea il

The solution of linear inequalities in (4.33) can be

formulated 28 a linear programming problem as follows:

Find a vector W = (a1. Boees s am+1)t that minimises

the linear objective function

Z = o2

w (4.34)

subject to

AW > B (4.35)

Where ¢ = (=f1,tX‘2.... cw:m_H)t is the cost vector. TFor
pattern recognition problems linear programming methods are
rarely used because much simpler algorithms (mainly using
gradient techniques) are available. One of the most
important properties of the gradient vector of a function

f is that the negative of the gradient points the direction

of the maximum rate of decrease of f£f. On this basis iterative
gchemes are devised for finding the minimum of a function so
chosen that 1t achieves its minimum whenever AW >0, For

example let us consider the criterion function
3(W) = (1AW | - W) (4.36)

It is evident that the minimum of this funetion is J(W) = o

and thaet this minimum resulis whenever AW >> 0, excluding the
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trivial case of W = 0. Using the gradient descent Procedure
for minimieing (4.36) we are immediately led to

W + 1) = W(k) - ¢ | M) (4.37)
- = W= Wk

Where W(k) represenis the value of W at kxth step and ¢ > 0.
By choosing different criterion funections different algo-
ritims may be created, A very useful algorithm based on
gradient descent is the Least-Mean Square Error(IMSE)
algorithm'®0), This algoritim hes the advantage that in
addition to beilng convergent for separable classes, it
indicates in the course of operation that the classes under
consideration are not separable, if it is the case. In this

formulation the linear inequality (4.28) is expressed ag:
AW = B (4.38)

where B = (bgs By seeeey bm+1)t with by > 0 for 1 = 1,....

ee.,m+ 1, And consider the criterion function

J(W, B) = % |law - B]|? (4.39)

Wwhere || + || is the norm of vector (.). The function J(W,B)
achieves ite minimum whenever (4.38) ia satisfied. Since
the function J(W, B) depends on both variables W and B 2
gradient descent procedure involving both wvariables will
improve the convergence of the algorithm., The gradients

associated with the problem are

24HR = ataw - 3) (4.40)



OJ(W, B) _

and —=3=L = - (AV - B) (4.41)

Since W is not constrained in anyway, we can set AJ/ oW

= 0 and obtain

W= (A%t = 7 (4.42)

#
Where A 1s called the genersalised inverse of A, Since
all components of B are positive, the variation in B is

achieved by letting,
B(k +1) = B(k) + § B(k) (4.43)

Wfhere
B(k) = e [ (aW(k) - B(K)) +| AW(x) - 30| ] (4.40)

In equation (4.44) k denotes the iteration count and ¢ is
is the positive correction increment. Prom (4.42) anad

(4.43) we obtain

it

Wk +1) = A Blk +1)

” A# B(k) + 5 B(k):l

= A#- B(k) + A#S B(k)

¥
= W(k) + A S B(k) (4.45)
by letting

e(k) = AW(kx) - B(k) (4.46)

We have tne following algorithm
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i(1) = g B(1)y b(1)>0,1 =1,...n + 1,
e(k) = AW(k) - B(k)

Wk+1) = Wk) + ¢ A#[e(k) +| e(k) l]

B(k+1)

B(k) + ¢ [e(k) +| e(x) l] (4.47)

When the inequalities AW > O has a solution the algorithm
converges for 0 < ¢ < 1. Furthermore, if dll components

of e(k) cease to be positive (but are not all zero) at

any iteration step, it indicates that the classes are not
lineerly separable, The algorithm shows very good conver-
gence property for linearly separable class but except for
indicating linear inseparabllity 1t does not provide any
solution for linearly inseparable case. Another shortcoming
of the algorithm is that it requires the computation of
generalised inverse of a large matrix. Many other different
algoritims can be obtained using gradlent descent technique
by siuply choosing different criterion functions, 1In faect,
our ability to create new algorithms is limited only by

our ability to find new meaningful criteria(78).

The generalisation problem
One of the basic problems wlth the deterministie

methods is the question of generalisation, 1l,e., assessment
of the "goodness" of the declsion funection d(X). 1In sta-
tistical methods the generalisation problem can be viewed

as finding the probability P(w [X) itself, as the statistical
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distribution of the patterns is either known or is estimated,
In deterministic case the gemeralisation problem is usually
tackled by testing the effectiveness of the classifier on a
set of pattern samples with known classification (test set),
but not used in designing the classifier. To make this
process of generalisation effectlve the number of pattern

samples used in test should be large enough,
4,4,3 Extension to Multiclass Problem

Any multiclass problem can always be effectively
reduced into a collection of two class problem, The manner
in which reduction is carried out depends on the separabi-
lity that exists in the multiclass problem, The separability

in malticlass problem can be of three main types:

Type 1 : Bach class may be separable from all the rest by
a gingle decision surface, Then we may take the

decision according to

a,(%) x 4 (
z 0 —= 4.4‘8
i s € otherwise )

This reduces the multiclass problem to M= 1 two

class problems,

Type 2 t Each class may be separsble from each other class,
In this case we have M(M « 1)/2 two class problems
and as many decision functions such that

€ Wy
g Z=E X o (4.49)
J
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The pattern X 18 classifled as in clase w,

only if
aij(x):> O for all j # i (4.50)
Type 3 3 There existsMd;(X) sucn that X belongs to
w, only if

a,(x) > aj(x) for all j 4 % (4.51)

This is nothing but a special case of Type 2 where we have

dy4(X) = 4,(X) - 44(X) for all § #1 (4.52)
The way in which a multiclass problem is reduced $o two

claso problems depends on the individual problem.

4.5  PQJER SYSTEM SECURITY ASSESSMINT - A PATTERN

The operating state of a power system is characterised

by the variables such as power injections, load,voltage
nagnitudes and anglee at all the buses and power flows in
trensmission lines, transformers, etc, These variables

can be obtained from the measurements through state estimaw
tion or power-flow solutions, An operating state of the
power system may be considered as a pattern with the varia-
blea characterieing the state of the system conatituting
the pattern vector X(Xgjeenses X,).

In power system security essessment one is oonfronted
with the question, "Ia the present operating state gf the

system a seoure state?”., The answer to this question can be



provided by a classifier which is able to classify the
power syatem operating states (patterns) into secure and
insecure classes. Thus, power system security assessment
nay be treated as a two class pattern classification
problem, In fact, one can go one step further and design
classifiers which are able to classify the operating state
into secure and insecure class for each contingency., These
single disturbance security classifiers will point out if

a particular disturbance will result in insecurity or not,

Training Set

The design of these security classifiers requires a
training set of pattern samples with known classification.
Ideally the training set should consist of patterns repre-
genting all possible operating conditions of the power
system., This 1s not possible as it will lead to infinitely
large number of pattern samples, and instead of it a large
nunber of pattern samples representing the whole spectrum
of the power system operating range is considered, Using
the contingency simulation procedure (see Appendix £3.1)
the security status (secure/insecure) for all the patterns,

constituting the training set, 1s determined and the patterns
are labeled secure(8) and insecure(I).

Once the training set of patterns with known classi-
fication (S or I) are available, security classifiers are

designed ueing some learning algorithm,
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4.6 REVIEW OF LITERATURE ON POWER SYSTEM SECURITY
ASSESSMERT BY PATTERN RECOGRITION METHOD

Pattern recognition method has not been extensively
used for power system security assessment., To the best of

(81-86) are avallable in the

my knowledge only a few papers
literature on this topic. One of the reasons for this may
be the lack of famillarity of power system engineers with
pattern recognition methodology. Here we present a short
critical review of the different methodologies existing in

the literature surveyed.

In reference (81) a pattern recognition method for
power system transient stability studies was presented by
Dewey and Tuel. They proposed a linear programming method
for the design of the classifier, The main drawback of this
approach is that unless the pattern classes are linearly
geparable the method will not give any solution, since %n
power system securlty assessment case linear separability
of pattern classes can not be guaranieed this method may

not work at all.

Pang, El~Abiad and others(az’es) proposed a pattern
recognition method for both steady state and transient
securi ty agsessment of power systems., Till now this work
remaing as the most important work on this topic. They
propooed a feature seledtion method with feature Tranking
based on a distence criterion, this enabled them to reduce
the mumber of features in each pattern, The classifier

design wes based on solution of linear inequalities by an
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optimal search method(78 }. Though the method works well
for consistent case there is no proof that 1t will converge
to optimal solution 1n incomsistent casme also. Algo the
method 18 quite slow(1°9) increasing the computation burden,
Thelr main contribution is for proposing single disturbance
classifiers which will be able to pinpoint -« "What distur-
bance will cause the system to go into insecure region?".
Though design of single disturbance classifiers increases
the computation burden but they are very helpful for on-line
classification oncs the classiflers are avallable., The main
drawback of the method 18 that 1t considers a constant topo-
logy network for power system which i1s not realistie, A4And
so, for major network changes fthe classifiers have to be
updated. Poncelet(84) proposed a method very similar to that
of Pang et al, but considered the effect of network changes
by including them as logical variables in the pattern vector
(i.e.y 1 for a line or branch in service and zero where it
is out of service). This does increase the mumber of varia-
bles in the pattern vector. The limitations of the method

are same as that of Pang's method.

A pattiern recognition method for transient stability

(83)  ihe waln esntil-

studies was propoged by Salto et al.
bution of this peper is an algorithm for selection of

pattern samples to be used in the training process, The
alepri thm helps in choosing pettern samples near the boundary
and so it is hoped that & god classifier can be obtained

using these patterns. The drawback of the method is that no
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criterion for choosing initial samples for this iterative
process 1s provided, and if the separating surface obtained
with initial samples are not closer to the final separating
gurface then the process may not canverge at all. Also a
perceptron method is used for classifier design; this
method has the drawback that 1t does not converge (it
perely keeps oscillating) in case the pattern samples are

not linearly separeable,

(86) propose a method of optimal

LaCarna and Johnson
rescheduling for power system preventive security using a
pattern recognition method for security assessment of the
system, But, they assume that ei ther the classifier is
available or 1t can be obtalned using & method similar to
that proposed by Pang et al,, and thus they do not provide

anything new on this topiec.

4.7 PROPOSED METHOD

Por any security assessment method to work properly,
tne measurements characterizing the operating state of the
pystem should be accurate, In general, the measurements
available in practical systems may not be very accurate,

The inaccuracies in measurements may be due to noise present
in measuring instruments or communication channels., Some-
times grave inaccuracies can be present due to malfunction-
ing of the instrument etc. The noise present in the measure-
ment can be effectively filtered using staete estimation
techniques. In the sequel we assume that the noise in mea-

surements have been filtered using state estimation technique
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and qgite accurate measurements of the power system opera-

ting state are available,

4,7.,1 Pattern Vector

The measurements for the variables characterizing
tae power system operating state constitute the pattern
vector. The varlables generally used for characterizing
the power system operating state and so the pattern vector
are real aand reactive power bus injections, the reasl and

reactive power line flows, total real and reactive power

generations and loads, epinning reserves, bus woltages ete.

Network topology changes

Due to plenned outages of transmission equipments

for maintenance or other purposes the network topology of
the system changes from time to time, The networic topology
changes are incorporated in the pattern vector by the use
of loglcal variebles one or zero. Where one is used when
the particular transmission equipment 1s up and zero is

used when the transmission equipment is down (i.e., out

of service).

4,7.2 Feature Selection

In general the number of variables (measurements)
characterising a power system operating state (a pattern in
this case) is quite large. This makes the security classi-
fier design complicated and requires large computational
resources. Also, all the variebles characterizing the

system operating state may notl contain useful infomation
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for the purpose of classification. Thus, there is a need
for use of some feature extraction or selection procedure
to reduce the number of variebles to be used for classifier
design.

In power system problem it will be simpler and
better to use the feature selection method. The advantage
is that the number of variables %o be obtained accurately
will be reduced. The feature selectlon 1s achieved by
ranking the variables according to the discriminant infor-
metion contained in them and selecting a small number of
high ranking variables as features. The discriminant infor-
mation contained in any wvariable 'q' will be large if the
difference between the means | G - Q; | 1s large. Unfortu-
nately, this measure is sensitive to scaling and to odbtain
a good discriminant measure the difference between the
means should be large with respect to some measure of

gtandard daviation for each class.

The discriminant measure proposed here is the Migher

linear dienriminant(sa) and for any variable 'q' is given
as
| %5 - 3; |

.-.q = 2 2
[(NS - Neh+ (1 - 1)q—q1:|

(4.53)

Vhere,
3 ——»Secure class
I ———» Insecure class

NS = Number of patterns in seoure class



NI Number of patterns in insecure class

g = Q%ZS(qi/NS) = Estimated mean value for
variable 'q' for patterns in elass S,

Estimated standard deviation for vari sble

'q' for patterns in class S.
and qp and e are the estimated mean and standard

deviation respectively for variable 'q' in class I,

Using the values of M for 2ll variables, the varizbles
are ranked in descending order, TFor features, first the
top ranking variable (variable with highest M) is considered
and all variadble highly correleted to it (correlation coe-
fficient > 0.9) are dropped from the variable set. Next
the remaining highest wvarisable is chosen as second feature
end the process is continued till all the wvariables have
been considered or the required number of features are
obtained, The details for calculation of standard deviations

and correlation coefficlents is presented in Appendix 4.4,

The advantaeges of the method are:

(1) The discriminant measure M in equation (4.53) is
insensitive to any scaling so no data normalisation
18 required.

(2) Computational effort required for calculating M for
each variable is small,

(3) Since all those variables which are highly correlated
to any selected feature and so not con taining any

additional disoriminant information are dropped,



b
=
A

only those variables which contain distinct infor-
mation regarding the clase separation are selected

ag features,

4,7.3 Pattern Classifier (Security Classifier) Desigm

Once the feature selection process is over the

pattern vectors in the training set can be arranged in

two sets:

-

S _ S
NV o= \I?, X3y evsey x;s)t patterns of secure class
(4.54)

)(I = (xi, x;, eseny x%u)t patterns of inseucure class
(4.55)

Vhere,

XE = (Kfp----. Ijs_m)

i3 a row vector consisting of m varlables (features) deno-

ting 1th pattern in secure class,

Now the problem of security classifier design can be
stated as:

Pind a deeision function (security classifier) 4(X)

such that

d(%) > 03 —> [E S
a(xy) < 0; —-X €I (4.56)
Consider a lineer decision function

a(x) = atx ; where at = (a1, az,....,am) (4.57)
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the problem in (4.56) is equivalent to find parameter vector
7, such that

AW > 0 (4.58)
there
Fxs xS 1-
11.'.."'. 0 0 2 & 1m
S S i
x21aooocono-oo-o x2m
S S 3
XNS1........... ﬁsm
A= -:-[---—--—-'* E-"' (RS + NI)(m+ 1)
x11..l0llll|ll I1m -1 matrix
. . (4.59)
.I I.
-31‘11000000-0000 rﬁIm "1J
t
and W=(a1-..-- % %.’_1) (4.60)
The problem (4.58) 1s further equivalent to,
Find W such that
AW =2 e >0 (4.61)

there e is e prespecified (m+1) vector; without loss of

generality, € = (1, 1y0cseey 1)t in the sequel.

Now (4.61) can be stated as an optimisation problem,
™Mnd W such that

£#(W) = || (AW = ) - | av - e || (4.62)

is minimum,
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Properties of f£(W): for the consistent case £(W) is a convex
function and £(W') =0 1f W* is a solution, for inconsisicnt
case f(W) is strictly coanvex and, therefore, its minimum is
global and unique (detalls of proof are given in Appendix
4,2),

The Fletcher-Reeves conjugate gradient algorithm(107"
109) wlith periodic restarting along the gradient direction
is used to minimise the function (W) as defined in (4.62),
Let the negative gradient direction of f(¥) at any point 7

be denoted by

(W) o = Vo 27 (4.632)
= AtDAW - e, - (AW ~ e)] (4.63b)
= Abp (4.6%¢)

\There
P=DAW-e,-(Aw-e)] (4.64)

The algorithm is as followss
Let k denote the iteration index, r the restarting

period (normally r» =m or (m + 1)), )’ the number of

inequalities (4.58) satisflied by W, eand W* denote the solution
vector.

Step 1 ¢ Set k =0,
Select W arbitrarily
Compute AW and)ﬂ
1f 0<Y < W2, set W = <W%, AWO = ~AWC apg

yosney
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Step

Step

Step

Step

Step

gtep

1)

2)

7
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I:f.‘yk =N, set W = 'ﬁk. stop
if )/k = 0, set W# == -Wk, stop

Otherwise continue

Compute gk; if gk =0, stop
otherwlise compute)\k L 1/||gk\|2 and continue,

1r
Compute 873 ek = 0 1f &k is an integral multi-

1
ple of jy, otherwise 6~ =1 ,

Set DK = ofDE=1 4 K

Pind p* such thet F() = D(W + uD%) is minimised

with respect to .
Set wk+1 = wk +,nkbk
Awk+1 = Awk + )zkADk
Compute Yk'”
Set k =k + 1, go to step 2.

algoritim for linear minimisation w.r.t. n in

5 is given in/Bppendix 4.3,

The adventages of the algorithm are:

The algoritim gives optimum solution in both consistent

(1ineerly separable) and inconsistent (linearly inse-

parable) cases.

In the inconsistent case, which may generally be present

in power system gecurity assecssment application, the

algorithm converges %o the 'best' solution i.e., a
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solution in which maximum number of inequalities are
satisfied, because in this case the objective function

is strictly convex and so its minimum is global and
unique.

Computation of generalised inverse of large matrices,

as required by the least mean square error algorithm(so)'
is no longer required, This reduces the computation
burden by a great extent. Where the IMSE algoritmm
merely points out the inconslstency of the linear
inequalities, if it is the case, this method provides

an optimal solution for this case also.

The method is particularly well suited for large

problems, which will be & general case in power system

security assessment problems, as it does not require

storage of any matrices,

4.7 t4 The Al{:oritm

The algoritim for the proposed security assessment

scheme is as follows:

Step 1 &1 For different power system operating states,

covering the whole spectrum of the system opera-
ting range, obtain the patiern vectors with known

classifications by uelng contingency evaluation

methﬂdo

Step 2 Arrange-the pattern vectors into two sets, S, for

S
patterns in secure class and SI for patterns in

insecure claas.
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Step

Step

step

Step
Step
Stéep

otep

Step

Step

Step
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Randomly select large number of patterns from
Sg and Sy to form the training set (Spm). The
rest of the patterns form the test set (Spg) .

Using the pattern vectors in Spp compute the
discriminant measure M, for each variable (x&)

in the pattern vector using the equation (4.53).

Starting with varl eble with largest value of M,
rank the variables (x;) in descending order
according %o the values of M;. Set k = 1,

Compute the correlation coefficient cij for all
variables (xj) ranked k¥ + 15.04..40, w.r.t. the
variable xy ranked k,

Set MJ = O; if Cij ,‘>/‘0090 Otherm% continue.
Set k =k +1; if X <n. Otherwlise go to step 10.
Tf Mk = 0, g to step 8. Otherwise go to step 6.

Choose a small subset of m varisbles with highest

Ms as the features,

Using the m variables chosen as features in step
10 fom the matrix A (defined in equation (4.59))
with patterns in the training set (STR)'

Using the training algorithm described in section
4.7.2 obtain the optimal security classifier w*.

If the classification efficiency (% correct elass-
*

ification) with W i3 not adequate (< 90%), get

m=m+ 1, g0 to 8tep 10. Otherwlse stop,
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For checking the effectiveness of the gecurity clea-

8sifier obtained in step 12 it 1is used on the test set

patterns as follows:

Step 14 : Using the features obtained in step 10 form
the vector X, - (x11,.....,xim, 1) for the

pattern vector 1 in the test set,

Step 15 : Compute the security function wvalue

(W) =x W

If D(W) > 0 and the ith pettern is from gecure
class, the classification is correct. Otherwise
it is incorrect.

If D(W) < 0 and the ith pattern is from insecure

class, the classification is correct. Otherwise
it is lncorrect.

The % of the correct classifications by W? on test get
patterns provide the generallzed efficiency of classification,

4.7.5 Single Disturbance Clasgifiers
The securitxzw* obtained by the above algorithm is able

Zblassifier
to clagsify any power system operating state into secure and
insecure state by computing the value of seeurity functiogp
a(w) =‘xtﬁ#' which regquires only m multiplication operations
and so requires very little computation time. In fact 11 44
possible to go one step further and design one security o1agg.
ifiers (w;) for each contingency., These are called single

disturbance security classifier and aid in identifyiﬂg the
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contingencies which will force the glven power system
operating state into insecure state. As will be seen in

Chapter 5, these single disturbance classifiers are of
great help in security control applications.

4,7.6 Securaty Control Index

Many different types of global security indices

have been proposed (5’65). These indices provide a measure
of the general health of the system for the given operating
condition, These global securlity indices can be used as

a measure for initiating security control actiona, The

main drawback of the methods using security indices is thne
large computational time involved in computing these indices,
also these indices do not provide any information about

what particul ar contingenocy causes insecurity and if so how
severe is its effeot;/

Here a fecurity control index is proposed which over
comes the disadvantages of the global security indices
proposed by Patton and others, The securlty control index
(SCI) 1is computed for each contingeney and provides a measure
of severl ty caused by the particular contlngenocy concerned,
The magnitude of d(F) for any operating condition (pattern)
indicates the distance of the pattern from the security ¢las-
gifier surface. For insecure operating condition a(W) is
negative and la(w) Igives a measure of severity of the opera-
ting condition from the secure operating condition threshold,
Thus, 1f for eny particular contingency i, the system becomes

insecure (d(Wy) < 0) wut ld(Wi)l 1s small, then 1% may not
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be necessary to take control actions if the probability
of occurrence of that contingency is also small. Based on
this argument the security control index for any contin-
gency 1 1s defined as

SCI, - -d(W,)Py (4.65)

Vhere, d(Wi) is the value of security function for ith
contingency and Pi is the prohebility of occurrence of the
contingency 1 (failure rate for the equipment causing ith

contingency) .

If SCI; > SCI (SCT is the predetermined threshold

value of SCIi and depends on the system as well as the degree
of reliability and quality of service required) then security
control actions need to be initiated as severity level for
the contingency 18 greeter than the tolerance acceptable,
otherwise security control actions can be bypassed as the
severity ceuged by the contingency 1is lower than the accept-~
able tolerance. The advantage of the proposed SCI is the
eage in 1ts computation (it requires only one multiplication
operation in case where equipment failure rate is available)

and ita effectiveness in security control applications,

RESULTS AND DISCUSSIONS

The power system steedy state security assessment method

using pattern recognition technique as proposed in section 4,7

is programmed and tested using IBM1130 system on three test
systems: (1) 5 Bus/7 line/2 generator system, (ii) 8 Bus/



14 line/4 generator system (1ii) 14 Bus/20 1line/6
generator system. The details of the system parameters
and loading data 1s glven in Appendix 1. Details of

the pattern generation and test results are as follows:

(a) Generation of Patterns for Training Set and Test Set:
For generation of patterns for training and test
set, the system operating conditions over the complete
operating spectrum (minimum sysiem load (0.8 base load)
to the maximum system loed (1,25 times system peak load)
is conaidered, Different loading conditions of the systen
is considered dy assuming the loads to be.ggﬁig?ziagh(i-es
loads at all the btuses remain a fixed percentage of totzl
system load) and total system load demand changing in
discrete steps of 2-5%. To account for the non-conformity
of loads, different system load levels with random loadings
at individual load buses were algo considered. For each of
these loading conditions ﬁ;ffergnt unit commitments were
considered with the constraint that system spinning reserve
is always greater than the generating capacity of the largest
generator in operation. This constraint made sure that
even for the outage of largest operating generator a feasible
steady state operating condition 1s obtained, For the given
loading conditions and unit commltments, economic load
dispateh (described in Chapter 2) was conducted to obtain
the voltages at the busea and power flowe in the lines for
each case (pattern). The system overating condition data

formed the pattern vectors. Outage studies for all line
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outage and generator outages (considering one outage at a
time) is carried out using fast decoupled load flow to find
out the security status (secure/insecure) for each pattern,
These patterns with known classification formed the complete
pattern set,out of wnich some Secure clags patterns and

some insecure class patterns were randomly selected to form
the training set, whereas the rest of the patterns formed

the test set.

For the 14-bus system two more neuwork topologles

wilth

(1) planned outage of one circuit of transmission line
between bus 1 and 2 (simulated by doubling the impe-
dance of the transmission line), and

(11) planned outage of tramsmission line between bus 4
and 9, are considered by including 100 more patterns
(54 for csse (i) and 46 for case (i1)) with known
classifications to account for the network topology

changes,

The variables conslidered to constitute the pattern
vectors representing the power system operating states

include

(1) v, 6; the voltage magnitude and angle at each bus,
(11) P, Q3 real and reactive power load at each bus,

(111) PE’ Q_: real and reactive power generation at

8;
generating buses

(iv) Ppy Qgs real and reactive power flow in each transmission

line,
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(v) PgpsQgg 5 real and reactive power spinning reserves

in the systen.

To account for the network topology changes (in the
14 bus system) logleal varlsbles for each topology change

are also included. The details for the pattern wvectors

for each system is shown in Table 4.1,

For each system the variables in the pattern vector
are ranked according to the discriminant measure M and
highly correlated variebles (as discussed in section 4,7,2)
were discarded. The remaining variables formed the features
to be used, Table 4.2 shows the uncorrelated wvariables

selected for use as features along with their values of M.

For the training process to design the classifier
the top ranking m features are used. Table 4.3 shows the
claggifier efficiency with respect to value of m (number of
features selected), The column for the K-L method in the
Table 4.3 shows the classifier efficiency when the features
are extracted using the Karhunen~Loeve' expansion method,
It can be seen from the table that the proposed feature
gelection method is much superior to the K-L expansion
method as far as the classification efficiency is concerned.
This 1s mainly because the proposed feature selection method
18 based on discriminent information w.r.t. class Separability
whereas the K-L method is more concerned about the fidelity

of the data, It is also seen from the Teble 4,3 that the

number of features required for quite high classification

efficiency ( >95%) 18 usually quite small. This again proves
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the effectiveness of the feature selection method. The
exact number of features to be selected depends on the
system under consideration and can be found by trial and
error only. This is not a great disadvantage as the whole
process has to be done off-line. The results of %ae
clagsification efficlency on the test set with classifier
designed by training process is shown in Table 4.4,

For obtaining single disturbance classifiers for the
14 bus system, 10 line outages and one generator outage
contingencies for fixed network topology case and 12 line
outages and 2 generator outage for network with topology
changes were considered, the others outages led to very few
capes of imsecurity. The same thirteern features which are
used for securlity assessment are used for single disturbance
clagsifiers also. In fact for each single disturbence
clagsifier design a separate set of features can be selected
using the feature selection scheme but as the same set of
features gave quite good results, the feature selection wae
not carried out for each single disturbance cleassifier. The
results for single disturbance classifiers on training set

as well as on test set are shown in Table 4,5,

For calculating the security control index for the base
case as well as particular contingencles, the probability of

ocourrence of any particular contingency was arbitrarily chosen

ag
3 “ days/yeer). The probablility of occurrence of @y contingency



when the syatem is operating nomally is found using the
relationship

n
= 1 - TT 1 - Q.
;8 i=1( q;)

where qQ; is the probability of occurrence of ith contingency
and n 18 the number of postulated contingencies considered,
For the 14 bus system, twelve contingencies are considered

giving the value of g, (probability of occurrence of a
contingency) equals 0.01489.

For the patterns in insecure class in the training
and test set for base case (o) and individual contingencies
(1) the security comtrol index value 3CI;, i =0, 1, ...., n,
were computed and compared with the contingency evaluation
results of the patterns. The highest value of SCIi for each
case (base case and individual contingenocies) for which the
branch overflow violations werc limited to 5% and/or bus
voltage violations not more than 0.02 pu, was found and
set as the threshold value of SCI, (mi) for that case.

The values of 'S'C.'L’is are presented in Table 4.6,



TABLE 4.1

Details of Pattern Samples

5-BUS
SYSTEM

Maximum load demand in system (P%IMW 200

Minirmm load demand in system (P%)MW

Number of load levels considered:
(i) Conforming loads (L )

(1) Non-conforming loads (L )
(randomly selected)

(ii1) Total (L =L, + L)

Number of unit commitments consi-
dered for each load level (Uc)

Number of operating conditions with
intact network (Ni =L x'Uc)

Number of topology changes consi-
dered (excluding the intact

network topology)

Rumber of operating conditions with
topology changed

Total number of operating conditions
(patterns) considered

Outage studies

(i) No. of network outages
con gsldered

(ii) Bo. of power outages
con sidered

(111) Total number of outages
considered

50

31
40

71

47

142

8=BUS
SYSTEM

2,000
400

17
20

37

148

148

14

18

119

14-BUS
SYSTEN

500
150

36

19.
55

330

100

430 .

19

25



Number of patterns in secure class
Number of patterns in insecure class

Training set (patterns randomly
selected) s

(i) Number of patterns in secure
class

(1i) Number of patterns in insecure
class

(i1ii) Total number of patterns in
training set

Test set:

(i) Number of patterns in secure
class

(1i) Fumber of patterns in insecure
class

(i1i) Total number of patterns in
test set

Number of variables in pattern vector

*includes two logical variables msed for the two network

topology changes considered.

62
80

50

50

100

12

30

42

42

61
87

50

50

100

11

37

70

48

169
261

100

100

200

69

161

230

112%



TABLE 4.2

Results of Feature Selection

(a) S Bus syetem

] Discriminant
'L [vartaple* | measure N
1 &3 264.5

2 | 3 211.3

5 | =2t 1587

4 v, 143.5

3 Q4 108.2

6 A 94.6

7 Py 4 78.2

8 ?é 32.1

9 04 1.5
10 Posy 3.01
11 P% 1.03

¢b) 8 Bus system
ol Discriminant
No. {Vfariable* neasure M
1| 256,30
2 | v, . 198,72
3 | 6, 173.96
4 | Qg 139.59
5| Vg 85.45
6 | 2%, 59 .28
7 | 27 45.91
8 | 25 41.76
9 | o 19.40
10 Qas 7.53
1m{ v, 7.51
12| e, 4.88
131 Py 1.661




(e) 14 Bus System
(1) Fixed Topology

Sl. Variable* Diseriminant SLe Variable* Discriminant
No. Meaﬁure No. Meas;re
1 Vs 187.69 16 2}, 5.68
2. P, 55.17 17 P4 5.72
= Pl 41,84 18 Pay 5.37
4, L2 40 .85 19 P; 4.91
5 18 36,00 20 % 4.72
6 8g 34467 21 Pus 3.41
7 Vys 51,52 22 P 3.03
8 figg 27.10 23 B 2.1g
9 P} 17.54 26 B 1.52
10 9 10.89 25 Q13 1.52
11 p; 10.31 26 B, 1,43
12 P; g.54 27 9, 0.85
13 P} 8.33 28 s 0.73
14 ?}4 6.36 29 ?;17 0.34
15 s 6.36 30 Qg 0.06




P

re

(i1) Including Topology Changes

Discriminant 51 Discriminant

1% _ Varisble* Mea;ure No, variable* Mea;ure
1 Vs 138.32 16 V1O 8.42
2 el 111,12 17 el 6.37
3 L, 98.64 1B P, 6.04
4 v} 73.21 19 Pay 6.00
5 rl, 54,17 20 ! 5,08
6 0, 45.62 21 Qg 4.87
7 L, 41.38 22 Pr1o 4.53
8 6 41.02 23 Pas 4.21
9 QG4 37.87 24 PG? 4,13
10 P} 31.08 25 3, 3.98
11 P; 29,22 26 %13 3.47
12 P; 29.21 271 Py, 2,10
13 P; 27.36 28 8y 1.73
14 2%4 16.24 29 Q3 1.08
i B 13.10 50 Pl 0.07
31 Bz 0.03

® P% = real power flow in line i,
Pgy1Qgy = reel and reactlve power generation at bug 4
P

i <
V1184

Ly

rea]l power load at bus 1
Voltage magnitude and angle at bus 1
Loglcal variables for planned outa
and (1i) respectively.

ge claas (i)
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TABL® 4.3
(a) 5 Bus system
Number of Clagsifler efficiency using
features feature selection by
used Proposed K-I expansion
method method
5 72.0 70.0
7 87.0 72.0
8 98 .0 78 .0
11 98 .0 83.0
20 it 87.0
40* 96,0 96.0
(b} 8 Bus system
Number of Clagssifier efficiency using
features feature selection b
used roposed metho expansion
method
5 65 68
8 88 T2
10 97 71
11 97 78
13 97 74
30 * % 90

* A1l variables used as features

** Number of features used exceeds the number of
jneorrelated features selected by the proposed

method »



(e)

(1)

14 Bus systen

Fixed topology

Number of Classification efficiency
features using feature selection by
uged Proposed K-L expansion
method method
5 67.0 65.0
8 78.5 73.0
11 1.5 86,5
13 98.5 87.5
15 98,5 87.0
21 98.0 91.0
30 98.0 91,5

(41) With topology changes

“Tumber of | Classification efficiency using
features | feature selection by
used Proposed K-1, expansion
metod method
71.5 63.5
8 79.0 68.5
11 90.5 9.5
13 97.5 90.5
15 97.5 91.5
30 97.5 91.5




Results for Classification Eff
Classifier Designed by the Pro

TABLE 4.4

iciency of the
posed Method
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(11)

wWith topology change

on Test Set.
(a) 5 Bus systenm
No.of No. of No.of Total |[Classi-
features | secure Insecure No. of |fication
used samples samples Misela-|efficie-
misclassified | Misclagsi- s8ificarney (%)
as insecure fied as secure tion
8 1/12 1/30 2/42 95,2%
(b) 8 Bus system
umber No.of sec- No.0f Inse- Total No.|Clagal- |
of ure samples cure s8amples | of Miscl- fication
features | misclassified | Mioclassified| assifica- efficie=
used as insecure as secure tion ney (%)
10 2/11 0/37 2 95.8%
(¢c) 14 Bus system
— To.of Sec— No.of Insec- | Total Tig. Classi-
Nuglger ure samples ure samples | of miscle- ﬁcation
features |misdaassified |misclassified| gsifica~ efficie-
uged as insecure _ 12as Secure tion ney ()
(1)*] 13 2/36 2/94 4 96.9%
@1)*| 13 6/69 4/161 10 95.6
* (1) Fixed topology
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Tgble 4.6

Threshold values of Security Control Indes

ot

oo
a

ggr?gfggency eI
Base Case 0.1883
Line 1-5 Out 2,78 % 1077
1ine 2~3 Out 4.27 x 1072
Tine 3-4 Out 0.88 x 10™°
Line 4-5 Out 0.92 x 1072
Tine 4-7 Out 7.32 x 1072
Line 6-12 Out 4.78 x 107
Line 7=9 Out 21.56 x 10~
Iine 9-10 Out 11.37 x 1072
Line 9-14 Out 0.96 x 10~
Line 10-11 Out 5,71 = 1077
| Tine 12-13 Out 0.6 x 1077
Tine 13=14 Out 5.10 x 1077
Gen 3 out 2.36 x 1077
Gen 13 Out 3.47 x 107
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Conc Insions

In this chapter a pattern recognition method for power
system security assessment is proposed. The pattern recog-
nition process used is a two stage process. The first stage
1s an off-line 'learning' or 'training' process where the
securlty classifiers are obtained using a large set of
training set samples., The tulk of the simulation effort
required goes in generation of the training samples, 1In
practical systems the simulation effort required for gene-
ration of training set samples will be reduced consideradly
as a large number of training samples can be obtained

directly from the system plenning records.

Network topology changes have been incorporated by
including logical variables in the pattern vectors. 1In
order to make the training process slmpler and economical
the number of veriables in the pattern vector is drastically
reduced using a feature selection algorithm, The algorithm

is very effective as can be seen from the numerical resul ts,

The tralning process for the Securlty classifier design

18 formlated as a solution of linear inequalities which is
solved by transforming 4% into an optimisation problem. The
choice of the guadratic obj
convex when patterns are not linearly separable ensures

ptimal classifier is obtained in all cases, The

ective function which is strictiy

that an o
es conjugate gradient algritim 18 used as 1t

Flecher-ReevV

does not require jnversion and storage of any matrices. This
e



mekes 1t possible to solve the large pattern recognition
problem even on small computers, Single disturbance cless-
ifters for individual contingencies are designed, These
eld in identifying the contingencies which will force the
system into emergency state, The very high classification
efficiency obtained for both training and test set samples
for all clagsifiers designed indicate the effectiveness of

the metnod.
The second stage of the pattern recognition process is
the use of the security classifiers in classifying unknown

operating states., This process requires only m multiplication

operations (where m is the number of features used) and so

requires negligible computation time and is well suited for

on-1line applications., The high classification efficiency

of the classifiers deeigned on the test set samples indicates

the high reliability of the classifiers in classifying unknown

power system operating atates.
A security control index (SCI) 1s prcoposed. Separate

index is computed for each contingency and provides a measure

of the severity caused in case the contingencyoccurs, The
computation of SCI is very gimple and requires only one multi-
plication operation. The security eontrqi index can be very

effectively used for on line security control applications.
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CHAPTER 5

SECURITY _CONTROL

5.1 INTRODUCTION

The aim of the electric utility service is to conti-
nuously fulfil the system load demand of the system at
acceptable level of voltage and frequency. The unscheduled
outages produce very severe bdburden on operators trying to
fulfil this function., System security assessment function
provides information about the security status (insecure/
gecure) of the system operating condition in the face of
uncertain future (unschedule outages). In case where an
unforeseen contingent event indeed causes a transition into
emergency state, we would 1like to find out what control
actions can be taken o bring back the system to secure
gtate, Although the design end planning of the system is
done in an exaustive manner, the complexity and variety of
conditions into which a system can find itself requires that

thege decisions be made on-line.

Tn situations where the number of contingent events

and number of possible states are small, the operator of a

syetem can rely on his past experience, In large and

complex system this may not be possible as well as any
wro;g decision may lead to catastr@phlec consequences,

Ths, accurate means for determination of security control
action are very important. In the last decade this problem

has generated much interest among the power system researchers
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and large number of papers are avallable in the literature(87"
103) In this chaplter we present a short review of the

existing methodologles and algorithms presently available

in the literature. Then, we present a method of security
baged on

control / linearized power system model using dual-simplex

method of linear programming (LP) with a reduced basis

formulation to minimise the storage requirements, In the

end some test results are presented to show the effective~
ness of the method,

5.2 SECURITY CONTROL PROBLEM

The security control problem consists of: (i) looking
if any danger to the system (abnormal operating conditions,
e.g., Over loading of 1lines,bus voltages beyond limits
ete,) exists; and if so, (ii) finding actions to awoid
this danger by well defined and accurate means; and then,

(iii) performing this action manually or asutomatically,

Depending on the operating conditions and 8trategies

used, security control may be defined at two le vels;

(1) emergency control,

(11) preventive control.

At both the control 1evels securliy conirol may be applied

for steady gtate 0

danger exists due to 8
already stated in this thesis we confine ourselves tp

r transients depending on whether the

tatic or transient conditions, ag

steady state conditlons.
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Emergency control function determines and executes
8 corrective action to overcome the danger existing in the
intact system, Thus, the problem of e€mergency control is
to reschedule the controlable quantities in the system in
such a way that the new steady state operating condition
1s devold of any danger. The rescheduling of controlable
quantities is usually done in an optimal manper generally
agcording %o an economic objective, In overconstrained
cagses where danger can not be overcome by rescheduling
process, some loads have to be shed using Some optimal

criterion which minimizes the amount of load shed or using
some priority routine for loads to be shed,

Preventive control function determines ang executes
a corrective action to overcome the danger which woulg
appear in the system in cuse of a contingency (unscheduieg
The main aim of preventive control is %o avpiq

outage) .
probable cascade tripping and complete failure of the sygten

on occurrence of the contingent event. Preventive control

function is similar %o emergency conirol but is much
broader in scope as 1%t covers probable events which may
occur in pear future and force the system into emergency
state that 18, it also includes security assessment function,
Also, in case of preventive control if the danger due i,
probeble events cannot be overcome by rescheduling the
controlable quantities and preventive load shedding hag t,

be resorted to, then under these conditions it may be
prefersble not %o use preventive control at all but to



build a "contingency plan", i.e., to prepare a set of
actions to be taken if the contingency reslly occurs.,

This spproach we feel is more prudent as it avoids,(i)
unnecessary changes in system operating condition from the
optimal schedule as well as (ii) unnecessary load shedding

in extreme cases, for a probable condition ( failure) which
may not appear at all,

BeD REVIEW OF SECURITY CONTROL METHODS

The problem of security control, for both emergency

control and preventive control, 18 the location of the
limiting transmission lines and bus voltages, and to deter-
mine the generation and voltage schedule as well as location
and amount of loal shedding (if any) that is necessary to
overcome the lipe overloads and abnormel bus voltages, A
vide spectrum of fast computational approaches have been
developed for sceurity control zpplications, Though most

of the approaches have been developed mainly for emergency
control but with the incorporation of a fast gsecurity assess-

nent and contingency evaluation algritims they can as wel}

be applied for preventive control also,
The most general approach to determining optimal secu-

rity control action is to include the security constraints

(1ine flow limits and voliage limits for both intact and

outaze cases) 10 the constraint set of the optimal power
/age caser

flow (QPF) programme. In reference (20) the security cons-

traint was already jncluded in the form of constraint on

the zmount of spread in voltage angles for transmission lines,
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In reference (87) the OPF is formmulated with security
congtraints for power flow in transmission lines and bus
voltage constraints for both intact and outage conditions,
The exact system model and non-linear cost ourves for gene-
rators were conslidered making 1t a non-linear optimisation
problem with equality and inequality constraints (including
security constraints). The method of generalized reduced
gradient (GRG) was used %o solve this problem. The method
is oguite general but suffers from large computation time and
storage requirements. The method of reference (88) is similar
in aﬁgroach but tries to reduce the problem size by consider-
ing opnly tnose functional lnequallty constraints, which are
violated, to be solved by reduced gradient algorithm, which

is used successively along with the load flow algoritim,

Stott and Alsac(sg) decouple the real and reactive
power problems and use the reduced gradient algorithm of
Dommel and Tinney(27) for the solution of decoupled QPF,

Security constraints were handled by penalty function to

further reduge the storage requirements, The method suffers

from the same disadvantage of choosing proper acceleration
factor as that of reference (27). Tae solution of security
constrained OPF with exact nonlinear formulation is quite
difficult because of large munber of constraints involves

and the methods suffer from long computation times, a 1aelk

of reliability in convergence characteristics and large

storage requirements. This has prompted many researchers tp
sirplify the problem bY either using linearized models or
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reduce the exact problem.

In reference (G0) the emergency control problem with
line power flow constraint is formulated as a real power
optimisation problem only, beglecting reactive power flows
as well as constant bus voltage magnitudes are assumed,

The problem_ia further simplified by ueing linearized P-8 -
decoupled load flow equations to impose line flow limits,
This reduces the problem to a formulation in which cost
function is nonlinear and the constraints are linear., A
gradient projection technigque is used to solve this parti-
cularly structured problem, The algorithm is much faster

than the general OPF methods but only real power solutions
are obtained in this case,
Of late linear programming (IP) technigues are becom-

ning popular for gecurity control applications, The L.P.

algorithm has the advantage of assured convergence thus

making them more dependable., The major difficulty in
appliéation of L.P. approach in its classical formulation

to the security control problem i1s the prohibitively large
storage requirement and/or large computation time for realistic

gize power systems., Also the system model has to be linea-

rized as well as the objective function (usually the cost

funection) hes to be linear, thereby reducing the acouracy

of the resulis. In the past decade a number of specializegd

LP algorithms have been developed which make use of the

special structure of the problem ¥o reduce both the storage

requirements as well as the computetion time. Some of the



methods can use even piecewlse linear cost curves making

them quite accurate.

Wells in reference (91) presents a modified simplex
method for solution of transmission line real power over-
load alleviation problem, which 1s formulated as a dual
L.P. problem., The method uses system linearisation using
d.c., 10ad flow matrix and plecewlse linear cost curves for
the real power injection sources. The optimisation objective
used is the system operating cost. 1In reference (92)

Shen and Laugnhton present a similar formulation (dual L.P. solved
by revised simplex method) for real power security const~
rained optimiéation. The system linearisation is done about
tne initial optimal operating point and uses piecewise linear
coat curves, To reduce storage reguirements and computation
time only those constraints which are effective are included

in the formulation explicitly other inequality coastraints

are handled implicitly. References (93-95) present similar

formulations except for minor modifications in computation

strategies and/or objective functions used.

In reference (96) a successive LP approach with primal
simplex formulation and successive linearisation of the
system model sbout the operating points is used., The method
is applied for rescheduling of real power for both emergency
and preventive control. The drawbacks of the method are
large storage requirement for storing all consiraint
equations and large computation time as basis matrix hasg

large mumber of rows (as many as constraint equations).
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Alsoc initial feasible solution has o be found (phase I of
primal simplex method).

Wollenberg and Stadlin(97) present a security control
algorithm for real time application., The functional inequa~
1lity constraints for line flows for both intact and outage
cases are constructed using a sensitivity relation and are
used to penalise the objective function. The solution
process is based on Dantzig-Wolfe decomposition technique.
Since functional inequality constrailnts are implicitly taken
care of, the storage requirement 1s reduced but because of

poor convergence characteristics of Dantzig-Wolfe decompo-

sition techniquet105), the solution time is more., The

problem is initially formulated for Treal power control only

but method for extending it for reactlve power and wvoltage

control 1s also presented,

In reference (98) Ejebe etel. present a load curtailment

algorithm for evaluating the ability of the power tranemi-
ssion system to withstepd generation and transmission contin-

gencies. An upper bounding LF is used Yo determine the

optimum phase ahifter settings, generation dispateh and

minimum load curtzilment required %o suppress the overloads,
(ICS) technique 1is used 4o

An iterative constralnt search
form a reducéd set of only relevant line flow constraintg
to be included in the IP optimiza¥ion process. This reduces
the storage requirement and computation time considerably,
The objective used is to minimise load shedding and penalise

generation ghifts from nominal schedule, The main drawback
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of the method is that only real power case is considered

and reactive power and woltage effects are completely neglected
neking this algoritnm inadequate for real time emergency
control in cases where voltage profile and scheduling of

ver sources are important, This drawback was overcome in

the algorithm of reference (99) where both real and reactive
power injections are used as control variables, A distin-
guishing feature of this algorithm is the consideration of
sensitivity of loads to voltage magnitude. It enables this

algorithm to select voltage reduction as an alternative to
load shedding or real power allocation. The storage requi-
rement 18 reduced by storing the basls matrix in factored
form by which the inverse need not be computed explicitly

and a reordering scheme is used to preserve the sparsity

during updating process. The algoritlm can handle piece-

wise linear objective functions but this increases the number

of variables (es one varieble 1s added for each linear

segment of the objective function) thus offsetting to some

extent the advantage gained by sparsity oriented technique,

in terms of storage and computation time, Also since it

uses a primal LP forrmulation so the initial bhasic feasible

solution (phase I of IP simplex method) has to be found,

% Pai and parajothi in reference (100) proposed a dual
L formufation for security control problem. They use a
decoupled load flow formulation for system model with

linearization about the initlal operating point using
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sensitivity matrix. The contingency constraint relations
are also obtained using sensitivity matrices. To increase
the accuracy of the LP formulation 1t is coordinated with
decoupled load flow after each LP optimisation, The main
drawback of the method is the use of single segment linear
_objective function. This may cause many of the control
veriables to be forced to their minimum or maximum limits,
Also the computation time is greatly increased due to the

computation of sensitivity matrices at each successive

iteration point.

In reference (101) Stott and Hobson present a dual
1P method for real power security égntroi which was exten-
ded to reactive power woltage control in (102) by Hobson,
The maln feature of this algoritim 1s the use of product
form of inverse for the basis matrix updating process to
reduce the storage requirement as well as the computation

time. This method has the adventage of reduced storage

and computation time only 1f the pumber of iterations are
small, as the B-strings for the product form of inverse
e ——— T

for basis matrix goes oh increasing with each updating of

the bagis matrix.

in reference (103) Stott and Marinho present a dua}
IP method for gecurity control where the problem formilatian

19 gimilar %o that
not a standerd LP algoritim but it combines the dual

4 simplex method with separable programming method

of reference (101), The algorithm is

revise

to handle plecewlse 1inear generator cost curves, The
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linearized asystem model is obtained using d.c. load flow
matrix which is triangularised and stored once for all
redueing the computating time. The programme exploits
the problem structure to reduce the storage as well as
computation time, Multisegment piecewise linear cost
curves can be handled without increasing the number of
varigbles in the basis tlus reducing the computation time
by a laerge extent as well as increasing the accuracy of
the LP optimisation, Till now tihis method appears to be
the most suitable method for real-time application., The |
only drawback is that thne method is applied only to real
power control neglecting the reactlve power and vol tage
constraints which can be very important in many practical
The method proposed here while being somewhat

cases,
similser to that of reference (103) extends this method to

:
s
s

reactive power rescheduling also and the accuracy of the

method is greatly enhanced by coordinating it with fast

decoupled load flow.

5.4 PROPOSED MET HOD
For any security control algorithm to be effective

for real-time application, 1t should be highly reliable,

fast and accurate. In general security constrained optimal

power flows using nonlinear programming techniques provide
accurate solutions but suffer from large computation timesg
as well as unreliable convergence characteristics, which
oblqg“dggggggnt. The linesar programming (IP)

is very much pTr
methods for security conirol are re Hable and computationally



quite fast when programmed properly, but suffer from the
drawback of inadequate accuracy of solution, The lineari-
zation of the system network model about the operating

point is generally adequate for security control applica-~

tions(101), but the main factor alitributing inadequate

solution accuracy in LP methods 1s the brute force linea-
rization of the cost functional in the objective function

by a single segment linear functlon. .

The proposed method for security control is based
on a P formulation in which the security control problem
for real and reactive powers are decomposed using a decoup-
led formulation. The system model is linearized using
fast decoupled power flow matrix and the objective function
consists of multisegment plece-wlse linear cost functionals,
The accuracy of the solution is greatly enhanced by coordi-
nating the LP solution with faat decoupled load flow, The
algorithm used is not a atandard TP formulation but is a
specially programmed algoritim which combines many advanta-
geous aspects of dual revised simplex formulation, separabge

programming, relaxation methods and 1terstive constraint

search algorithms and fully explolts the particular problenm

structure to reduce the computer storage requirements ag

well as computational time.

5,4,1 Statement of the Problem

Given an insecure operating condition 1t 1s desired

to eliminate the insecurity by finding adjustments(py) of

the control devices - generators, transfo mer taps, phase



shifters, load shedding etc. in an optimal manner, 1In other

words
n

Min F(AU) = 1?51 C;( Auy) (5.1)
Ci = cost coefficient associated with countrol variable i;
n = number of control varilables,
subject to

o -

(1) W opia € W F 0% S opax (52

double sided limits on control devices,
(11) Constraints on line flows end bus vol¥ages for the
jntact network (emergency constraints)

0 S (000, w0 )+ A< Iy, (5.3)

and (1ii1) Security constraints (preventive) imposged on line

flow and bus voltage

k 0 k Ak k
< (i, w0, ) ¢ ARDS By,

g due to postulated contingencies

bt
I = 1, 2yeseey NC, thE pumber of postulated contin-
gencies.
5.4,2 Prob Fo ation
The sbove gecurity control problem is formlated as
lem whose objective 18 to minimise

a 1inear programming prob

the objective function 1n equation (5.1) subjeot to the

linear constraints

D] AU Z D
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imax;péui >'/Aui miﬂ’ i=1, 2, s wo l‘.'l,

and Al
where [}]’ is am x n matrix containing the sensitivity of

the line flows and/or wltage magnitudes with respect to

Au.
b is the m-vector of line flows and/or woltage magnitude
limits, Au = (-Au.l, Alpyeeeesy Aun)t is the n-vector of
adjustments in real and/or reactive power injections and
is referred to as "generations" in the sequel,
Aup,. and Auyyp, 8re the upper and lower limits on adjust-
ments Au.

The linearized full real and reactive power rescheduling
problem is decoupled into iwo geparate linearized problems
as

(1) real power rescheduling problem:

(11) reactive power rescheduling problem;
The proof for the convergence of the decoupled problem to the
solution of the overall problem io provided in reference

The main advantages of this decoupling are

(104).

(1) The storage requirement and the computation time
for the decoupled problem is much less than the
overall problem.

(11) Dy fferent optimising objectives can be used for the
two decoupled problems.
(1i1) 1In aystems where voltage and reactive power flow

constraints are no t very critical, only reaj power

problem can be solved to further reduce the compu=-

tation time.



A

5.4.3 Linearised Real Power Optimal Reschedulin Probleﬁ

The real power rescheduling problem finds the adjust-

ments in real powers of the controllable "generations" in
such a way that all real power branch flow overloads present
in the initial operating state are completely alleviated,
The real power rescheduling problem is formulated as an
ineremental model in which the system model is linearized
about the initial operating point obtained from the state
estimator or load flow solution. The "goodness" of the
solution is dictated to the mathematical model via,gn&’

objective function which is to be optimised,

5.4.3.,1 Control variables

In real power rescheduling problem the adjustments
in active power are used %o alleviate the branch flow over-

loads., The active power adjustments can be applied only at

those locations where controllable active power sources are

available and these consti tute the active power control

varisbles. The active power control includes bus generation

changes, phase~shifter control and load shedding, Al1l

these control actlons can be represented as changes in bus

injections, 1.e.; equivalent generatlon changes. Thus all
buses where equivalent generation changes can be effected can
be termed as "generation control buses" and real power varia-

ble at these buses as CO

constitute the control variables represented as
t

[APc] = [‘51’1' S AP;] (5.6)

ntrolleble "generations" and thege
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for n-controllable " generations” E}POJ is the control

variable vector.

5.4.3.2 QObjective function

For real power rescheduling problem many different

kinds of optimising objectives can be used, Some of these

are as follows}

Objective 1 1 Minimum cost of operation. This objective

1g the standard objective used in economic dispatch problem

and is represented as:

F(AR) = ch_ Apis 1 =1, 2,0.049n (5.7)

Where, z&Pi = real power adjusiment of ith controllable
" generation". C; = coat coefficient of the 1th controllable

" generation”. n = number of controllable "generations" in

the system.
The desire behind this objectlve is to keep the

gyatem operating cost minimum,

Objective 2 s Minimum weighted deviatlon from the initial

operating point.
to minimise depariure from the initial (probadbly) economic

Phe mein desire behind this objective is

operating point, This objective can be represented as:

F(AP‘) = 7:0(1 ' APil ; i = 1,..-.0. (5.8)
The ith component of the objective (5.8) can be depicted

as in Pig. 5.1(a). The advantage of this objective is the

ease with which 1t cand be implemented in the LP fomulation! 100~

101). The main disadvantage of this objective is that the
LP process #ill force many of the controllable generations,

rescheduled to thelr maxlmum or minimum operating limits,
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Objective 3 : Minimum weighted least square deviation
from the initial operating point, 1.e.,

F(AR) = T (AR)% 51 =1,,...,n (5.9)

This objective is deplcted in Fig, 5.1(b). The desire
behind this objective is to heavily penalise large devia-
tions from the initial operating point. This objective
overcomes the shortcoming of the objective 2 by discourag-

ing large changes in emall number of units to relievs

overloads. The disadventage in this objective 18 that the

objective being nonllnear it has to be linearised using
plecewise linear segments (Fig. 5.1(c)) to make it suitable
for implementation in the L¥ formulation, Another disad-
vantage ie that minimum deviation from 1nitial operating

point does no’ ensure most economic operating point,

Mipnimum nmumber of conirollable "generations"

Objective 4 :

reacheduled.
LP approach in which those units are chosen for rescheduling

This objective can be implemented by a pseudo-

which on moving to its operating limit will cause maximum

reduction in overloads, The greatest disadvantage of this

objective is 1is complete disregard for the cost of operation

as well as upnecessary large changes in controllable "generg-

tions" have to be made.
From above it can be seen that in real power appli-

cation, where the changes in real power injections have

direct relation to the gystem operating cost, the most oui-

table objective to Dbe used 1s the objective 1, the minimum

ijcost of operation, 1.8.¢
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F( AR) = 2 Cy AR, (5.10)

In general the unit generation cost 1s represented
by & second order nonlinear cost function as shown in Fig,
5.2(a). Since the TP formulation requires the objective
function to be linear, this cost function has to be appro-

ximated by linear functions as shown in Fig, 5.2(b) and
(¢). 1In Fig. 5.2(b) the nonlinear cost function ig crudely

linearized by a single segment linear function, The
disadvantages of this crude linearization ig gross appro-
ximation of the cost function as well as the LP process

may force many of the controllable "generations" to theiy

operating limits, The multisegment piecewlise lineariged

approximation of the cost funotion is much more accurate,

the accuracy depending on the number of linear segments

used for the approximation. The larger the number of

plecewlse linear segments used the better will be the
approximation but larger will be the storage requirements,

For multivalve unite the traditional second order convex
cost.curves themselves are gross approximations Fig.5_2(d),
chosen meainly for computationzl convenience(1°3)' In

case of multivalve units the plecewise linear cost curyeg
can be more accurate then the conventional cost curves
used apd may be used to promote valve point loading t,

provide more economic operation than the conventiona] pe..

pregentation.



5.4.3.3 Load shedding

As mentioned earlier load shedding may be used as a
control function to alleviate the brameh flow overloads in the
real power rescheduling problem. Toad shedding can be incor-
porated in the securlty control algorithm easily by considering
the load shed athus as equivalent generation at that bus,

Thus the load shed by an amount ﬁxPi at the bus i can be
considered as equivalent generation of amount csPi at the ms
Vhere the equivalent generation at bus 1 has a minimunm

i,
operating limit at zero (no load shed) and maximum operating

limit at P;, (all load shed).

Load shedding results not only in reduced income to
the utility buiiiguses resentment among the consumers, The
consumer resentment increases rapidly with the increase in
frequency, magnitude and duration of load shedding, This
resenf;ent in the extreme cases may result in consumers opting
for captive power plants or other sources for their energy
requirements resulting in permanent loss of customers, Thus
the cost of load shedding can not be considered only in terms
of the revenue lost due to load shed but must also take the

consumer "resentment cost" due to load shed into account,

As the consumer resSentment increases rapidly with the
inerease in frequency and amount of load shed a second order
cost functional is chosen to represent the cost for loag Shedding

at each load tus. In order to reduce the resentment of the
Consumers and its agsociated disadvantages the load Bhedding.must
be used oniy as a last resort when other controloptions are not

very effective. This is incorporated in the programme by keeping



153

the incremental cost for the cost functional much higher

(5 to 10 times) than that for other control options like
generation changes or phase shifter tap changes. A multi-
segment piecewise linearisation of the second order cost
functional for load shedding (similar to that for generator
costs) is used to incorporate it in the ILP model. 1In case

of large amount of load shedding the plecewise linear segments
for the cost functional ensure that the_zgjgl‘load shed is
spread over magy puses in the syatem, By usingdifferent‘cost
functionals for load shedding buses a priority scheme (high
priority loads having higher cost associated with load shedding)

is incorporated.
Tt is not possible to shed only real power load at

any bus, an equivalent amount of reactive load is also shed

at that bus. nalnt
loads at the buses constant even after load shedding.

5.4.3.4 Linearized system network model
The power system network model is basically nonlinear

To adopt it for use in 1P formulatlion, this network model is
linearized about the initial operating point as an incrementa)l

real power model, 88 ghown belows:

[AP] =[H] [59] (5.11-)

where, :]%,(N - 1)-vector of incremental changes in
AP pus reel power injections, whose nonzero
changes
elements are net/at 'controllable generation!

buses A P48
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A g

™ ]__ (N = 1)-vector of changes in bus voltage angles

] —~ (N=1) z (N = 1) matrix for a N bus system.

The 'exact'! linearisation of the network model ebout

the initial point mekes ,:HJ the non-symmetric E;P/'ae]
subnatrix of the Newton load flow Jacobian matrix, By

inco rporating some approximations, like considering all

bus wltages to be one pu and eliminating the effects of
those elements waich primarily control the reactive power
(e.z., line chargigg__gapacitances, transformer tap positions

etc.) the [H'I matrix can be represented by the fast decoupled
-d

load flow matrix. The maln advantage of choosing EH] as the

fast decoupled load flow matrix 18 that (] becomes a

constant matrix which can be trlangularised and stored once

for all at the beginning of the process. This will save

considerable computation time. Because of these reasons the

rix has been chosen as the [H] natrix for

fast decoupled mat
odel in the proposed method,

tne linearized network It

5.4,3,5 Basic LP problem
The problem 18 to min

%
am = Z 0gary = [010 B ] (5.12)
incremental cost for controllable "generatigp®

ge in controllable 'generation' i, myy

imise the objective function

(Waere C.i 48 the
1 ang APy 4g the chab
e a single incremental cost for each

the present we will as%ul
rgener‘“tiﬂn'-‘ the extension to multisegment cogt

Controllable
cussed 1ater.)

curve will be dis
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Subject to

(1) Power balance equation

/',1 AP1 + ﬁzAPz 4+ esens + ﬁnAPn =0 (5.13)

Where ng are the transmission loss penalty factors and

are obtained as explained in Chapter 2. and

(2) a large set of double sided inmequality constraints for

upper and lower limits on controllable 'generation!

changes and trapsmission line power flows, The above

set can be written concisely as

(5.14)

In case of 1imit constraints on ith controllable genera-

tion changes the row vector [AJ:] is mull except for 1 in
position i. For the limit® constraint on branch power flow
vector[}i]is non-sparse and containg the distrie-

changes the
relating the change in branch flow with a change

bution factors
For 1imit checking on branch

in generation to the slack bud.
quation (5.14) each time, it is nuch

flows instead of using e
mox
voltage angle limitis (\913[ - ]91

fagter and easier to use the

Max

= 91\).

The above LF problen stated by (5.12) - (5.14) can be

represented 10 standard TP format 28

Minimise ["T [2%]
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Subject to [A][/_. P 2 [*] (5.15)

EPo] unrestricted in sign

by breaking each double sided constralnt into two lower

bound constraint equations as

[ = (7],
- []la=d = . (5.16)

Where [I:] igs 1dentify matrix, This greatly increases the
number of constrain® equations and ¥ms the storage require-
ment for simplex met wd, The storage requirement can be

reduced by using an upperjgunding algori_thm(93-99) anid

n generation” inequad

o solving (5.15) can be by using

hendling the 11ty constraints implicitly.

Another approach ¥

the dual problem of (5.15)

Intimately agsociated with each LP problem of (5,15)

is another problem called 1t8 duel given as

) I
Maximise [b] _:U]
. -
Subject 0 [‘] | ] i [c]
[,a] =z O (5.17)

Where [/C-t] js a m-vecbor of dual varigbles. It 15 a well
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known fact in LP theory that the optimal cost (if it exiots)

1s the seme for both the problems(105’106). Moreover, if

-
LB_] is @ basic feasible solutdon to the dual problem, then
the corresponding primal variables [A\PB] is given by

B - 51 [

Where EBd] iz a n x n basis matrix of the dual problem, and

[‘bB] is the dual cost associated with [:g + Therefore, if
the optimal solution to the dual problem is known the optimal
gsolution to the primal problem can be found immediately using
(5.18). Thus it is possible to solve the ovtimisation prob-
lem (5.15) using the dual formulation instead of the primal.

The main advantages of the dual formulation over primal ave:

(1) In cases where the number of constraint equations, m>=n,
the number of control variables (as in the case of power
system securlty control problem), the dual formulation
offers conelderable saving in computer storage and compu-
tation, This 18 becauge the dual formulation requires a
n x n basis matrix whereas the primal formulation requires
m X M baslis matrix,

(2) 1In ma.n;s; cages the initial dual feasible solution is appa-
rent without any computation morsover it tends to be
'cloger' to the optimal solution then the initial feasible
solution given by phase I of the primal approaoh( 105).
Intuitively, the simplest dual feasible initial solution
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can be a primal infeasible solution which incurs least cost
but violates some of the constraints, In the case of security
control problem, the dual feasible starting point can be

economic dispatch operating point which may be violating some
Security constraints,

One of the short-coming of dual formulation is that the
decision variables are no longer the physical variables of
interest. But this shortcoming can be overcome by using dual
simplex method which solves the dual problem by working exnl-
leitly with the primal variables and only implicitly with the
dual variebles. The proposed security control algoritim ig

a heuristic LP approach based on dual simplex method,

5¢4.3.6 Reduced basic matrix

The solution to any LP problem lies at the vertices of

the constraint set, i.e., n - 1 constraint equations must be
binding (on the limit). The process thus restricts 1ts atten-
tion to power system operating gtates at such vertices, moving
from one to another iteration by iteration uniil the solution
point is reached, ZXach iteration consilsting of a piwt in
which a previously binding constraint is relaxed (made free)
to enforce a violated constraint at its limit by including 1%
as an equality in the basis, At any stage in this process the

power syotem operating state is given by the "basis matriy

equation

[L} = [B] [M’c] (5.19)



Yhere [? ia the n x n basis matrix

[i] is the n-vector of limit constraints.

The first row of basis mlrix consists of the terms corres-

ponding to power balance equation (5.13) and the rest n - 1

rove consist of the constraint coeffioient row vectors |4, ]

from (5.,14) for the relevant binding conatraints,

In the

bagis matrix equation (5.,19) if k¥ - 1 branch flow consirainis

are binding (i.e., enforced as equality) and are numbered 2

to k, then the basis matrix equation (5.19) can be written

as

Power balance —»
term (zero) and
k-1 branch flow
1imit violations

Controllable
generation —_
limits

-

-4

[,

A

t__Zk-free controll-
able generation

(5.20)

n-k binding
S©controllable

generations

As seen from equation (5.,20) for k- 1 binding branch

filow constraints there have to be exactly k free controllable

"generetinns" with no equaliiy constraints in the basls, The

binding controllable " generation” rows in lower part of (5,20)

are trivial and can be handled implicidy; tims requiring only

the storage of k—non eparse rows of basis matrix which forms

the "redvced basis" equation:

[ a]-[Br] e [nI0en] - B0n] e
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Free controllable "generation" changes [A Pf] , whenever

required can be obtained from:

[Apf] B [Ef].1 ( [T‘r]' [31] [‘-“ P1]) (5.22)

Since k in genmeral, will be very small (2 to 6 say)(103)
the computational effort requlired for evaluation of factors

-] .
of [Bf] or even its explicit inverse will be quite small.

5.4.3.7 Bagis exchange process

The optimisation process in dual simplex method is
carried out step by step. Al eacn step a violated constraint
from (5.14) 1s enforced by introducing it as an equality in
the basis matrix equation (5.20). This necessitates an
existing binding controllable " generation” or branch flow
equallity constraint to be ireed (relaxed). The basis exchange
process is a move to new operating state. In general, the

choice among the currently violated consirainis to be enforced

is arbltrary. But the choice of currently most violated

constraint to be enforced is generally preferred as the enfor-
cement of this constraint in general, will lead to satisfying
of many other violated constraints preseni i the previous
step. Of course, the cholce of the binding constiraint to be
freed is strictly governed by the "eliglbility test" and "ratio
tegt" to meke sure that the enforcement of the violated cons-
traint will leaed to minimum increase in the oblective function

(i,e., the binding constraint to be freed is selected optimally).
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The eliglibility test ensures that a binding cons-
traint does not violate 1its constraint limit immediately
on being freed. The eligibility test depends mainly on the
sensitivity Si of the ith binding branch flow or "generation"
conatraint with respect to the viclated constraint to be
enforced by entering it in the basis. The sensitivity Si
is glven by

8, = q'e/ ¢‘1 (5.23)

ere ', 1s the amount by which the violated branch or
"generation" constralnt will be changed by entering it in
the basis and ¢i 1s the amount by which the existing bind-

ing constraint i ("generation" or branch flow) will caange

when freed,

Thus if the entering violated constraint e is violating
its upper (lower) limit, then the binding constraint 1 in the
basis is eligible to be freed only if (1) it 1s at its upper
(lower) limit and S; is poeitive, or (11) it is at lower
(upper) 1limit and 8, is negative.

The row vector [S] of the sensitivities of the binding

constraints w.r.t. the violated comstraint e, entering the

basis, is computed using the relation

(- BT

1s the row Ay in equation (5.14) for the violated

Where [A‘]
Using the reduced basis gstru-

constraint entering the basis.
cture { Structure of EBJ"‘, will be same as that of [B]) and
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ordering [Ae] as [Afz Al] the vector of sensitivity can
be obtained from

e = [%] [
(51] = (M) - (5] B

Among the eliglble binding constraints the cholce for

(5.25)

the constraint to be freed is decided on the basia of "ratio
test" which involves the incremental dual cost Py of each

binding constraint. The ratio test computes the ratio l};-l
and chooses the constraint 1 with minimm !;}i as the binz-l—

ing constraint to be freed., The row vector of incremental

dual cost [ ] is computed using

() = CIeT (5.26)
Where [c] ie the row vector of incremental cost for the

controllable "generations". Partitioning [P] and [C]

[l = [ec] D]
=nd ] = [&] - [(Pe] [u]



5¢4.5.8 Incorporation of multisegment piecewise
linear cost curves

The multisegment piecewise linear cost curves can
be included in linear programming by using the separable
programming method. The main dlsadvantage of this approach
is that each linear cost segment has to be represented by a
control wvariable, This considerably increases the number of
LP variables for multisegment representation of cost curves
and so the order of the basis mairix. Thereby, greatly
increasing the storage requirement and making this approach

unsuitable for real time applications,

The proposed method for incorporating the multi-
segment cost curves uses only one LP variable Z&Pi for
each controllable "generation" i and does not inqrease the
storage requirement except the storage needed for storing

the slopes of the segmenis of the cost curves.

The method is based on the fact that at any stage in
the LP process a controllable "generation" i can be on only
one particular segment (segment p) of its cost curve, And
g0 the incremental cost assoclated with that segment (p)
will be the only cost coefficient ci agsociated with control-
lable "generation" 1, It is tdls current value of c1 which
15 used in objective function (5.12) and emation (5.27) for
calculation of fi4. Now if during the LP process the control-
lable "generation” i moves, if it is free (or wants to move
if 1t 18 a binding "generation" eligible to be freed), from
its currently designated segment (p) to some other segment(q)
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tken the cost coefficient C; associatied with this generation
will change to the incremental cost of the newly designated
segnent (q) and will replace the old cost coefficient in (5.12)
and (5.27)., Thus we see that if any controllable generation
moves from its currently designated segment then the objective
function (5.12) also changes., This makes it necessary to
introduce the following modifications in the above discussed

LP scheme:

(1) Modification in eligibility test : As discussed abow,
the eligibility test determines whether a particular
binding "generation" is eligible to be freed or not,

In case of multiseguent cost curves, a binding "genera-
tion" on the 1imit of 1ts cost segment is always eligible
to be freed, except when 1t is at the extremities of the

cost curve (where i1t may not be eligible). Let us assume

that the binding generation is at the upper limit of

1ts currently designated segment (say point B of sesment
AB in Fig. 5.3) and from eliribility test it is found
that on being freed it will move to the right (i.e,,
towards BC) and so will violate its currently designated
segment, Thie can be taken care of by designating the

" generation"” 1 o be on the lower limit of the next
segment to the right (1.e., on the same point B tut as

a lower limit of segment BC), end using incremental cost
of the segment BC as the cost coefficlent C; in equation
(5.27). For the situation in which the generation 1 is

at lower 1imit of 1ts current cost gogment and wants to
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ove %o the left, it can be designated as on the upper

limit of the next gegment to the left and the ineremental
cost of the new segment has to be used in equation (5,27),
This modification forms an integral part of the eligibility

test.

(11)Modi fication for violation of cost segment by free generators:

After the changes in free controllable "generations" [Apf]
are obtained using equation (5.22), each of these free control-
lable "generations" are checked for the violation of their

designated cost segment and the generator with maximun Viola~

tion of ite designated segment 18 chosen (say APJ). Tet

/3.}?j be now operating at point F having violated the upper

limit of its designated segment BC in Fig, 5,3, Now according

%o LP theory a free variable should not be enforced by relaxing

2 binding variable until 1t is the cheapest thing to do, s5q

en foreing the free controllable "generatlon" j at point ¢ (the
upper 1limit of its designated segment) may not preserve optima~
lity as the problem may still be optimal with APJ at F (sti11

a free variable) or at the upper limit of an intermediate segment

(1.e., as a binding variable at D or E). The optimal operating

Point for A PJ i found as followss

With APJ assumed to be operating at

F calculate DIJ
Calculate the ratio R IEl

0 Ry

ons", 1If

vector using (5.27).
;1 , 1 for all eligible binding generati

= min
A PJ remaine a free variable operating at point F,

< Bygpo

Otherwise go to the next applicable segment (DE in this case)
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and

repeat the above process till Rj*é Rmin or segment BG
is reached, then A Pj is fixed at the upper 1limit of that
segment and becomes & binding generator and the binding

generator with minimum ratio is made free in its place.

In case the new operating point found for AkPJ be at

- :
F Pj e and RJ for the extreme segment EG < Ry, for
eligible binding "generation", the AxPj is fixed as a

binding "generation" operating and point G and the binding

" generation" with minimum retio R, is freed, Otherwise

the above process 1s repeated for the applicable segments,
Again using equation (5.22) the free "generations" are cal-
culated and again the above process is repeated till no free

"generations" violate their designated cost segment,
With these two modifications the mulilsegment cost

curves can be incorporated in the LP process.

5.4.%3.9 e algoritim (P)

The algoritim for the real power rescheduling process

ie as follows:
Step 1 s Using the economic dispateh program in chapter 2

obtain economic schedule and conduct fast decoupled

load flow for this operating condition. Store the

1U factors of [B'J metrix as [H] matrix, Compute

1imit on controllable " generations".

Compute and store the slopes and limite for the seg-

Step 2 3
ments of cost curves for all controllable "generations" .

Initialise the book keeping arrays and record the



controllable "generations™ position on 1ts ocoot

curve.

Step 3 tSearch for the "generation" which lies on the segment

Step 4 :

Step 5:

Step 63

Step T3

with least incremental cost., Without loss of genera-
ting let this be the nth generation. Imitially the
rest n-1 generation are binding (with ﬁsPi = 0).

The nth generation is free (even though AP, =0)

Set the flrst row of baslis matrix as the coefficients
of E?é] in the power balance equation {5,13) where,
the penalty factors ﬁgs for the generators are caicu-
lated as explained in Chapter 2 and /33 for non-genera-
tor variables is equal %o 1., Factorise the basis

natrix into I:Bf] and [Bl] associated with free and
binding "generations" respectively.

Compute the flow in every line using woltage angles

6,5 =10, - 65l (5.28)
and store the indices of all lines with flow more than
75% of 1ts rated, in an array EIG S] "

Check for line overloading. If no violations found
go to step 20.

Search for most over loaded line., ITet the branch conn-

ecting nod ﬁr and o 16 most overloaded. Set a (W~ 1)

vector
Dt = (0 —_— O i Hra 0 soee O : Hrs 0 .. 0) (5-29)

poaition position
o S
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here Hrs 1s the rs element of [H] matrix, the upper sign
is used when the flow in line 1s from r to s and the lower

sign is ueed in the opposite case, Now solve for (n - 1)

vector [_G] using equation (5.30)

Ll = [P (5.30)

In solving for [G_] using the LU factors of 0], the sparsity
of [0 can be exploited. Thevector [G] contains the
Sensitivity of line Ilow w.r.t, the controllable "genera~
tions" CAPc] except for the gemeration at slack tus, whose
sengitivity to the line flow is always zero.

Step 8 s Set up a n~-vector EA_-_] by extracting the elements
corresponding to the controllable "generations" from the

vector [G] + Factorise [A] into [Af] and EA._J corresponding

to the free and binding "generations.

Step 9 ¢ Using equation (5,25) compute Esf] and [81] and
check for the eligibility of binding line and generations.

The 18t row in the basis matrix consisting the power balance
equation (5.13) is never eligible to be freed, A binding
line j in the bvasis is eliglble to he freed only if 33 ig
A binding "genmeration" at the upper (lower )
is eligible to be freed only if Si

positive,

limit of the cost curve

is positive (negative). A binding "generation" i at the corner

of two cost segments is always eligible to be freed. 1If S:I.> 0
and the binding "generation" i is at the lower limit of ite
designated cost segment then it is designated to be operating
at the upper 1imit of the coat segment to the left (i.e. at

the same point) and 1ts cost segment pointer is updated. If



Sy < 0 and the binding "generation" is . operating at the
upper limit of its designated cost segment then it is desig-
nated to be operating at the lower limit of the cost segment
to the right and its cost sefment pointer is updated,

Step 10 ¢ If no binding line or generation is eligible to be
freed then problem is infessible go to step 19. Otherwise
continue.

Step 11 : Set up a n~vector [c] of the ineremental costs asso-
ciated with the segments on which the controllable "generations

are operating. Factorise [C] as [Ot] and ["1] . Using
equation (5.27) compute [pf] and [;11] :

Step 12 : Perform the ratio tesat by computing

Ri = V;ll 3 1 eligible binding lines and (5,31)
1 " generations”.
The eligible binding constraint or "genmeratlon", with smallest

R; is freed. if a binding line is freed its row in the reduced

basis EBrJ is removed; If a binding "generation" is freed, its

status pointer is updated to show its new status.

Step 13 3 The xow [A] found in step 8 for line constraint being
enforced is inserted in basis EBrj and contents of [Br] are

facto.red into ij and [Bl.] for free snd binding generations

respectively. The gmount of change in line flow Ioa to back

off the overloaded line j (which 1s being enforced) to 1ts

capacity is computed as belews
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Ly ==[ (6, - 8) 3 e“:s] Heg (5.32)

Where e:,o’; is real power flow limit of line between nodes r

and g in terms of wltage angle separation, The upper sign
is used when flow 1s from r to 8 and lower sign is used when

flow is from 9@ to r. The value of Lj 1s stored in I.f
in seame row in which row [A] 1is stored in D!l_] .

Step 14 : The changes in the values of free "generations" is

computed using equation (5.22).

Step 15 3 Check for violatlons of thelr designated cost

8egments by the free " generations”. If no free "generation"

violates its cost segment go to step 18, Let the generation

j with maximum amount of violation moves from its designated

segment BC to point F on segment EG (Flg. 5.3) as calculated

in step 14. Now the "generation" } should be allowed to move

from BC towards F uptill it is the cheapest thing to do, t.e.,

A?j can move to a new segment on the cost curve from its
original segment BC till:
0 ,
|R§’ rocy A 0| < miny|R] + Xy ch‘ (5.32)
Where ch is the value of change 1n incremental

cost for generation j on moving to the new segment. R‘i is

the ratlo l E:I for all eligible binding "generationa" at the

beginning of step 14, If no binding generation 1s eligible

to be freed, the problem 1is infeaaible,

(0<1 ch) is the amount of change in ay due to change in By
caused by change in Cj. Tor detalls and caleulation of o

Go to step 19,
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Bee Appendix 5.t.

Sten 16 s If APJ can move to segment EG then "generation" )
remains free with its new operating point a¥ point F, Its
cost segment pointer is updated. Go to step 17. If c;Pj
moves upto some other segment (BC, CD or DE) it becomes a

binding "generation™ with its operating point at the upper

limit of the applicable segment, Its cost segment polnter

and status indicator are updated. The binding " generation"

with minimum Ry as found in (5.32) 19 made free and its status

indicator updated. Update [ﬁfj and [Bl] matrices,

Step 17 ¢+ Go %o step 14.
Step 18 ¢ Set up a (N = 1) vector EX] containing elements from

vector [APOJ for buses with comtirollable "generations" and

0 for buses where controlleble " generations" are not present,

Solve for the changes in woltage phase angle using equation

] ked = X (5.33)

Check for the constraint violations for lines in array (1cs] .

If eny violation detected g0 to step 7. Otherwise go to step

20,
Step 19 Print problem 1nfeasible. Elther accept the results

with some constrainits sti11l violated and go to step 20, or

relax conatraints on line flows by substituting thelr steady

state flow ratings by emergency ratings and go to step 5.

Step 20 : Print results.
This ends the LP algorithm for real power rescheduling,
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S5e4.4 Linearised Reactive Power Optimal Rescheduling Problem

The solution to the optimal reactive power rescheduling

problem is the adjustments (changes) in reactive power control
sources to alleviate the system bus wvoltage violations angd
line reactive power flows limit violations., The problem is
formulated as a linearised incremental model and the objeciive
function is optimised using the LP method exactly similar to

that discussed for the real power rescheduling problen,

5.4.4,1 Control variables
The reactive power and/or voltage co;trol in a power
gystem can be obtalmed by controlling reactive power of
generators, switchable capacitors/inductors etc. and can be
represented as equivalent reactive power bus injectlons,
transformer taps control the bus wvwltages as well as reactive
power flows and can be considered as equivalent reactive power

injections at the bus on the tap pide of the transformer (see

Appendix_ 5.2b).

be represented as e

Thus all reactlve power control devices can

quivalent reactive power bus injections,
The control variable i1n this casee is

(5.34)

[ch] = CAQ1,....., AQm]

Where m is the number of egquivalent reactive power bus inje-

ction sources, called nreactive generations™ in the sequel.

5.4,4.,2 Objective function

gimiler to the objective function used for real power

rescheduling the ohjective function for reactive power resch-
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eduling is also formulated as

<
FAQ =1>;1 C; AQy (5.35)

Where Cg is the pseudo-cost agsoclated with the equivalent

"reactive generation" 1.
Unlike real power case where actual cost is assoelated

wlth generation, in the reactive power case there is no real

cost associlated with reactive generation and so & minimum

cost objective (objective 1, sec 5.4.3.2) can not be used.

Since the reactive power flow does cause real power losses

in the transmission gystem, an objective minimising the power

losas in the ¢transuission gystem can be used in the reactive

But in our case since we have assumed complete

power case.
tive power (with its added advan-

decoupling of real and reac

tages as discussed pefore) it is mot possible to use this

objective, The disadvantage due to this is not great as, in

general, the real power losses vecause of reactive power flow
y small,

in the transmission system 18 usud 1

The other objectives which can be used for reactive

rescheduling problem are (1) weigh
(11) welghted least square dev-

power ted minimum deviation

from initial operating point,

iation from initial operatling point and (iii)ﬂminimum number

of control variables regcheduled. The merits and demerits of

ready been discussed 1n section

a sensltlvity based

gll these objectives have al

5.4.3.2. The objective (i) 1s meinly

objective and may 1ead Yo large changes in a few equivalent
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reactive generations meking them unnecessarlly operate at
their 1limits., The objective (1) is well sulted for LP
fbrmulatiogzgi puffers from the same disadvantage as that of
objective (iii). Among the above three objectives the
objective (11) appears to be the most sulted as it spreads

the control over & number of variables with small changes
from their initial operating poilnt.

The objective of weighted least squere deviation
from initial operating point is a non-linear objective Fig,

(5.1(b)) which is linearized using piccewlse linear seguents

as shown Mg. (5.1(c)). By ueing different weights for
different control varilsgbles a priority scheme may be worked
out, e.,g., transformer tap-;etting changes can be awarded
less welght (pseudo cost) than switchable reactances or

generator reactive power changes, in order Yo glve it priority

over other controls etc.

5.4.3 ' Linearised Network Model

The power system network model for the Q-V relation-

ship is linearized using the fast decoupled load flow equation

[Téfﬂ - [B"][ﬁ'/v'/] (5.36)

By assuming |V[ on the left hand side of equatior (5.36) to
be equal to 1 pu, the above relation reduces to

ped-[> 10

The fagt decoupled load flow mairix
1umns of PV buses and slack

] (5.37)
[_B»] in eguation (5,37)

does not contain the rows and ©0
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bus. In reactive power rescheduling problem the reactive
power injections at the PV buses and slack bus is used to
control the reactive power flow and voltages at different
buges, Therefore, the Q-V relatlonsnip for these buses also
have to be included in equation (5.37). This is done by
augnenting the [B"-] matrix with the elements for rows and
columns corresponding to these buses and the Q-V relation-

ship for all the buses can be written aas

[aq] = [a][a7] (5.38)
Where CK'] matrix is the I:B"] matrix augmented for the PV

and slack bus.
The augnentation of EB“] to contain all the buses
(5.38) mey cause the EH'] matrix to become 1ll-conditioned

or even singular in extreme cases, unless strong suceptive

ties to ground are present. To evwid this illconditioning
of the [H'] matrix,a load bus with no interruptidle reactive
10ad 1is copsidered as e reactive power reference bus (say r)

end the equation (5.38) can be factorised as

AQr A D o Vr

- . (5.39)
AQY pt H AV

Equation (5.39) can be rearranged as



AV A -E AQ!'

N (5.40 )
AQY B )2 id AVY

Since & V, is unknown and A Q, 18 zero (no interruptible
reactive load at reference bus) 8O the firet row and column

in equation (5-,40) can be removed as there is no sequation

Corresponding to the reference bus. This leads %o, the Q-v

relation for the rest (N — 1) buses of the system as

[;Q{] [: H" ] [}V"’] (5.41)

Lppendix 5.5 glLves details for calculating the elementa

°f the matrix [ H"J .
nt on A Q, (which i3 zero)

The nonsparse constre
ve controllable injections

18 obtainea in terme of ¥° pepatt

12 gbtedned as

0= 54 B T DOy cernex T80 (542)

Equation (5.42) forms the reactive power balance equatign

ance equation. The co efficients
endix 5.3

Bimiler to the real POWEr bal

?1 are csl aulated 28 showvP in App
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5.4.4 Linear Programning Formulation

The LP formulation for the reactive power reschedu-~
1ling problem may be stated as:

Minimise the objective function

HAQ = 2 ¢ AQ =[e][a9,] (5.43)

1=1

Subject to the reactive power balance egquation

———

F18Q + it TpdQ =0 (5.44)

Where ?S ere the reference bus reaciive power constraint

coefficierts w.r.t. the control variables [A Qc] .

And a large number o{‘__c}ggble slded consﬁ;-_aints of upper and
lower limits on "generations", bus wltage limits and reactive
power flows in transmission lines or transfomers, All these
constraints when transformed in terms of linear constraints

on equivalent reactive generations can be concisely expressed

as

Ly min < [A5] [ch] S Iy pay (5.45)
The reactive power rescheduling problem as formulated above
is exactly similar to its real power counierpart and the

gsolution procedure for this problem closely follows that of

the real power.
In equation (5.45) the rows CAJJ conta. n the sensi-
tivities of the constraint } w.r.t. the control variables

EQ] In the case of bus voltages and branch reactive
c ®
power flow constraints (see Appendix 5.2a), it 1e much
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easier to represent these consiraints as linear function

of bus voltages as

Ly minS Eaij [A Vj < by pax (5.46)

Where Li min and Ili max are the ith constraint's upper and

lower 1imits. The sparse row vector EG:’_ consists of
zeros except for 1 1n 41th position. PFor reactive power

flow constraint on ith branch connecting buses ] and k

the row vector [Gi] consists of only two nom-zero elements

G:I.;] and Gy (see Appendix A5.2a) in the jth and kth position,

The transformation of equation (5.

yeactive power inmjections 48 carried out using equation

46) in terms of equivalent

(5.41) a8

-1
Ly min < [%1) ] [& Q] < Ty may

The row Ay containing the sensitivities of constraint 1 w.r.t.

control veriables AQc] is obtained by extractlng elements

corresponding to the control variables from vector [D]

which is obtained by solving

reJ - [J0°] (547
The non gparse Irow [Ai:] is obtained only when required. The

1imit checking for dus voltage ere carried out uesing

I'i min < vi s I'i max (5.48)

Vhere,

Ly max ™ Vi max ~ "1
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Limin = V4 min ~ v

The branch reactive power flow limit checking is carried

out using
Lyymin = G = Lyx max (5.49)
Where, 2
_
By mex = (T~ T30~ G
and

I'jk min =~ (I‘jk max ¥ zqu’

The superscript O indicates the initial values and ?Jk is

the MVA flow limit of branch connecting bus J and k.

_5:4.,5 The Algorlt

The algoritim for reactive power rescheduling is

exactly similar 0 that of real power rescheduling algoritim

barring small di fferences in some details. The steps for

the algorithm are as followss

Step 1 ¢+ Using the initial power flow solution as the nominal

schedule compute the 1imits on control variebles. Using a

10ad bus a reactive power reference bus compute, (K - 1) x (N~ 1)

[H“:l matrix. Feotorise and store the LU factors °f[H"] .
of algoritm (2).
(P) except replace (AP,)

Seme as step 2
Seme as step 3 of algrithm

Step 2 3

Step 3 ¢
by (AQ,).
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Step 4 : Set up the first row of basis matrix as coefficient
of Ech] in the reactive power balance equation (5,42),
Factorise th2 hasis metrix into Enf] and [B]_] assocd ated
with free and binding variables,

Step 5 : Compute the rated reactive power flow in all branches

using

2
Yk ratea = (ng - ng)é (5.50)

Store the indices of all branches with resctive power flow

more than 60% of its rated in the array L'IGS] .

Step 6 ¢ Check for bus wltage limit and branch reactive power

flow 1imit violations.

Step 7 ¢
otherwise go to (b).
Search for the most violated bus voltage, Let it be voltag

If no violations go to step 22,

If eny bus vol tage limit violation g to (a),

(a)

at bus j. Set up the (N - 1) row vector,
= esos e 1 0
(4] (0 0 Al 0 o) (5.51)
jth position

and solve for (N - 1) vector [_'n] uging

[%] = [*1 [*] (5.52)

Go to step (8)
(b) Sesrch for the branch with meximum reactive power flow

violation. Let this be branchi connecting bus J and k.

Set up a (N~ 1) vector
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o
(6l = (0 0w Gy uee Gy 0 0) (5.55)
o]
I
jth kth

position position

Vhere Gij and G,, are obtained as explained in Appendix

5.2a., Solve for the (N - 1) vector [D]using

[e, 1% ={w][n] (5.54)

Step 8 : Set up a n-vector [A] by extracting fronm LD] the
elements corresponding to the controlliable reactive power

injection buses. If a transformer ig present between buses

p and g wvith tap at bue p then the eleament corresponding to
the gth bus is multiplied by - »{ (see Appendix 5.2b).
Factorise LA] into [Af] and [Aﬂ corresponding to the free

and binding vari éles.

Step 9 3+ Using equatlon (5.25) compute L'Bf] andle—] s the
Sensitivities between the incoming constraint and the free

and binding control variables, and check for the eligibllity
of binding constraints and control varicbles for becoming free,
A binding constraint or vardiable J is eligible to be Pree only
if (2) both the incoming constraint and the binding constraint
or varisble ere elther at their upper and lower limits and Sj

is positive or (b) both are at thelr opposite limits end S g 1s

negative. A binding control variable at the corner of two cost

Segments 1s alweys eligible to be freed. But if the incoming
constreint is at the upper limit and the binding control variable
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J 19 ot tihe uprer 1imdt of its cost oement wAth Sj

positive, then the cost segment pointer for varlable j is
change to that of segment to the right with the variable
J working at the lower limit of the new co st segment,
Similar logic holds for all other possible cases,

Step 10 : If no binding constraint or control variable is
elisible to be freed, then the problem is infeasible, go to

step 19. Othervise continue,

Step 11 : Same as step 11 in algoritim (P),
P . . e
Ry =[-SI1\ : 1 ¢ eligible binding constraints
and control varisbles (5.55)

The eligzible binding constraint or control variable vwith

smel lest Ry 18 freed. If a binding constraint (bus voltage

or branch reactive power flow) 19 freed its row in the reduced
basgis I‘Br_l is removed; if a binding control variable is

freed 1ts status pointer is updated to show its new status.
Step 13 ¢ The row ]:Aj computed in step 8 for the violated
constraint being enforced is inserted in the basis [ B |and

the contents of [Br] are factored into ]:Bf_] and [131]
corresponding to free and binding variables respectiwly.

The amount of change 'LJ neceded to back off the vlolated

incoming constraint to 41ts linit is computed and stored in

I-f in the oame row in vhich [A:[ i9 stored in [Brj.
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that replace ] AP ]With [A Q].

Step 18 : Set up a (¥ - 1) vector [ X[ containing elanents
from [A QOAJ' for buses with equivelent reactive injections
and zeros for buses where equivalent reactive injections

are not avcildle. Solve for changes in bus voltages using

] [pw]=]= | (5.56)
Compute the reference bus voltage using

AVy = ')_'E]t (A (5.57)
for details of computation of ]jE] see Appendix 5.3, oo

to atep 20.

Step 19 ¢ Print problem infeasible. Either except the results

with some constraints still violated and go t» siep 22, or

relax the constraints and zo to step He

Tf the reference bus vwoltogo violates the tus

, compute (N - 1) vector D by solving

..I:I;'ft .-{nﬂ[nj (5.58)

Step 20 @

voltage limit

£0 to S'tep Se
Step 21 : Check for constraint violations for bus wltages
and branch reactive power flows for the branches in array

['_ICS‘] , If any violations detected go to step 7. Othervise

continue.



Step 22 ¢+ Print results,

Thios ends the algorithnm for reactive power rescheduling,

55 OVERALL SCHEME FOR SECURITY CONTROL

The decoupled reel and reactive power rescheduling
scheme is coordinated wvith the fast decoupled power flow to
check for the accuracy of the LP rescheduling scheme. 1In
case of eny violations detected after the power flow solution,

the process reenters the LP rescheduling scheme, The process

is repeated till no violations are detected after the power

flow solution,
For preventive control application the whdle schene

is coordinated with the pattern rccognition security assess-

nent scheme. The overall scheme uses either preventive sccu-

rity control or contingency plan mode for preventive security

controz: The fldw chart for the overall scheme is given in

Fig, 5.4
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5,6 FESULTS_AND DISCUSSIONS

The security control method presented above was pro-
grammed end extensively tested on the three {5 Bus, 8 Bus

and 14 Bus) systems. Some of the results are presented below

to show the effectiveness of the method.

Different loeding condi tions were used for teating the
algcori thm. For each loading condition economic dispatech was
carried out using the method proposed in Chapter 2. The
resul tant operating condltion details are presented in Tableg

5¢1 = 543

Security Assessment

For the given operaling conditions security asgsessennt

was carried out using the securd ty classifiers developed in

Chapter 4. The resulis of security assessment along with the

values of security function (r(w)) am given in Table 5.4.

For the 14 bus system the sirgle disturbance classlifiers deve-

loped in Chapier 4 were used to iden tify the contingencies

which will caise the gyatem o @ into
The results of securi®y agseosment with single distur-

emergency operating

state.

bance classifiers along with the seourity function values

(F;(®)) for the

Securi ty Contro Ind

For the insecure operating gtat

postulated contingencics are showm in Table 5.5.

e security control indices

1 ated for the pase case and individual contingenciean,

are caleu
SCIi) and its threshold

fhe valnes of securl W control indices (
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values ( SCI;) from Table 4.6 along with the ratio of

SCL; / 3CY; are presented in Table 5.6.

Security Contro}
In cases where SCI velne for the base case is greater than

SCI, security control actions are computed using the algorithm
Presented in section (5.5). Both preventive security control

and con tingency plan algpritms are tested.

Cost Functions
In case of real power reschediling prmblem the epst

functions used for real power generations at generator buses
are identical with those used for economic dispateh, For
load shedding at load buses the loads at different buses are
clessified as high prioriiy loads and low priority loads,

In order to meke load shedding as last resort the increnental
cost assoclated with the equivalent generations at load bugeg

are kept high, (higner than the largest value for generators

for low priority loads and twice that for high priority loads),
A1l the quadratic cost functions associated with the controllable
generations are modelled as piece-wise linear cost functions
us_:_ng 6- gggai_ segments, In case of reactive power rescheduling
problexﬁ*"uinre is no real cost associated with the control
varlasbles and the pseudo-cos'!;s associated with each variabje
merely provides the priorities Ior different controls, 1In

this case the highest priordity for control was accorded to
transformers (lowest incremental cost) the next priority was
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accorded to static capacitors (incremental cost twice that
of transformers), and the gererator reactive power changes

were accorded the lowest priority (incremental cost twice

that of stetic capacitors).

Preven tive Control

In preventive control scheme the contingency causing

greatest severlty (largest SCI/SCI ratio) is taken up first
for findlng optimal control actions to satisfy the constraint

violations due to this coniingency. The reason for choosing
this strategy is based on the heuristlc reasoning (confimmed

by the tests) that the comtrol actions %o satiafy the mos?d
Severe iﬁgécurity condition will, in general, satisfy many

of the less severe ingecure conditions caused by other con-

tingency conditions. This leads to leas number of contingency

evaluations (Tzble £.8). The final operating condition and

the changes in control varisbles for preventive security of
the system is presented in Table (5.7) for both multisegment

and single segment cost function representations. From the

table it can be seen that the pultisegnent representation

avoids large shifts in conirol variables by distridbuting the
control mction over larger aumber of veriables end thus keep-

ing the final operating state nearer to tho base case (econormlc)

state. In Table (5.9) the mmber of seguen ts shifted for real

power and reactlve power rescheduling.
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Contingency Pl Hethod
For the contingency plan scheme the control actions

for each individal contingency for which SCI > 5CI was

computed. Some of the results are presented in Table (5.10)

for the 14 Bus gystem.
con tingency plan method the shifts in control variables due

duling is much less than that b r complete preventive

From the results it is seen that in

to resche

control and thms the final operating state is more economical,

Also the control actions need to be taken only after the con-

' tingency has really occured.

The exact CPU time for the proposed securdity control

method can not be given as IBH 1130 computer does not provide

this ipformation. But the computer time required incliding

the output time for 14 Bus system preventive control and

con Hngency plan method are given in Table (5.11).



(a)

(v)

TABIE 5.t

65 Bus Systen :

System Operating Conditions

132

Case I
Load Generation Operating Idimits
g‘m Real Reoctive | Real Rgac tive | puax =
0. | Power Pover Power ower <
(117) (AVAR) | (W) |(VAR) (m‘)?min (Hv.;gin
1 4'0 00* 5 ‘O - - - o
2 45 -0** 1 500 o - L —
3 60 00* 10 -0 - - = =
} 1 z
4 | 20.0 5.0 98.54 |=32.53 00 g"oo 50.0(;0 i
L ] o . O
100.
5 0.0 0.0 70.08 | 48.27 00 8?00 50'9.%0 .
operating cost (iy/h) = 20880 .46
Cage 11
T.oad Generation | Operating Limits
Bus [Weal [Reactive |Real :IP{eactive pRax JRax
No |Power [power Power |Power ”
Gre) EvaR) | (uw)  |(MVAR) (uw) (WARQ%m
1 28 .O* 3 085 - - - -
2 25.0** 7.50 - - - -
3 4‘0.0* 5'0 - - - =
100.00 r
4 0.0 | 0.0 47.81 |~21.73 0 00. 00 50 gcs)o o
100 .00 50 .00
5 0.0 ] 0.0 46,90 | 17.86 0.00 e b

Operating cosd (py/n) = 10810.02




8 Bug System :

TABLE

.2

System Operating Conditions
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(a) Case I
g‘;ﬂ Real ) eactive Reg%@gﬂ ﬁzz;ggive Pﬁ%

. ower power power Powver ]

?mg) (JIVAR) (M) (MVAR) (MW) (vain

1 |240.0% | 57.5 & - - -
2 266.0% 1 61.0 - - - -
3 | 244.0%* | 60.0 - w ~ -
4 260.0"* | 60.0 " - - =
5 40.0 0.0 191,55 [ 135.0 35090 .00 | 17" 275,00
5 30,0 0.0 0g1.81 | 64.4 L MR .
v 0.0 0.0 207,03 |-18 0.5 400'08.00 200'2800.00
8 20.0 0.0 326,70 | 194.6 5008800 300.2{?):00.00

Operating cos¥ (r/h) = 053417.66.
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(b) Case II
Load - Generation Operating Timits
Bus | Real Reactive | Real Reactive | Prox ax
No. power power ower power (M) (HVAR)
(MW) (11VAR) M) (MVAR) piin ordn
1 540,00% | 45.0 - - “ -
2 366,00% 60.0 - = - -
3 444 .OC?"" 55.0 - o = -
4 260,00  60.0 B - E “
350 .00 175.00
5 40.0 0.0 350.0F | 135.0 50 .00 -175.00
. 350,00 175.00
6 | 30.0 0.0 | 350.0%} =-2.7% 50 .00 ~175.00
400,00 200,00
| 600.00 300.00
8 50 .0 0.0 532,69 7950 50 .00 -~300.,00

Operating cost (B/h) = 481240.44.




IABLE 5.3

VA

System Operating Conditions for 14 Bus System

(2) Caose I
Load Generaidd on Operating Limite
Bug | Reactive | PROX "
ot Real Reactive | Real eac uve
O+ | hower | power | power | power (1MW) (M4 VAR)
(MW) (MVAR) () | (MVAR) phin Qrin
1 ‘1‘0.0* 7‘5 - - - -
2 35,0 | 6.0 - - - =
150.00 75.00
3 25,0 5.0 100.77| 3.80 0.00 ~75.00
75.00 40.00
4 20.0 2,5 75.0%| 32.01 0.00 ~40,00
5 65.0%* | 12.5 - - - -
6 35 ,0% 6.0 - - - -
150.00 75,00
7 N5, 0 2.5 91.87|26.30 0.00 ~75.00
50 .00 25,00
8 0.0 0.0 50.0%| 2.12 0.00 -25,00
9 50.0*% | 10.0 = » - -
_ 40.00
10 o 7.5 _ - 0.00
11 . - - . -
12 65.0%* | 12.5 - = 0.00
) 64 150.00 | 75.00
13 5540 5.0 103.00|32. 20000.00 e -;?:(;o;)
“0,00 -100.00
12 |50.0 5.0 95.49 |-1.77

Operating cost (E/h) = 63860 .70
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(b) Case II

[ Tood Generation Operating Limits
Il%us Real ﬁeac tive ea ac tl. vel ax ~Mmax
Q. powery power power pover (MW) H(MVAR)
Qi)  |(uvaR) | Gm) | (MVAR) : gren
1 ® 32 .0* 6.0 - - - =2
2 L4 28 00* 500 - = 1 & = 75 -
50 .00 00
3. | 20.0 4.0 74.49 1.48 0.00 ~75.00
75,00 40.00
4. | 16.0 2.0 72.90 5.91 0.00 -40.00
5 [ ] 52 00** 4 .O = = - =
6., | 23.0% 2.4 " - - 5
150.00 75.00
7. | 20.0 2.0 73.70 558 0.00 ~75.06
50.00 25,00
8. | 0.0 0.0 32,92 0.92 0.00 -25,00
9. | 40.,0**| 8.0 - - = 4.0 -
.00
10. 32 .O* 5 0 = = - 0.00
11, | 2s.0% | 2.4 = - - " 00'
12, | 52.0* | 10.0 - - - 0.00
150.00 75.00
13. | 28.0 4.0 83.87 | 25.29 0.00| ~75,00
.00 100 .00
1.41 ~2.,08 2000 0 .00 wl
14. 24,0 4,0 7 00,00
. —

Operating cost (/h) = 47660.641
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(¢) Case III
Toa Generafi on Operating Timits 13
Bus [Teol 'ﬁchve Roal | Reac vl Ve paax glax ]
No. | power power |Dpovwer | pOwer ) (UVAR)
(1w) (UVAR) | (KV) (MVAR) parin in
14 52,0% |12.25 - - - -
2 81.2*% |20.25 = - - -
150.00 75.00
3- 000 0.0 75'2 8'77 0.00 _75.00
75.00 40 .00
4. 2000 O'O 75'0+ 40.00 O'w -4‘0 .00
5 * 53 .8** 1 2 01 5 = - = =
6. 73 .,6* |16.05 = - - -
150,00 75.00
T 15.0 | 2.5 |84.2 | 6.67 0.00 -75.00
e 50.00 25.00
8. 0.0 | 0.0 [45.2 [ 175 0.00 -25.00
g. 40.,0%%| 5.0 . = - .
10. 21.,3% | 4.0 = - - 0.00
11, »1,3* | 5.0 - 2 10.00
12 02,5%%| 5.40 . i - 0.00
] 150 .00 75,00
15. | 15.0 | 2.50 |87.8 [33.66 0.00 ~75.00
200,00 100.00
14 0.0 5.0 |93.6 15.74 0.00 ~100.00
» [ ] ' -
T (ny/h) = 54931.55

Operating cost

: Tow priozﬂ.riwtylgagd
* R rio 0
+ Vagq.hable at high limi¥



IABLE 5.4

Security Assessmeni for the Operating Conditions (base cage)

sSecuri ty Assesanent

erating Conditions '
Op & F(W), (Semure/Insecure)
Case I ~25.65, (Insecure)
5 bus system
Case II 4037’ (Secure)
Came I -5.21, (Insecure)
8 bus systen
Case II 1,68, (Secure)
Case II =76 . 32, (Insecure)

14 hus syastem
Case III ~108.44, (Insecure)




IABLE 5.5

Security assesement for individual contingencies in

14 bus system:

193

Case III

. —

Sequrity Assessment
Contingency — e 2

branch 1-5 out 235,21 41,37
2«3 out -6.,21 11.25

3=4 out 1,37 6.32

4=5 oui -3.61 4.78

4~7 out =38.,97 792

6=12 out 15.15 26.87

7-9 out -127.63 -89.34

9-10 out |[=231.74 -49.86

9-14 out 1.79 4.7

10-11 out -3 .32 12.34

12-13 out ~2.45 -1.27

13-14 out ~8.21 6.55

47.31
794
4.69

-11.27
=26,13

19.27
~59.93

27.16

-1 062

16,43
5491

6.94
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TABLE 5.6

Security control indices for insecure operating conditions

(a) 5 bus system:

Security Threshold b,
control value of SCI/SC1
index SCI
(sc1) (SCI)

Base case | 0.179 16,42 x 1077 | 10.90

(b) 8 bus system

- Threshold
Securify | Tesold  |ser/ BT
index SCI
(501) ( 5¢1)
— -3
Pase case 0.0725 9,32 x 10 7.775




(c) 14 bus systenm:

Case I
:c:n tingency SCI 50T SCI/ 6T
basc case 7.258 0.1893 38, 545
branch 1-5 out - 2.75 x 107 -
brenoh 2-3 out 6.21 4.27 x 1072 | 2,234
branch 2-3 out - 0.83 =107 | -
branch 4-5 out 3.61 0.92 x 1077 | 3.924
branch 4-7 out 38.97 7.32 x 10'3 5.324
brenck 6-12 out - 4.73 = 1070 | -
branck 7-9 out 121.63 21.56 x 1072 | 5.919
brausk 9-10 out |231.74 = 11.37 x 1077 | 20.382
branch 9-14 out = 0.95 x 10~ -
branch 10-11 ous [ 8432 3.71 x 1072 | 2.242
branch 12-13 out 2,45 0.69 x 10-3 5.551
6. 21 5.0 x 1072 | 1.609

branch 15-14 ous




Cage II
Cortingency SCT 50T se1/ 6T
base case 1.062 0.1883 5.637
branch 1-5 out | - 2,78 x 1077 -
branch 2--3 out - 2,27 x 50~ -
brench 3-4 out - n.30 x 1077 i
branch 4-5 out | - 0.92 x 102 =
branch 4-7 out | = 7.32 x 1072 -
branch 6~12 out| - 4,78 x 10~2 -
branch 7-9 out [89.34 x 1072[21.56 x 1077 4.144
brench 9-10out Ko .06 x 10-3 11.37 % 10-3 4.3385
branch 9-14 out | - 0.96 x 10~ .
branch 10-11 ouff = .7 x 107 -
o rench 12-13 out] 1.27 x 1073 [0.60 x 107 1.840
- 5.10 x 1077 -

branch 13-14 out
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Case III
___c_?f tingency SCI SCI 301757;5
Bese case 1.508 0.1883 8.010
branch 1-5 out - 2.78 x 1072 -
branch 2-3 out - 4.27 x 107 -
brench 3-4 out - 0.88 x 107> -
branch 4-5 out 11,27 x 107°] 0.92 x 1077 12.25
branch 4-7 out 26.13 5 1072 [ 7.32 x 107° 3,569
branch 6-12 out - 4.78 x 1077 r
branch 7-9 out 5,03 x 1072 | 21,56 x 107 2.780
branch 9-10 out - 11,37 x 1077 -
branch 9-14 out 162 x 1072 0.96 x 1077 6.687
branch 10-11 out - 3.7 = 107 -
brench 12-13 out - 0.69 x 107 -
5,10 x 1072 -

branch 13~14 out
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(b) 8 Bus gystem (Case II)

.___MMH%M

Pus Using mul tisegnent singdngle segment

Yo, ccet Mnctlons linear cost fumctions

P(MV) Q(HVAR) P(uW) Q(MVAR)

1 0.0 0.0 0.0 0.0

2 =10.63** | =11.58 =T¢.63** | =11.58

3 0.0 C.0 0.0 0,C

4 0.0 C 0 0,0 N0

S 0.0 C.0 0.0 0.0

6 -ig9,11 0.0 -19,11 0.0

i § 0.0 C .0 040 0.0

8 -51.87 -12.63 =51.87 «12,63
Overcting cost (R/h) )




Segure overcting noint

=

Uoing ultioement Using oingia Se—onT

DPeven oDt o

———

LI ) - -~ e u«.o.un

linenyr cogot ﬁmoﬁ,\n,

P () ] QQIVAR) | P(IN) | Q(rvaR)
: _340.,’\0 -45 .OO -3,'1f\ .(‘ﬂ -45 .n,"
"0‘ 37 -48042 -2)5'37 -“'8.42
-;4‘1’0“"’ -‘f’j,r\l" -1144.0-‘ -SR.{\q
=260 00 =~{0.,0N =259,00 =G0 .00
350.90 135,00 250,001 135 .00
33() .89 _2 071 330 E é .71
3472 0.7C 4TS5 oL
420 .82 GT+57 weel 67,27

496934 ,25 f9680,23
e
=

4]
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TABLE 5.8

Humber of contingency evaluations needeqd:

Sy

Operating | Method using | W thout using
condltion [ (sc1/ 5eT) (sc1/ 56T)
ratio ratio
Case I 5
Casz II 2 4
Case III 3 |
TABLE

Changes 1n number of segments of cost functions

11

(Case ILI)

_ﬁea‘l power ac tive rower II@W

Operating rescheduling rescheduling |[load flows

in _loop 6
5 Bus (Case I) 4 0 2
8 Bus (Case II) 4 - <
14 Bus {Case I) 13 7 4
(case II) 8 4 3
3 3
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TABLE 5.11

T™me taken for complete security control scheme:

iy gl e Ll
Maximm time taken| 8.33 nin 11.28 min ;
Mpirun time taken| 1.48 min 1.48 nmin
Average time taken 4.76 nin 5,34 min




5.7 CONCLUSION

In thie chapter the security control Problem is

formulated, Different edsting techniques are reviewed

and it is shown that the LP method fulfile the desired

becurity control function requirements better than the

Doniinear pmwgrarming methods, An LP method based op

dual revised simplex algorithn is presented. The decoupling
of real and reactive power problem is carried ou;‘, 't;o save
“he computer storage requirements as well as computation

time. The storage requiremenis are further reduced by

using the reduced basis formulation.
functions are nodelled by multisepment piece~wise linear
A heuristic method

The nonlinear oqst

cost functions for greater accuracy.
for incorporating plece~wise linear cost functions without

inereasing the 'basis! matrix size 1s used.

Multisegnent plece-~wise linear representation of the

cost function is more accurate and awids large changes in

control variables keeping the systen nearer to the most economic

(base case) operating state.

The use of pattern recognitlon method for security

assessment provides very fast seourity asgessment and single

disturbance classifiers identify the particular contingencies

for which the system operating condition will become insecure,

This avoids unnecessary contingency evd uations for all the
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contingencies under consideration. Also security assessment

for the operating state after rescheduling is checked using

the securdty control index. This makes the security control

scheme very fast and gquitable for on-line application.



CUAPTER 6 210

COLCLUSIONS

6.1 CONCLUSIONS

In this thesis a method for sSecure ccononic dispateh is

Presented. The model is based on decomposition of the large

and difficult problen of security constrained economic dispateh

into three subproblems namely: economic dispatch, security

aSsessment and security control. Each of the subproblems

are solved independently by simple and fast algoritims ang
are coordinated to obtaln the solution for the complete

DProblen.

A model for economic dispatch is pregsented where the

effect of tranamission losSseS &are taken care by penalty factors.

A methog besed on system admittances and voltages is used for
calculating the penalty factors. The use of LU factors of the
x results in saving in storage

fast decoupled load flow matri
The economic dispatch is obtained

88 well as conputation vime.
using a model in which the coordination equations, penalty
w are used in

factors calculation and fast decoupled load flo

an i terative scheme.
ed as a pattern

The securlty essessment problem is model
The pattern recognition rode
The first stage involveg

1 used is

Trecognition problem.

deterministic and is a ¥wo stage process.
ffers using a large set of pattermns

generation of security classi
vith known classification end is an off- The

Second stage involves using the security cla

1ine pINCERBD.
soifiers generated
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in t i y pa (1] t 8 D Sy j
es

negligble computation effort and can be used for on-line

applip_agons :

The large amount of computational effort required during

the training process do

as it 45 to be done off-line.
ning set pattems will be mitigated

os not constitute a serious drawback

Also the bull: of effort required

in generating the trad

g applied to praciicel gystems, 2o large

when the method 1
es will be eyeilable fron the sys tem

mmber of training sampl

Planning study records.
pology does hot remain

wer system the network to

In a po
ed by including the

e and this has been modell

Pixed a1l the tim
oB logical varia-

e transnission equipment

Plenned outages of th
1%t is not necessary to use all

bles in the pattern vectoT.
;n the pattern vecto
or the use of 18ree mmb

pricient gloseifier designe.
nt is used to select only highly

eatures and thus reduce the number of features nsed
1apgifier desigl. method is sirplos fast and
utewion of eigenvalues

pe time consuning comp
1arge matrlix as is case of Karhunen-Loe've

the variables » to obtain a good security
Classifier, raih or of variables (features)
Sometime leads to ine A model based

on Fisher linear diserimina

efficient £
for security ¢ The
does not inwlve ¥
and eigenvectors of #

expansion method.
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The problem of security classifier design is forrmlated
88 an optimisation problem inwlving solution of linear inequa-

lities, The strict convexity of the objective function for the

inconsistent case (a proof for this is provided) ensures that
Becurity clessifiers with optimum classification efficiency is
obtained even vhen the problems are not linearly separable,

This is a significant sdvantage as pattem vectors for pover
System security assessment problenm in general are linearly
The conjugate gradient method of Fletcher-Reeve's

inseparable.
This results in

18 used to minimise the objective function.
considerable saving of storage as 1o natrices need to be stored.,
The test results indicate that the security classifiers obtained

have high classification efficlency wlth very 1ittle misclassi-

fication.
rbance cl sssifiers have been obtained for ezech

Single distu
These Single disturbance class-

Nember in the contingency list.
ifiers are effectively used later 1A securd fy control application

to 1dentify the contingencies which will lead fto insecure operat-

ing conditions.
ntrol index (SCI) is proposed. For security

proposed SCI has distinct advantage over

global security indices proposed by Petton and others. The
o red for calculating SCI 1s negligible,

computational effort requi
The SCIs calculated for different contingencles in the contin-

gency 1ist have been effectively used for identifying contingenc-
ies which will cauge dangerous operating conditions md thus

A gecurdty co
contrpol applications the
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needing initiation of suiteble security control actions, from
L]
those/which there is no irmediate danger and so do not require

any preventive control action to be taken.

A model for security control problem is presented. The

model is based on decomposition of the real and reactive power

problems, the decoupled real and peactive power problen 1s

solved independently.

r control problen adjusts the ¢
al way ‘%o ol leviate any branch overloads
The problem is

The real powe ontrollable

generations in an optin
r contingencles.

in the intact network oT i
problem mith the objective to

foraulated ac a dual gimplex LF
The linearisged model for

rdainise the total operating cogte

ern petwork 18 obtained u
generato

pover syst ging fast gecoupled load

floy naotrix and the nonlinear
1inear coat curves.

«hich are clonC vith re
rage requi remen? and th

r cost curves are nmodeled

using piece-wise 7o houriotic modifica-

tions are presented

duced basis formula-

tion to reduce the sto e computation

time.
Toad shedding 55 inciuded a9 a control variable by consi-
dering the smount of 10ad shed a8 equivalent generation, To
re asso-

e resentment costs &
load ghedding @ last
raye xep® higher than the

iminate load sheddin

avoid indiscr
resort

ciated with 10

these costs for 1

Ty nexc

ed shedding.

oad shedding are alv
r the generatorS.
q by according bighe

operating coots fo The priorities of different
r coats for high

loads are inco rporate

priority loaiS.
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A recctive power security control model develoved adjusts
the transfommer taps and reactive generations at different locations
to overcome any violations of bus voltage limits and reactive

vower flows in the branches for intact network as well as contin-

gency condition. The model considers all reactive power control

vari ables including transformer taps as equivalent reactive

generation at the bus-bars., This enables Yo arrive at a simple
is

nodel for reactive power control which/solved by the dual IP

method similer to real power problem, The objective function

used is the weighted least square deviation from initial condi~

tion and is modeled by piecewise linear segments. The network

linearisation for reactive power model 18 carried out uging the

[B" matrix of the fast decoupled load flow which is augmented

for the slack bus end the PV buses. To avoid illconditioning

of this augmented matrix & ipad bus 1s considered a reference
bus ylth its reactive power remaining constant, This leads to

8 rcactive power balance equation gimilar to that in the resl
and eolumn corresponding the reference

DPower case, the TOW
] are suitebly modifiead,

bus are deleted and the elements of [:B"

real ond reactlve power control model are
ied load flow 11 the outer loop to

he full ec security con trol

The decoupled
lterated with the fast decoup

obtain an accurate solution for ¥
problem, Two sccurlty control options are explored. The preven-
tive sccurity control option adjusts the control variables

keep the system always in a secure atale, whereas the contingency
ty control actions required for all

Plan option finds the securl
jtiate any control action rather

contingent event, bubt does not in
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P 1014131’ Continuency re 11 occursSe
ag it a'VOid.s unnecessary depart’ure

The contingency plan

method eppears moIe prudent

from
the cconomic operating condition for contingent event
8

which may not occur at all.

An algorithm for securc cconomic dispaich is developed

b . :
Yy coordinating the algorithn models developed above. The

accurate and fast making it suitable

whole scheme is reliables

for real-time application®.
The elgprithn has been tested on three sample systems and

.5 Z words of nemory fo
It uses aboulb 4K words for

The core nenory of
o 16X words only.
iarger systemo,

uses
ebout 10 r the programmes with two

links and 12 loc
variables when use
the IBM 1130 computer &
This prevented us from tes

6.2 SCOPE_FOR FURTHER YO RE
xtend the patiern

It will be 2 wrthwhile attenpt 10 €
cussed in chapter 4 b

1 subroutines.
a rfor 14 bus system.
vuileble VS 1imited U
fing the algoritim on

0 transie»nt
s the excessively
g the trailning

recognition method 4is
r hurdle in this 1

quired foT generatin
ehould be found % ©
wards this can be

is methods (recent
porfl:ed("ﬂ)- end (11)

oes no‘b require large

Security assessment.
tational effort re

end some method

large co
mpu
vercone this

Set patterns,
(1) use of

pe epproaches to
1y some

Problem. IwWO sinp
nt seeurity analys

Some fast transie
otlon have been T@

Progress in thi® dire
Proceﬂs whioh d

developing s0me training
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Iraining set to generate the classifier with high confidence

level,

Some further work also needs to be done Tto Iind a
method which automatically updates the security classifiers
88 new generator or load buses are cdded into the systenm.

pecurlty corntrol method

A logical extenslon of ‘the
end it to hydro-thermal

discussed in Chapter 5 will be to exi
aints may also be included.

8ystems. Environmen tal constr
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APPENDIX 1

Details of the Test Systems

The threec test systems used for testing the algorithns

developed in this thesis are:

(1) 5 Bus/7 Lines/2 Generator systen,
(i1) 8 Bus/14 Linen/4 Generator system. and
(1ii) 14 Bus/20 Tines (2 Transformers)/6 Generator systen

The topological configurations for the above three

8ystens are shown in Mg, Ai,1- 41,3, ,
The detatls of the system parameters (1line impedances)

along wlth the branch power flow limits in terms of uva
flow 1imit and maxinum voltage angle Beparation are given ip
Tebles A1.1(a), Al1.2(a) and A1.3(a) for three systems, Ty

power flow limits-normal and emergency are given for both
MVA flow 1imit and voltage phase angle separation. The

emergency limits are 20% higher then the normal Stt_aidy state

1imit as transmission equipments can be subjected to small
over loads for short duration of time (say 30 minutes), and
are used for limit checicing during outage conditions,

Tables A1.1(b), A1.2(b) and A1.3(b) prezent the bus
loading data for peak load condition along with the load
flow results for this loading condition for the three systems.

parameters for the generators and loads (for load shedding)
are glven in Tables Al.1(c), At1.2(¢) and A1.3(e). 7The

2
The quadratic cost function (Cy = ayPy” + byPy + dy )

=5 g
~ -
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voltage magnitude 1imits and cost coefficient parameters £
or

reactive power changes isS presented at the end.

TABLE Al

5 Bus systed
(a) System parameters

Bus Line L::pggamg Tine HVA flow 19 - 0 ¥
[ o /2 1init P qlmax

Is;]” desiz-| R X Y o/
Oelpnation ah .
oR|(n.u.) (pou.) (p.tts) ormal] tmerg- ( Normall Emer-
p-q ency gency
1{1-2lo.08 |0.24 0.025 | 60.0 |72.0 7.5 |9.0
o | 1 - 410,04 0.12 0.015 | 72+0 90.0 5.0 |6.0
3|1 2-3 0.01 |0.03 o.010 | 100.0 120.0 1.5 {1.8
4 2 - 4‘ 0006 0.18 0.020 m.o 60.0 500 6.0
5 3 - 4 0.06 0.18 0.020 woo 60 -0 5.0 6.0
71 4 - 5/0.02 0.06 |0.030 [100.00 120.0 3,0 |3.6

# pngles 1D degrees.

(p) 3Bus datas

Peck load)
a» ? itude Angle
e oy | e 2o | o) g cEW o
1 |40.0 5.0 - - 1.009 -3.538
2 45.0 1 5 0 - - 1 0004 -4 0019
5 60.0 10.0 - - 1,007 -%.937
& 20.0 5.0 98459 =32 454 1.03 =0.677
5 0.0 0.0 70.08 43027 1.06 0.0
b e e
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(e) Cost function datas
Generation: Toad Shedding:
Bus
BHn. G b a o . "
’ ‘ ’ jori iy ‘ 5001 0.0 |
Oad l
. 1800 .0 i
i 0% 32:0 Prié%riw 2,0 |500.0 | 0.0
load
TADLE All2
8 Bus systen:
(a) Systen paremeters _ .
ne ;
g Bus 1__):%}_;;1%@ ¥ine WVA ZLO% \°p'°g‘l —
3 aeste] iy s Tormal TmeTgoncy
___'_.na e
1 | 1-5 | 04160 5,400 | 0.000 450.0] 540.0 5.0 | 6.0
2 | 1=0 0.100 | 1.500 0.000 | 5000 600 .0 4.0 4.8
3 | 1=7 0.210 | 3,110 0.000 | 35040 420.0 5.0 6.0
4 | 2-6 1.100 | 8.100 0.080| 1500 180.0 5.0 | 6.0
5 | -7 | 0320 3,000 | 0+000 300.,0| 3600 5.0 | 6.0
6 | 2-8 1.000 | 7.000 0.050 | 15040 180.0 5.0 6.0
7 | 3=5 0.200 1.300 | 0.000 400.0] 480.0 3.0 3.6
g | 3=7 0.210 | 1,000 0.000{ 5000 600.0 340 3.6
g | 3-8 0.200 1.000 0,000 500.0 600.0 3.0 5.6
i 6.
10 | 4-5 | 043%© 2,000 | 0.000 450.0| 5400 5.0 o
5e 6.
11 | 4=6 0,750 6,300 0 .060 200 0 240.0 5.0 0
' 0 6.0
12 | 4-8 0.800 | 6+990 0.030| 200.0 240 .0 50 »
13 | 5=8 0.300 | 3000 0.000 3oo.o‘|360.o 5e 6.
. 0
0.0 48000 5‘0 L
14 | 6=T 0.250 |2.300 0.000| 40
¢ angles 1P degrees.
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(v) Bus data:

(Peal: load)
Bus Ioad Generation Voltege
No. | P(MW) | Q(HVAR) p(w) | Q(MVAR) [Megnitude |  Angle
(p,uc) (0)
1 |340.0 |45.0 - - 1.028 -1,722
o |366.0 |60.0 - - 1.0178 | -3.015
z | 444.0 {550 - - 1,0310 -1.217
4 |260.0 |60:0. - - 1.026 -2,104
5 4.0 | 0.0 350.0% | 1350 1.038 =0 .596
6 30,0 | 0.0 350.0% | =2.72] 14050 -0 4351
7 40.0 | 0.0 55340 0.70]| 1.030 -0.579
g | 50.0 | 0.0 527 .0 79.00 | 1,040 0.000
* Generation 8t upper 1imd .

(¢) Cost function datai
(i1) Load Shedding

(1) Generations A=
. L Heh
5 o} .65 43.0 2000 0 priOriw 2.0 [1400 .01 0.0
- Tow
7 0.83 [35.0 1800.0 207
0,51 50 «0 2490.0




14 Bus systen :

TABLE A1,3

221

(a) Systen parameters:
Bus Iine MVA flow —
o R I
p-q | (p.us) [(peus) (p.u.) |a1 ZetiCy - 2232}
1 1-2 0.01938| 0,05917|0.02640 150,0 | 180.0 5.0 6.0
H 2 f 1=5 # 0.05403?0.22304{0.02460 100.0 | 120.0 10.0 12.0
3 | o3 | 0.04699]0.19797 0.02190| 75.0 90.0 [ 7.5 f 0.0
2 | ooa | 0.05811)0.17388[0.01870 75.0 ] 90.0 | 7.5 | 9.0
5 | 2-5 | 0.05695|0.17388 0.01700| 75.0| 90:0 | 7.5 | 9.0
6 | 34 | 0.067010.17107 0.01730] 75.0 | 90:0 2.5 | 9.0
7 | a5 | 0.01335] 0.04211)0-00640 175.0 | 210.0 | 540 | 6.0
8 | 4-7 | 0.00000|0.2091 0.00000] 75:0| 900 | 75 | 9%
9 | 4-g | 0.,00000 0.55618| 0.00000| 30-C 60.0 7.5 9.0
10 | s-6 | 0.0000d 0.25202 0.00000| 500 | 60:0 50 | 6.0
11 | e-11| o0.09408 0.19890 0.00000| 50.0 [ ©0-0 7.5 | 9.0
12 | 6-12 0.12291 0.25591 o.00000| 75.01 90:0 10.c | 12.0
15 | 613 | 0.06615(0.13027 0.00000|150.0 | 1800 15.0 | 18.0
14 | 7-8 | 0.00009 0.17615| 0.00000| 73-0 90.0 | 7.5 | 9:0
15 =2 0 .,00600 0.11001[ 0.60000 100.0 | 120.0 5.,C 6.0
16 | g9-10| 0.03181) 0.08450 0.60000] 100.0 | 120+0 5.0 & o
17 | o-14 0.12711 0195207 0.,60000| 750 g0.0 | 10.¢ | 12.0
16 | 10211 | o.08209 0-19207 0.c0000| 75.0| 90:0 7.5 | 9.0
19 | 12=-13 0 .22092 0.19958 0.G0000| 750 g0 .0 15.0 18.0
20 | 13-14 | ©0.1709 0.273802 0.00000 150.0| 180.0 | 20:0 24.0
N— B -_.-_____——-',.._-a-—..o—-

# Angles in degrees.




Transformer data:

Static capacitor data:

Branch | Bus Tap
No. designation| posi- Bus UVAR
(tap si tion | No. Timit
10 5-6 (5) 0.0% 10 +40.0
15 1-9 (9) | +2.0% 12 +40.0
\
(b) Bus deva : (peek 1o ad)
Bus Ib-a—d_ Generation Voltage
Bus o) | Q(uvaR)| P(uv) | QUVAR) Megoriate | jomn
1 |40.0 7.50 - = 0.99522 | =5.73087
2 |35.0 6,00 - - 1.00316 | =4.67295
3 | 2540 5.00 | 100.77 | 1.055 1.03000 0.40465
4 |20.0 5,50 | 75.00%] 29.68 1.02000 | ~2.62225
5 | 65.0 12.50 - - 0.99941 -].69864
6 | 35.0 6,00 - - 0.97104 | =7.84706
7 |25.0 p.50 | 91.87 | 940 1.02000 1.39107
8 | 0.0 0.00 | 50.00%| 2 .12 | 1.02000 6.24725
9 |50.0 10.0 - - 1.02000 | =3.58112
10 40 .0 7.50 - - 0 .98670 =0 46057
11 | 3540 6.00 - - 0.95642 | =2.07082
12 | 65.0 12.50 - - 0.90712 [=10.29386
135 | 35.0 5,0 103.00 | 35.20 1.02000 -4,81094
12 | 30.0 5.0 95.49| =T7.46 11 05000 0.00000
r 1mt.

* Generation at uppe



(e)

Cost function data:

(1) CGeneration

Bus No, = b d
" 0.65 43.0 2000 .0
& 1,05 45.0 o
(11) TLoad Shedding
& 4 a
High priority 2.0 | 500.0 0.0
load
Low priordty 1.0 | 250.0 | 0.0

1oad

228



Voltage linits and cost coefficients for reactive power
rescheduling:
The upper ond lower voltage magnitude limits at

all the buses® are 1,10 p.u. aod 0.3 p.u. respectively

for all the three teat systen considered.

Tor reactive power generation changes the cos’d
2
function 1s considered &9 C3 = "4 [ A Qi\ with the

limits on Q a3
_ o
QL max Qi nax Qi

Qimin'-'eg’qinﬂ.n‘

For all trensformers Xy = 1.0
For 1l static cepacitor banks
snd For all generagors v\'i = 4,0

in all the three test gystems considered.
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APPENDIX 2.1

DETERIINATION OF
TION OF FACTORS 2Py /7 ©; FROM LOAD FLOV DATA

For a N-bus system the real power injection at any bu
8

p 1s given by

-
P, = Re [vp Ip] R}
= % ®
= Re [V Loy X v _‘
p a=1 "pq 4. (42.1.2)
Where
Re[‘-l - peal part of[' ]
v, = [Vp\ éep, the phasor wlbage at bus p
= the p~g element T
Y, = g * Ppa’ P~ sy matTix
6rg = % o
On expanding the equation (A2.1.2) and simplifying, we get,
] g +B ine_)|V
= G_ . cos 8
5 va\[;(pq pq * "Pa pQIq[]

(42,1,3)

in the system is equal to the algebraic

The total power 1088
jections (load powers being negative

gum of the real power in

injections). THuS, -
.

> (A2.1.4

Power loss Pp = I"?l P, )

Substituting the value of Pp from (42,1.3) 4n (A2.1.4) an(



simplifying, we get

N N

PIJ:Z_-I,,—IVHV pqcoti(ep-eq)
p=1 g=1

Therefore 2Pr/ 6y vill be given by

- N
—L_.> Vy| | V| Gyq 510 (8 -
?,Oj q1 j =

9;])

(42.1.5)

(A2,1.6)

- »
-~

e .
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APPENDIX 3,1

FAST DECOUPLED L0AD FLOU AUD CONTINGENCY AMALYSIS

The ponlinear load flow equations

X, U, ?) =0 (A3.1.1)

{5 golved by Newton-Rephson (N-R) method through an iterative

golution of linearized equations.

Tet KO be the assumed golution to equation (43,1,1)
and %, + AX ve the correct solution %o equation (43.1,1),
Expanding the Teylor series about XO and dropping second ang

higher order terms, we have the linear relationship

3X(%,,U,P)
KX, + 0% U, ?) =0~ KX U, P) + T-"Ax

- \_ F(XO,U,P):I AX = KX, Uy P)

y X
AP
= (A3l1.2)
LAQ
[ 3K(%,, U, B)
Wherei (xna_,'f ’ }is the Jacobian matrix of partial deri-

vatives of F w.r.t. X, evaluated 2% point XO, and AP, AQ

are the residuals or the power mismateh, defined as

N
_ pSpecifled _ S (e +B 8
AFp =% %l ;‘1(( pg 8 Opg * Bpg B2 80 [V, |)
and N

AQ[J - stpeciﬁed ’lvpl %((qpq gin epq = qu co8 epq) \Vq‘)
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Yhere,

8.0 Y = voltage angle, magnitude at bus p.

= (p, q) element of bus admi ttance matrix [G]

Spq * 3Ppg
+3 3]
N = Number of buses wvith systen,

By partitioning the Jacobian matrix, equation (A3.1.2) can

be written as

~P H N Y
Q N o T ki (A3.1.3)
ok x [TVl _jx

there 46 1s the vector of incremental woltage angles
at al1 buses except slack tus. The wltage inerement A|V]
| at (P, Q) buses is divided by | V] to bring symmetry in the
‘i elements of the Jacobien matriX. The subma'brices H, N, 4, 1,
represent the negated partiel derivoiives, [P] and [ Q] wor.t.
& and |V

Noting thet for power transmission gystem steady state
operating condition, there is wesk coupling between (P - 8)
end (Q - | V|) problem, the N and I subtmatrices of the Jacobian
cen be dropped, glving



[azT= (15,14

-—

2 Q~l = [n} l:alvf/ | VI-J (A3,1.5)

Where, forp #q

By = Tpg = |79 | Vgl (Gpq 811 Bpq = Byq €08 8y0)

(43,1.6)

and for p=4¢
SRR MEARE R (43.1.7)
Ly == Bpp\foz + & (43.1.8)

Malking Some more justifiable simplifications, which are

vaiid in practical sysiems, such as

~ 1
coB epq

Gog sin 8, << qu (43,1.9)

| 2
5 o.p 4&3@‘ vp

The elements of H and I matrices become

forp # 4
Hyg = Ipg =~ | Yol | Vgl Ppq (43.1.10)
and for p = ¢

e = — 2
ton = Ipy = =By |V (43.1.11)

231
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Th
us equations (A3.1.4) and (A43.1.5) can be writt
en as

[a]=[ivi = ivllse] (45.1.12)

[ Q- [ = LA /] A
] ki ; ol 3)

The elements of matrices TB'_I and }'Bn'i are element ren]
== B @ S of | -B

natrix,

The decoupling process and the final algori thmi
& ¢

forma are completed by:

1)

2)

3)

4)

Oomitting from ]:Bv:[ the representation of those networi
elements that predominantly affect the VAR flows, i,e
e sy

shunt reactances and off nominal in phase transformer

taps.
omitting from Equ the anpgle shifting affects of phase~
ghifters.

g the left-hand | v| terms in (A3.1.12) and (A3,1.13)

Taicin
and then in

on the left hand aide of the eguations,

) removing the influence of MVAR flows

equation. (43112
e by setting all the right hand | V|

on calculation of A
Not

1,12) and (43.5.
rnot the coupling.,

e in calculation of
the DC-approximation

terms to 1.0 P.U. o that the | V| tems on the left
nand side of (A3, 13) affect the behaviour

of the defining functions and

Neglecting the aeries resistanc

olements of | BY | waich then becomed



A
&l )

load flow matrix., This is of minor importance but
is found experinentally to give Slightly improveg

resul ts,

With ebove modifications the final fast decouplegq

load flow equations become

[AP/ v ]"[ B']BGJ (43.1.14)
[AQ/ m] [B] Agv_}] S

Both [B'] and [ 33"] are real and sparse and have stmctures
of [H] and [IC[ regpectlvely. Since they contain only networic

adnittances they are constant and need to be evaluated onee

only at the beginning. If phase shifters are not present

both B' and B" arc symmetrical and only lower or upper

triangular matrices need to be stored.

APPLICATION TO QUTAGE STUIES

Network outages like line or transformer outages are
simulated by an adaption of the inverse natrix modification

techaique applied to [B'] and [B"]. The experiments have

shown (%) that it is only necessary to simulate the removal
of series transmission elements from these matrices., Shunt
capacitors and reactors, line charging cepacitance and
shunt branches of off-nominal~-tap transformer equivalents
can remaln in [B"] without affecting convergetice noticeably.

All outages must off course be reflected correctly in cal-

culation of [AP/IW] and BQ/ WE-



Let either (A3.1.14) or (A3.1.15) be represented in

the base case problem as the equation

EIEREN 15 (A3.1.16)

for which a solution
_ -l
L‘on = an] L& ] (A3.1.17)

can be obtained using factors of {BO] . 1In the moat

general case, the outage of a line (neglecting charging
capacitance) or transformer can be reflected in [BO'] by
modifying two elements in row k and two in row m. The

new outage matrix is then
ENE SENEE ¥° n ) (A5.1.18)

where
b = Line or nominal +ransformer serles admittance

1 = Row vector vhich is null except for nk = a, and

Kﬂ = -10
a = 0ff-nominal tums ratlo referred to the bus
corresponding to row m, for a transfomer

= 1 for a line.

Depending on the type ox connected buses, only one row, k

or m, night be present in [B'] or [B“ » in which cage either
1§, or M, above is zero, as appropriate. If both connected
buses are either PV or slack, then EB“—‘\ requires no nodi-
fications,



It can be shown using the Shemgn_ﬁorrison forrml
X a

that
= o e . &
[3] =[3] -cxu (3,] (A3.1,19)
Where,
¢ = (1/b + ux)~ (43.1,20)
= Lol
and X=|B| n° (43.1,21)

The solution vector E-, to the outage problem is

[EJ = [BJ-’[R] (43.1.22)

and from (A3.1.17), (A5.1.19) and (43.1.21), we get

[E'J =[5, ]-cxu[ =] (43.1.23)

Thus for outage of a branch two non-sparse vectors x
, and X" has)to be ealculated, each requiring one repeat solu~
tion usn.ng factors of [B'] and [_B"] respectively, After
each solution of (A3.1.14),[; e] is corrected by an amount

~Cr X [—_A 0| (43.1.24)

Similarly after each solution of (43.1.15), [A {v|:( is

corrected by an amount

—cn x w0 [4] V(] (43.1.25)

Usually (16 = 1 [V]) scheme 1s used and 2-3 iterations are

required to obtain results with adequate accuracy.
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APPENDIX 4.1

TINEAR DECISION FUNCTIONS

Linear decision functions are the most popular fom of
decision functions in use in patiern recognition application.
This is mainly due to the eose with which they can be imple-
nented. In fact, eny complex decision function can always be
treated as if 1% were linear by virtue of a straight forward

transformation as shown below:

Let us consider a generalised decisicn functlon

AX) = aqfq(X) + 8Tp(X) +eoee B OAX) + 2, (A4.1.1)

k+1
= EZ-I a £, (K) (A4.1,2)

Where, 8ys are the weights and £;(X); 1 = 1,....,k, are
real single valmed functions of pattern X, fk+1(x) =1,

and (k + 1) is the number of terms used in the expreosion.

»
Now, let us define a vector X whose components are

the functions :E'i(X), i:e.,
£4(%)
X = | £5(%) (44.1.3)

£ (X)
l.k+1 g

with the help of (A4.1.3) expression (A4.1.2) cen be
written as

(X =a8° X (A4.1.4)
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Where
a8 = (a1 pases &K+1)t

Once evaluated, the functions fi(X) are nothing but a set

numerical values and x* is simply a (k + 1)-dimen-

Therefore, (A4.1.4) represents a linear

of real
sional vector.

function with respect b
(X) for all X, the

*
o a new vector X . By evaluating the

functions £f; problem has been effectively
rmed into a linear representation.

transfo
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APPENDIX_ 4,2

PROOF FOR STRICT CONVEXITY OF ¥
B f(W) FOR INCON
OF LINEAR INEQUALITIES SISTENE SBT

Rewriting the problem as defined in (4.61), we have

Find W, such that

AW =2 e = 0 (4h2,1)

e are as gefined in 4.59, 4.60 and 4.61
[WIAW ,?,ej is a polyhedral

for e = 05 S will be a convex

Where A, W and

respectively. The set 5 £

convex set for every e > 03
cone, S' says 1f (A4.2.1) 1

then S 18 nonenpty; 1f
e stated as &l optimisation probler,

s consistent, l.e., it has a

solution, not, then S is enpty.

Now (A4.2.1] ecan b

Ping W, such thatb

F(i) = || (AW = ©

) = |av = ol 2 (A4.2.2)

is minimua.
of F(m : 1f (M.QJ) is COHSiSt‘en‘b, then S will
ve ).

consistent gpen S will be empty and ®W) >0

Properties
be nonempty &nd W =0 v W
& (A4-’.2.1) is in

gtent casel Since S is

vweE R

Let us first take the ineconsi

gle of T
ch that (W +n h)

ction OVeET B

eupty o (complement of 9) consiste of

(W+h)€30nd o<np<1best

Now, let W»

¢ 8§, Then for K triotly convex fun

we must have
p) FWs ocp <t (A4.23)

(VW + ;m):;pr(m n) + (1
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TLet ug define (NS + NI = N)-vector

_ AP,
Y = (yqaTpreeer¥y) E(aqV = Cpoecces ay W= ep)? (84.2.0)
anaz=(51,52,---,%;)tg(afhw----s ay b )° (A4.2.5)
V’here At = (3,1, a2, spe s ’&‘)
Then, we have
H .o
= K

I 2
F(W+ h) = ;Ryi + 51) - \yi + 51[\. (A4.2.7)

N

R 2
Z | (73 +p2g) - vy +pol] (M4.2.8)

F(w+ ph) =

&
o define two sete §1 = (v,17,<0) end 85(y;|¥4 > 0)

Let u
Ciearly for inconsistent cade 84 ie non eupty end S, can be
oi ther noneap®y T wpty. If y3€ 910 RO following four
possibilitied exist:
—y 0
(1) Yi"'zi70 (2) ¥3 +& 7
yy +p7E 70
0
y:l. * Pzi = Jd
)} 0
(3) y-l-ziéo (4) J3 B
i
vt AZy >0
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Let us dispose each of above, one by one.

il 9 (44.2.9)

and using relations (A4.2,6-8)
dition (A4.2.9)
From above coh

we get,

s

By (W) = (2y3)"

(W-I- h) = I .
i]42
*‘4.] (1= A !)
Fi(w-:-uh) [(yi.;- P__inﬂ q y1
we get
Now gqubstituting in (A8.243)s
4ye(1 - B J <(1=p) 4:11
: 8
or (1 -
2 tiafieds
s condition (A4.r_.3) is 92
True
=
0 d A4.2,10)
@ .1. (Ad.2.
i 0 \—1 > 1 and }117 By
5
Yi"'gi
yiﬁlizj.? q d using relations (A4.2.6- 8),
ndition (A4’.2.10) an
fyrom above co
we get

2
Fi(w) = (23’1)
pi(wm) =0

Fy (W4 ph) = 0



Thus condition (A4.2.3) is gatisfieq,

(3) Jq < 0

yi-!-zi < 0

(A4.2,11)
¥y 2y < 0
from above condition and using relations (A4.2.6-8), we
get
F(W) = (2yiJ2 = 45’12

2
p 4
W7+ h) = [?(yi + zi)] =4y, + 8y; 2, + 42{2

2
, - -

B(W + uh) = [z(yi +pzy)] =4y o+ 8 pyyz; + 4 ’nezig

Thus L.H.S., of (A4.2,3) is
2 2, 2

Fi('.-‘;'+p.h) = 4y;° + 8 py; 2y + 4z

and R.H.Se¢ of (A4.2.3) 18
V) = 4 2+8 Z, + 4 2
Fy(W+b) + (1=p)F(¥) =4 jy9; + 8 py;2 nzy

.+ 4(1 - F)yig

Thms condition (A4.2.3) is satisfied as 0 <p < 1.

(4) ¥y < 0
yy+2y < 0 (44.2,12)

Yi*.ﬂ‘i;> Y

ble.
ag 0< pm <1 tho above condition 18 not possi

-
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6 K o Ty & 52’ then again four possibilities exiat.

(1) v4 70
L ° (A4.2.13)
yi+ pa 0

This leads 1O Fw) =05 FWH p) =0 and (¥ + ph) =0,

Thus the contribution of this typeé of ¥4 and z;'s is zZero

(2) 74 ~ 0
vit By 7 0 (34.2.14)
yg +PiB S 0
1
This condltion is not possibls as 04 R&
- .
(3) NE >0 ﬁ
fl\ 1: 07 ) (A4.2.15)
yi*”‘iC_O:?\yi? ’P'/ si
yi+pzi4 0’
AL,2.6=8)y
2.15 and rela'bions (
Ueing 8bove copdi tion (M )
we get
2
N ) 2 = 4712D N \%lj
W+ h) = 2(y4+84 e 1’,'1172
47 b‘__1 - 5!
i-l-}lﬁi) f]
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substituting is (A4.2.3)

wl |1 -nls H\ parg [1-15]

T TP R - IS
"
(1) < ,n\;ﬂ (1-p)
Tme. Tms condition (44.2.3) 1s satisfied.

(4) 370

y412; < 0 (44.2.16)

7yt P‘izi >0

using above gondi tions and relations (A4,2.6=8), we get

5w =0
2
K+ ) = [207y + 5]

B(W+ph) =
Thus condition (A4.,2.3) 18 gatiafied.

In the inconsistent case, since Sy 18 nonempyy and S,
may be empty or nonempty, thus es seen from above the condi-
Honof strict inequality of (A4.2,3) is always gatisfied
g0 the function F(¥) is strictly convex function over § = RA

for inconsistent case.
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In the consislent case set S is nonempty and 5y may

be empty or nonempty. 5S¢ 18 enpty if W is a solution. 1In

which case F(W) = 0. IL W is not a solution to (44.2,1)

then S.l ie nonenpty and strict inrequality of (44,2.3) holds,

From above it is clear that for consistent case F(V) 1s a

convex funcition,
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APPENDIX 4.3

THE LINEAR MINIMISAIIQH ALGO 0T THIY

Tric arpendix deels with the uinimisation in 8tep 5

of the algorithm in Sec (4.7.4). Let us drop the superseript

k and denote

F(p) = W(W + pd)
and u* correspond to the minimm of F(p). Then n* ig o
solution of ®'(n) = 4K 1 )/d}l = 0; 1,e,,

(ata) [A(W +pa) = e = [A(W+pd) = ¢f[=0

An snalytical solution of this equation is not possible
unless we know the lnterval ['ji, ﬁ]in which the sign of each
component of A(W + md) remalns constant end which contains
p* i, The algorithm given below exploits this particular
problem structure.

Hp) is a convex function in p. pR* is unique 1f F( R*)

S 0. Let us define N-vectors,

t i
Y = (y.',ooanfym)t g (ﬂ:'eW" e1"". %w" eN)f

and Z= (q’babo’ﬁ)t e (.:d' veoo ) ﬁ?d)t
N
Then, F(p) = 121 r(p)

2
Where R(m) = [(yi + ugg) = |¥g +}-lzi|]
Clearly Fi(}l):; o, 1 = 1,000009 N;

Fi(p.) = 0 1f either
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1) nrpy (==-vy/oy) 1827 0
or 2) u<uy (=- 73/23) 1f 2y < O.

Tet us define two sets

Sy = (4l Py == ¥4/%55 23> 0)

and 32 (}li]}li = - yi/zi’ zi<‘ O)

and let
i=max (pylpg € S9)
and B =min (}J.i] uié 82)

Clearly S4 can not be empty, for 1f it were then we woulg
be at the solution. S, may be auply in vhich case u does
not exist and eny p*€ (j1, ®) corresponds to the minimum of
F(p) and of F(W). If S, is not empty, p* lies in the
interval with § and B es extreme points. There oxists three

possibilities, we will consider each one by one.

1) E< u, in this case, p* (}i, ) minimizes K n), sce
Fig. (A4.3.1)., To awid a solution at boundary point

set P‘ = (;'z' * B2,
2) fj =pm, In this case u* = i = minimises F(u ).

3) J|>pm, In this case p.*e(}'i, A).

A
To determine p*, first the interval (R, B) is deter-

" _. ouch that 4 € S,V S, end
mined where (%, 4) & (B, R € 34 2



md ﬁ€ 84V 8, are adjacent in (u, ﬁ) N (84U 82) and saiiuty
F(i1) < 0 and F (}1) > 0, rospectively. Then clearly p*¢&
(%, A), see Fig (44.3.2). For finding & and fi, the
elanents of By € (i ) (84U 8,) are ordered in ascending
order of magnitude and F (p) evalnated at seccessive values
of p starting from g untll A 1s found, (This task is simp-
1ified by vetting p=0 initieliy end then evaluating F (n)
for Ry > 0 only in the above ordered array becaise we know
that d is e descent dirvection end therefore, )x' > 0 always.
In the interval (, A), Hp) = =1 My + pgy)2, vhere for
1€ 1<, 2y, eessyN), either (1) 2, > 0 andPi>P or (2)

2;< 0 and My < q. Now m* solves F(p) =0, .04y

JZp(yy +RE)% =0
The algoritim is glven below and is a subroutine wnich
retums the velue of p¥ to the main algorithm in Sec(4.7.4).
Step 1 : Compute 2 A A&

Step 2 ¢ Fom the sets 54 enddp. Compute R«
Step 3 3 If 82 is ampty, set p*>1u (erbitrary) and return

R*; else con tinue.

Step 4 s Compute u end (M - m).

Step 5 3 If (i - m)< 0, set p* = (B + n)/2, return p%; else
continue.

Step 6 : If (0 - @) =0 set p* =)'i. return p®3 else

continue.



/".
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Step 7 ¢ Set 2 = max (0, 1),
Step 8 : Order the elaments of the set (U S,)U(a, &)
?
in ascending order of magmitude. ILet this set

be S = (81, 82’00000 BPJ. Set 1 = 0.
Step 9 ¢ Set 1 = 1 +1, p=28. Compute
N
P = 7 & FNZy) = [Fy Tl
@ = Z alon rrm) = 1T pay |

1€ F (p) < 0, S0t p = iy €0 T0 st I If F (n) =0,

get u* = My return }1*. If R (}1) > 0, Betﬁ = p,

go to step 10.
mine the set

Step 101 Dete
either %4 ~ 0 and }1._'-_‘;- ﬁ

or 5140 mdhaﬁ

2
# = - 2 Z Z 2 ,re'lfllrn *»
ierii/iéI 4 F

minimisation algoritim.

Step 11 compute R

Mis completes the linear



APPENDIX 3,1,

CATLCUTATION OF MEAN, VARIANCE AZD CORFELATION COEFFICIENT

MEAN

The mean, also called arithmetic mean is one of the

most commonly used meesure of central tendency and is

defined as o

= i=1
# q - (44.4.9)

for @ population. 1f we have @ sample from the population
then the mean 18 called gemple mean and is given by

1‘1 c (24.4.2)

ARD D& VIATING

VARTANGE ADD S%

d standard deviation are the most

y used apd imporian® measurea of.diSPersion. The
andm:'d jeviation and represents

Where

mhe variance ai
widel
i1g the gUuUare gf st
squared deviatio

the complete population 19 knovm ¥

yvariance
n fron the mean veélue.

the average
pe variance end standard

deviation ore i -
5 (5 =P
o 2
s (X =P
and __15,1,_‘.1-—:—- (A4.4.4)
o = "
population: rather

a panple frond the

then the sample yariance (s?)

1f the data repreeentu

than a oomplete po;mlaﬁon,

256
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and standard deviation (S) are calculated according %o

the followlng:

L -
a2 177--1“{:L = 4
vz o (44.4.5)
and /1=1((1 -5
(A.4.4.6)

S:\/ n-1

of (n=-1) provides the unbiased estimate of vardiance

The use
and gtandard deviation and 1s jus
4+ thc estimate 18 base

coned larger
11 deco=e cloger oo .

tified in the statistical

a on data from a sanple.

ﬂwjy in tha

DL: 9159 be
a :'caul‘ting s w2

2 closexr to the total

ig & peasure of the

riableB. It can

degree of relationship be
to +1 wpere POV £y extrenes

range fron -1
The +1 indicé

reprose t perfect re-

tes & perfect direct,

and the -1 jpdicate &

1ineaTr co rrelation . The

callcd simple

= 1 (Ad.4.T)
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APPENDIX 5.1

Detzils of computation Ior ratio test modification Lor

miltisegnent piecewise linear cost curve representation:

In case of multisepment piecewise linear representation
of the cost function, a free generator violating its currently

designated segment (as found by solving equation 5.22) cen

move to a new segnent till it is the cheapest thing to do
Ythenever & free generation moves from its currently
ed cost segment, the ciange in the incremental cost

designat
‘us end this a

for the new gegment causes & change in all

chenze in ratio Bs. The ohange in Rs due to the change ac,
ost of the free generator § on moving

in the increne ntal ¢
to a new aegnel is G

quetion (5.26), we have

I:P] e ["] [31-1 (45.1.1)

d basisc {ormulation and arranging the row

ound as fol lows:

Fron ¢

Using the redquce
vectors [F] and 0] into W sets [pg ) [cp] for free gene-
7,7 l] for binding generations, eguation

rations and [PIJ ,1©
5.1e1s) GER pe wrdtten as

[Pe] = Tog] 2] 3
ol (m] = [e]- [ee)[ 2]

), jth element of ]:Cf_J , will

(A
(45.1.2)

(A5.1.3)

-..-054' ch

A change in Cj(
'J ag follows:

change [ Pzl ad [P



"f‘ ‘

) ° -1
Bel= (leg |+ [ac]) [B,] (A5.1.4)

Vhere LA c] is a very sparse row vector whose only nonzero

element is ACj in jth column, From equation (A5.1.4) we get
Grel = [2][3s)" #[b0] (3]

2]+ [ad][me]” (a5.1.5)

W T )= (@] - [Pe) LB] (45.1.6)

fmm (A50105) and (A501o6) we Get

H

] = [l - D e [e ime ) )

R R YRR G N EN

(A5.1.7)

-1
e « f= 7 I
- Lul_‘]- LAL, |_Df_] L 1 |
Superscript o indicates vaiues at the beginning of the process,
Thus, the new ratio Rj for the jth generation 18

0
By = |§§' = ’P ;gAP )

(A5.1.8
or By = Rg + AR )
o _ (A5.1.9)

Where ARy = ACy 1y 5y = il

R .
I., is the JJ element of [_B{_I matrix.
Jd

) 0
ad Xy = Iy 5



The new ratio R. for any ellgible binding generation is

-—

glven by
o)
= [B.i.'..‘. By + AF \
- - soll“ So
i i

— 0 A = ]:Q + X AC.
or Ry = Ry + AR 1 205 (45.1.10)
Yhere -~ 5 ig the ith element of the jth row of ]_Bf J-
; = ke
‘l_Blj /Si.

As the explicit inverse of [Bf] is available %he cumputation

of o4 involves only nm multiplications (m = number of free

generations) and one division.
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APPENDIX 5.2

Iinear incremental nodels for transmission lines ang

transfo mers:

5.2 (a) ZSranamission ILines:
The tranesmission line model is shown in Fig. A5.2.1

For this transpission line model the complex power flowing

in the line is given by

® - L 2
S)q = Bpg = 3%q = Fp | Ep ~ BqlVpq * B HlVaw/)
SV /65 o = Opg = $Bpq 1Ten/2) =

* 48 complex conjugate of £ o)

end (.)
or Py = 3% = 2 (6, - $Bpq) = VpTa(60® 8pq = 3 sin o )
_ 2 . - _
(qu jB ) ¥ j‘ By i Opq (ep Oq)
Separating real and imaginaly vorts; we got
- - 4 oin 5
P = vgepq V.V Gy ©08 8y V,VqBpq 538 €pg (45.2,1)
end _v2 3 - V.VB _ cos8 = YVl 5100 - 72
Qg = Yo ®pa ~ 'piapg pq ~ 'p'apa pa = VpBi
(45.2.2)
For practical sye tems generallys
~ - = : PR 9 9
VP':: vq ~ 1.0 pus qu cos epqﬁ, qu, gin pq’

<
qu gin epq< qu cos epq
Therefore, the real power flow in line pgq becomes



NG~ —
i
=
2 N | ‘l
S “, ,——.-—'D_-'—‘
\\\_/\M/ \ |
v“. T 1 OIF
< ‘.
N l

:'.“1 ',. AS'?- '2
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.. = -
qu ((-)p )

#4 ) (45.2.3)

q

Thus the limit op real power flow in the transmission iine san

be vxrit ten in terms of vol tage angle spread (ep - 8 ) as,
q

1in _
P = |6, =&
pq 18 - & max (45.2,4)

Tre reactive power flow in line p~q Trom equation (45,2.2)
~ B, - -
Qg = TplBpq = By) = TpVgByq cos 6

For finding incremental changes in reactive power flow in

line p=-q due to incremental changes in bus wvol tage nagnitudes,
we apply small voltage increments at the buses p and q
resulting an incremental change in reectlive power flow from

p tog i.e.,

25 = & e = (v, + AVp)z (Bpg = By) - (vp + ARpiYg + ot

B
cos QP

P4 q’

rearranging and ignoring terms with the product of voltage

incrementsye get

. 5 - -V B cose.,.)
A qu - AVp(eVp(qu B;) q “pq rq

= v (A5.205)
or Aqu G:l.p AVp + qu A q

for all lines are calculated at the beigin-

ning of the LP process and are stored to be used thoughout the
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reactive power IP process.

(b) Transformer

The model of a tap changing under 1oag transformer
10 showm in Fig. 45.2.2(a). Por thais model of the transformer
oY 2L78

e
B/ =Y =T

- pq
Therefore,
Iq=2%4 = a(By = Eg) (=3B,)
= a(eE, - Eq)(-;prq) (45.2.6)
and Tgp = (Bq - Et)(-ijq) = (Eq - &) (- 1B5q)

The complex power injected into the transformer at bus p ig
S =P : I
pd ~ Pq jQPqﬁ By Pgq

B, a(ak, ~ Bg) (=3B,

2.0 *
a V; (-3B‘pﬂ) - a Ep Eq(-ﬂqu)

- a2V2

- <] - sin 8
poq avpvq(co epq 3

Pq)
(~33,q)

Separating real and reactlve part, we get

2

Similarly the reactive power injected in the trensfo mer at
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at bus q is given by

= vz B -
Qap * Vq Ppg = @ VpVq Bpq c0B 6, (45.2,8)

As seen from (45.2.7) the edditional reactive power injection
at bus p due to the change in tap ratio from nominal 1:1 4o
(1:a) is

O — (a2 -1V B _ - -V Y o
AQPQ (2, )p b (a, )Vp qBchos epq=Qp

(45.2.9)

Similarly the additional reactive power injection 2t tus g is

C o o - == o
AQy, = =(a, = NV VB o 008 8,0 = Qg (45.2.10)

To find out the chapge in reactive pover injection at the buses
p and q due to changes in tap position, an incremental angdl ysis

is carried out as follows:
( + AQ) = [(a + ba)? - 1] v% Bpq ~ [(ao + Aa) - 1]
VpVqPpq €08 84

ignoring (ﬂa)2 texms we get

= Aa [2V2 B Vo VoBpq €08 epq] Qe (A5.2.11)

Similarly the change in reactlive power injection at bus g

aue to change in tep setting to (a + Aa) 1s

o A5,2,12
A Q(1 == A8 [anq pq ©°° qu-l ( )



Jhly

Ag only one injected power AQe is required in the 1P
process as the contirol variable, AQq 18 represented in

tems of A Qe as

AQy = = b Qy (45.2.13)

Where

The incremental transformer model using equations (45.2,12)
and (A5.2.13) is show in Fig. 5.2.2(b).
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Details of computation of elements of [H"] 3 [E]t and | '—':{ .
5 | .

The reactive power network model including all PV and

glack bus is

Tae] = [m] [ov] (45.3.1)
The inclusion of 211 buses vill, in general, make‘_Hi]singular
unless ground succeptive ties are gtrong. To avoid this,
pingularity of [H'] a load bus with no reactlve power
control ( AQ = 0) is chosen as & reference bus. Vrlting

the equation (A5.3.1) in expanded form and choosing rth bus

as reference we have

AQ‘I = H111_‘V1 4+ oan +H1r/:lv + eosa + H II&VN

: (A5.3.2)
1
AQT=HI'.1AV1+...+ /_\.Vr+...-e-HrNa.‘k'&rN
AQ[‘I }IN"I Av‘l + oo + Eﬁ' Av + oo + lﬁmavr
rearranging the set of equations in (A5.3.2), we get
2 Ky H s
ATy =g = AT - eee ~ O (45.5.3)
rr T rT

and A_Qi Bi1 AV1 + ses +H’~r Iln_ ﬁ-I-I.-‘—I‘AV1 - g0

H'
- ijlr‘- A VN) + oss T H.';.N'AVN (A5‘3'4)

or
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; Wiy e - :
Q_!_ = E P Qr + (."\11 e .‘Iir v.:: )'_,V1 + cenoe
... Eii.q
B_R
' ir
+ (H1H - T ) A Wy

I

- H" A + 1 )] 1"

(45.3,5)

Writing the set of new network incrementail nodel with bus r
a9 the reactlive power reference bus, we cet

IAV A -g* AQ

r

540

il

) (A5,3.6)
AQ" E H AV

where AQn is (N-1) vector of changes in reactive power bus

injections at all buses except the reference bus,

Av" is (W-1) vector of clanges in bus woltage magni-
tudes, By = (H'ri/ H:;'r) th ith element of (N-1) vector &.

ui il
1t r - t
_ (H. . - 2T _Zdy  tho 1j element of matrix H'.

AV. = change in voliage of referecnce bus
r

AQI, = 0, the change in reactive power injection at
rafercnce bus,

By choosing a load bus with least number of buses directly
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connected to 1t the sparsity of|H |will be similar to that
of [H' | natrix.

A3 A Qr i85 zero and thus known, the first row and column
of the matrlx in equation (A5.3.6) can be deleted, giving the

network model

[izkv"} . {HJ [AQ"} 5.5 71

The matrix H is no longer singlar as the sum of the

elements in its rowe will no longer add up th zero.

0 e
Metmd for calailaving ‘fi = aQ_i..
We have
AG = Z —3 5 Y
i-1
itr

or dQ L
09'5'#&01 + oece + -ﬁa%

= TP AQ Feeee Tyl (45.3.8)

(45.5.9)

BQ1 2 .BQ!T
_% + ooooD ‘BT;

H

Writing the set of (N-1) equations (no equation for

-—BI in matrix form, we et
3V ) X s &
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o

29, 20
> | " DQ'!; (45,5.10)

-—

-

Vhere 79 Q:-/ 0Vy is the ri element of the B" matrix of fast
decoupled load flow.

Q
The elements -,‘—)é = ‘§ 4 are obtained by solving
(A4.3.10).,

The matrix [H“] is factored and stored at the beginning
of the procecc.
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