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Abstrac% - This paper presents a method
for optimal load curtailment a power system
“taking lnto account of generator control effe-
cts and voltage and frequency characteristics
of loads. The optimization problem is solved
by a second-order gradient technigue.Rigorous
formilation and inclusion of all security
related constraints assures that the solution
always represents a secure system. It is shown
that the solution speed can be increased by
approximating the second-order matrix using
the complementary Davidon-Fletcher-Powell up-
date., The method 1is illustrated on alO-bus
and IEEE 30-bus systems. This method appears
to be attractive for security studies and for
operational planning.

INTRODUCTION

One of the important functions of a dis-
patching center is to control the power system
during emergency conditions by dropping load
or generation as necessary to prevent further
system deterioration. Hajdu et al.[1 ] propo-
sed a computational procedure for minimizing
the curtailment of loads which i1s based on the
Newton-Raphson technigue for solvirg the powver
flow equations and the Kuhn-Tucker theorem
for optimization. However the system reactive
power or losses were not considered in their
model. Subramanian [2] derived & model for
sensitivity in power systems and used . it in
conjunction with linear programming for theso-
lution of load shedding problems. But the me-
trod completely overlooks all equipment and
operational reguirements. Abdullah Khan and
Kuppuswamy [3] proposed a method for precompu-
ting optimum load-shedding strategy under emer
gency conditions using a §1nearized power flow
model obtained from sensitivity relations. The
successive linear programming was employed to
obtain the solution of the problem. The me-
thod assumes that the voltage profile remains
constant. This is not true especially  under
emergency conditions. Chan and Schweppe [ 4 ]
used linear programming algorithm to solve the
problem of rescheduling generation and shed—
ding loads in an emergency state., The adlgorithm
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minimises the control actions necessary to
remove all the constraint violations and to
serve a maximum of load. In a linear program-
ming problem, the objective function and cons-
traints are linear. But the power system pro-
blems are in general non-linear and are there-
fore to be approximsted as linearised pro-
blems for the application of linear program-

ming. The authors [5] presented a quadratic
formulation for mini zing load curtailment
which provides reduced transmission losses,
uniform power distribution and uniform voltage

profile.Rashed et al. [6] proposed a method
for steady state optimal load shedding and
solved it using an optimal load-flow solution

technique, taking a load bus as the reference.
The Lagrangian multipliers are used to incor-
porate the equality constraints into the objec-

tive function. The use of Lagrangian multi-
pliers may cause the solutlon to oscillate
near the optimal point due to duality gap.

Medicherla et al.[7,8] proposed a method for
generation resche uiing and load shedding to
alleviate line overloads.

In all the above methods the effect of
frequency variation &ue to generation-demand
imbalance is not considered. Okamura et al.[9]
presented a new power flow model for analysing
the steady state behaviour of power systems
under normal as well as abnormal eperating
conditions. Frequency was treated as one of
the variables whereas in the conventional
methods of power flow calculations, the fre-
quency 1is assumed to be constant. This
method is useful only to obtain the load-flow
solution. But it does not give optimal load
curtailment to correct an emergency situation.
Saadat 510] presented an alternate formulation
for load shedding including the effect of con-
trol devices, he problem was solved by &
pover perturbation technique. It has been
found that the perturbation technique takes
more C.P.,U., time than the method presented in
this paper. This paper presents a method for
optimal load curtailment taking into account
of generator control effects and voltage and
freguency characteristics of loads. The opti-
mization problem 1is solved by 2 second-order
gradient technique. The flat-frequency con-
trol, flat tie-line control and/or flat tie-
line frequency bias control, employed to limit
frequency fluctuations, can be incorporated in
the method. The method is illustrated on a
10-bus system and IEEE 30-bus system .

Notationg

PG’ %G - Real and reactive power genera-
tions

P,q - Real and reactive power in jec-

—- ted at a bus

V3 - Nominal value of voltage
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Non-curtailed real and re-
active power demand

Actually supplied real and
reactive power demand

TR, -
Ppr & -

Gij + ] Bij - ijth element of bus admittance
matrix

N - Number of buses in a system

NG - Mumber of generator buses

€ - Specified tolerance

“flj - Maximum voltage phase angle
differernice between buses 1
and j

ay BoY - Weightage factors

& - Voltage angle

af - System frequency deviation,

per unit Hz
- Speed regulation in per unit
PR - Rated output of generator

Scheduled output of generator

Portion of total load propor-
tional to constant impedance
load

Portion of total load propor-
tional to Nth power of volt -
age

pc' % =

Ppy G - Portion of total load propor-
P P tional to constant power load

K, K - Frequency characteristics of
LA load

Superscripts 'min' and 'max' denote the lower
and upper limits respectively.

PROBLEM FORMULATION

The objective of the frequency dependent.
load shedding problem is to minimize the load
curtailmerit and frequency deviation from the

nominal value. It may be expressed mathema-
tically as
Minimize
F -1 (Pp,- P2 + B e
_1-1[0‘1 Di~ “pi +Bj_%i-%i
fy(e - D2 &H)
The minimization of (1) is subject to  the

following constraints.
Generation Constraints

Under normal conditions, system frequency
is maintained constant and generators are ope-
rated at a scheduled voltage and output. When
the system is disturbed by loss of genération
or tie-line support, the discrepancy between
the generation and demand causes a change in
freqpenci. The speed control mechanism will
then act to compensate the power deficit.
Generator real power output is adjusted by the

static response of the governor. This may be
expressed as : P .
P .= P - Ry af
Gi Gi Ry (2)
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Palin S PGi i Plc;“.i 1 - 1,2,.-.NG (3)
Combining (2) and (3), the real power genera-
tion constraint may be expressed as follows:

- P .
n Ry max

pgiiPGi'ﬁi"AfipGi (4)

The reactive power generation is also con-

gtrained to lie within its maximum and minimum
limits

ot < %1 ¢ G (5)

Load %nstgaints .
s well established that the system-

lead characteristics affect the overall per-
fermance of a pewer system under disturbed
conditiens. The system leads may be decom—
posed in several ways. By examining suitably
chosen imdividual lead components separately

and then as a cemposite greup, the resultant
load characteristies can be evaluated. Berg

has shown that loads in a power system can be
represented for simulation studies by assum~

ing voltage and frequency dependence eof leads
to be of an exponential nature [11].

Vi\ Pyi (wy \ Pyy
Ppy = Ppy, (Tio (—;;) (6)
q q
\'s vi W wi
i = Wio (——15> (——i-\ (7
Vio Vio
i = 1,2,.00’N
where the subscript o refers nominal values.
pv, pw and qv’ qw are the characteristic
voltage and frequency parameters for the
active and reactive load components, respec-

tively. Okamura et al. [9] employed ‘another
load model described as follows

Ppy = Pp; (1+K A f) [P, + (vi)Nl + —Vi)zl (8)
Di = Fpy (1+Kp & £) [Py +pe P25,
wor = Gy (14K a8) [o rq b + ¢ ()27 (9)
o1 = Sy (KA T [apta S ERA

Both the real and reactive components of loads
are assumed to be composed of three parts.
One part is independent of the system voltage,
the second changes as the Nth power of voltage
and the third changes as the square of the
system voltage. In this model, the frequency
deviations are considered to affect the three
load components in exactly the same manner.

System Equations

The following equations must be satisfied
in order to obtain the balance of real and
reactive power at each node 1

Pas(®) - Pp, (V1) - Py (V,8)
i = 1,2’.0-,N

0 (10)

1]

0 (1)

where N

Py (V5 )=V3 Z7V;[Gy cos(81-84)+By 48in( -5 4) ]
1 1573801 1-835)+By g 255
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and N
Q(V,8) =V, §=1vj [Gyysin G5
- Bjjcos (65-84) ] (13)
Voltage Constraints
In order to -satisfy sfatutory legal

reguirements and design limitations the volt-

age magnitudes are restricted to lie Dbetween
the specified upper and lower limits
in X
vy < V< v (14)

1 =1,2,..4,N

Transmission Constraints

The transfer of power through transmission
lines is limited by the thermal and stability
limits of the lines. This can be achieved by
limiting the angular displacement between the
busbars concerned.

(15)
< Vi
1 = 1,2’.0.,N-1
J=1+ 1,...,N

The optimal 1load curtailment problem
%hgrefore, be described by the
4

(14}

l 61"‘63 1

may
equations (a}
(5), (6) and (7) or (8) and (9),(10),(11),
and (15).

The equality constraints (10) and (11) can
be absorbed into the objective function by
substituting for Pp; and ;. The modi-

fied objection function will be: Minimize

= iz_l [ a;(Pgy-Py-Ppy) + 51(%1'”1"401)2 ]
+ (£ -T)2 (16)

Loss of a generator or a transmission line may
cause violation of one or more of the cons—
traints (4),(5),(14) and (15). The constrained
minimization problem may be converted into an
unconstrained minimization problem by incor-
porating the violating constraints into the
objective function using penalty functions of
the form

— ax 2 a
min 2, n
| 0 otherwise
—~ max 2 max
in .
uy = Ky Gy 0?1 gy ¢ Gy (18)
’9 otherwise
K3 (V35 -(8,-8)2 12 if [8,-5.> ¥4
3 ij i™3 i7%; ij
Yy =
0 otherwise (19)

i = 1.,2,...,“; 1£j

X - 2 max
K4(j';a vy if V> VY
= n_y)2  yry (ymn
Y3 K (V" - 7)) 147
0 otherwise (20)

where X,, K5, K3 and X, are penalty factors.

DECOMPOSITION OF THE PROBIEM

The memory regquirement is reduced and the
solution speed 1is increased by splittingtre
problem into two subproblems. The subproblem
I is a function of real power and angles and
subproblem II is a function of reactive power
and voltages. In a power system change of
frequency indicates real power mismatch and
change of voltage indicates reactive power
mismatch. So the weightage term for frequency
deviation in the objective may be 1included-

in the subproblem which minimises the real
power mismatch. The two sub-problems may
therefore, be stated as follows:
Subproblem I
. N = 2
F(S’f) = .21 ai (PGi - Pi - PDi)
1=
Dowy+ Iy +ye-DH? )
3 1
. Subproblem II
N - .2
G(V) =i§1ai (i=w-w1) + % uy+ %jvj (22)

The two subproblems are solved iteratively
until mex [F(5,f), G(V)]¢ ¢+ A second-order
gradient technigue developed for load-flow

studies is employed for the solution. The
technique has been described in detail in
reference 12 , In this technique, the cor-

rectiérs in voltage angles [A8§ ] , magnitudes
and

[ av frequency deviation Af are obtain-
ed by solving the following equations
- 3 T T T
| 34 20¢)
' L
] 2 I
| AS _ AF
| B
[
| oF
_________ ) 28, ) '
‘—a'_F aZ.F | a‘LF ;F_
—— . e a A“F or
:@f)'é& 3f)28n, : a(m,)zJ i boot)
(23)
[sl[av]=-[ac] (28)

where [AF] and [ R Jare the first and second
derivative matrices of F(§,f), with respect
to §,, 1 =1,2,..51 and [G] and [S] are the
first and second derivative matrices of G(V)
with respect to V;, i = 1,2,...N. The Nth bus

is taken as the reference. The solution speed
i1s increased if [R] and [S] are approximated



using the complementary Davidon-Fletcher-Powel
update, described in reference 13 .

SYSTEM STUDIES

Normal Ioad-Flow ¢ The proposed method can
be used to obtain load-flow solution and
optimal 1load-flow solution under normal aswdl
as abnormal operating conditions. The method
absorbs and distributes the supply-demand im-
balance among all the generators on the ba-
sis of the governor characteristics whereas in
the conventional methods of load flow calcula-
tion, the imbalance is supplied by a slack ge-
nerator. The latter results in the major dis-
tortions in load-flow distribution.

The proposed method was applied to alO=-bus
system [9]). The data for the system are given
in Appendix. The load model, described by the
equations (8) and (9), was used in the study.
The constants of the load model were  assumed
to be the same as those given in reference 9.
The weightage factors ®;,f;and ¥ ‘were taken

as unity. The Jload-flow "solution of  the
10-bus system obtained with fregquency as vari-
able is given in Table 1. The frequency at the
end of solution was 50 Hz. The total genera-
tion reyuired was 3883.1 Md.

TABIE 1
LOAD-FLOW SOLUTION OF THE 10-BUS SYSTEM
i WITH FREGJENCY AS VARIABLE
Bus Voltage Angle Load Generation
No. p.u. deg. MW  Mvar MV Mvar
1 1.0211 - 8.49 0.0 0.0 0.0 0.0
12 1.0211 - 8.49 0.0 0.0 0.0 0.0
2 1.0147 - 9.93 0.0 0.0 494.2 0.0
3 1..0000 =-29.,77 500.0 0.0 200.0 424.9
4 0.9653 -30.47 621.8 0.0 0.0 0.0
42 0.9653 -30.47 621.8 0,0 0.0 0.0
5 0.9494 -31.02 1500.0 0.0 0.0 - 0.0
6 1.0000 -22.14 450.0 150.0 1605.9 371.8
9 1.0000 0.00 0.0 0.0 791.5 210.1
292 1.0000 0.00 0.0 0.0 791.5 210.1

-

Table 2 shows the load-flow solution for the
same system with constant frequency and with-
out considering the voltage characteristic of
loads. The generation at slack bus was 820 M
and the total generation was 3945 MW. Further
it may be observed that voltage magnitude
load buses 1s improved if load characteristics
are considered. The total real power genera-
tion decreased due to the reduction of load
at bus 2 and .also due to re-distribution of
the supply-demand unbalance among all the
generators. The total reactive power genera-
tion also decreased due to the increase of
voltage magnitude at load buses.

Flat-Frequency Control

In flat-frequency control, the power out-
puts of generators within a prescribed area
are automatically regulated to maintain sche-
duled system frequency. Power output of the
regulating generators is given by

where i represents the node of the regula-
ting generator, PRH is the supply insufficiency

in a given area, 711 the load distribution fac-

of
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tor among the regulating generatorsand " i is
1.0. Since system frequency remains constant,
Af in (23) is replaced by the new variable
Pry Table 3 gives the load-flow solution ob-
tained with flat-frequency control. The supply
insufficiency was assumed to be distributed
equally between the generators at buses 9 and
92 . The supply insufficiency was only 14. 2MV
whereas it was 20 M/ in the conventional
method of load-flow solution.

In a similar manner flat tie-line control
and/or flat tie-line frequency bias control
on interconnected systems can be incorporated
in the method.

TABIE 2 _
LOAD-FLOW SOLUTION OF THE 10-BUS SYSTEM WITH
FRE JENCY ASSUMED TO BE CONSTANT

Bus Voltage Angle Load Generation
No. deg. M Mvar MV Mvar
1 1.0198 -~ 8.81 0.0 0.0 0.0 0.0
12 1.0198 - 8.81 0.0 0.0 0.0 0,0
2 1.0131 -10.40 0.0 0.0 500.0 0.0
3 1.0000 =-30.68 500.0 0.0 200.0 448.2
4 0.9634 =31.41 650.0 0.0 0.0 0.0
42 0,9634 =-31.41 650.0 0,0 0.0 0.0
5 0.9482 =31.70 1500.0 0.0 0.0 0.0
6 1.0000 =-22.68 450.0 150.0 1625.0 383.56
9 1.0000 - 0.22 0.0 0.0 800.0 218.5
92 1.0000 0.00 0.0 0.0 820,.,0 221.5
TABLE 3
LOAD-FLOW SOLUTION OF 10-BUS SYSTEM WITH FLAT
FRE NCY CONTROL
: Voltage Angle Lload Generation
ﬁg? onte ‘dgg. MW Mvar MW Mvar
1 1.0200 - 8.67 0.0 0.0 0.0 0.0
12 1.0200 - 8.67 0.0 0.0 0.0 0.0
2 1.0134 -10.25 - 0.0 0.0 500.0 0.0
3 1.0000 =30.41 500.0 0.0 200.0 443.5
4 0.9636 =31.17 650.0 0.0 0.0 0.0
42 0.9636 =-31.17 650.0 0.0 0.0 0.0
5 0.9484 =31.45 1500.0 0.0 0.0 0.0
6 1.0000 -22.44 450.0 150.0 1625.0 381.3
9 1.0000 0.00 0.0 0.0 807.1 218.4
92 1.0000 0.00 0.0 0.0 807.1 218.4

Optimal Load-Flow Under Emergency Cohditions

If a system is transiently and dynamically
stable after a line or generator outage, a new
steady state can be obtained by solving post-
transient load-flow. As freyuency changes the
real and reactive generations are reallocated
according to the steady-state characteristics
of control devices. The  1loads also change
based on the voltage and . frequency characte-
ristics. The proposed method takes account of
the above features in determining rescheduling
and/or load curtailment. To illustrate the
application of the method to obtain optimal
load-flow under emergency conditions, it was
agsumed that there was 50 percent generation
loss at bus © of the 10-bus system. This re-
sults in decrease of frequency to 49.7931 Hz.
In reference 9, it was assumed arbitrarily
that 60 percent of the load at bus 4 would be

shed if the frequency dropped below 49.8 Hz
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With the pre-emergency values as.the starting
values, the optimal solution obtained by the
proposed method is shown in Table 4. The ope-
rating conditions of the system are taken the
same as those given in Table 3 of reference 9.
The optimal solution indicates that the emer-
gency condition can be met by rescheduling the
generation and without any load curtailment .
‘With this rescheduling, the freyuency increas-
ed to 49.81 Hz. The penalty factor for genera-
tioni violation was taken as two. The solu-
tion was obtained in only two iterations and
the C.P.U. time taken by DEC 2050 computer was
0.75 second.

Application to Large Systems

The method was then tried on the IEEE 30-
bus system [14] . The buses 1, 2 and1l are
taken as generator buses. The minimum and
maximum limits of real and reactive power
generations and the regulation are given in
Tdable 5.

TABLE 5
THE OPERATING LIMITS OF THE GENERATORS OF IEEE
30~BUS SYSTEM

min max

TABLE 4 TS Fg Fq G G Potaent
OPTIMAL LOAD-FLOW SOLUTION OF 10-BUS SYSTEM MA M Mvar  Mvar P
FOR 50 PERCENT GENERATION LOSS AT BUS 9 1 0.0 175.0 -20.0 _ 30.0 5.0
: ; — 2 0.0 70.0 -30.0 30.0 5.0
Bug Voltage Angle I-oad Generation 11 0.0 75.0 ‘30.0 3000 6.0
No{ p.u. deg. M Mvar W Mvar The pre-emergency condition, given in Table—6
was taken as the starting condition. The vol-
1 1.0247 - 9.39 0.0 0.0 0.0 0.0 tage and frequency constants of the loadsat
;2 %.8%3; - g-gg 8-3 8-8 ssg~g 8'8 all buses were assumed as follows s
3  1.0000 -28.49 500.0 0.0 227.3 394.8  Pp=0+2, P=0.3, p,=0.5, K;=0.10, N;=1.0
4 0.9668 -20.39 645.7 0.0 0.0 0.0  q=0.2, Q¢=0.3, g,=0.5, K =0.05, Ny=1.0
42 0.9668 =-29.39 645.7 0.0 0.0 0.0 P z7U00)  RgToety Tamlhe
5 0.9475 -28.60 1500.0 0.0 0.0 0.0 The optimum post-transiént load-flow solution
6 1.0000 -19.03 450.0 150.0 1824.0 331.6 obtained is shown in Table 7, The solution
9  1.0000 - 4.69 0.0 0.0 437.5 151.1 was obtained in 4 iterations and the CPU time
92 1.0000 0.00 0.0 0.0 875.0 205.1 taken by DEC 2050 computer was 6.22 seconds.
. The same solution was also obtained by appro-
TABIE 6
PRE-EMERGENCY LOAD FLOW-SOLUTION FOR IEEE 30-BUS SYSTEM
Bus Voltage Angle Load Generation +CAP/-REA
No. PeU. deg. MA Mvar M Mvar Mvar
1 1.0600 0.00 0.0 0.0 170.0 57.1 0.0
2 - 1.,0182 - 3.02 21.7 12,7 65.0 5.0 0.0
3 1'0041 - 5.21 204 1.2 0.0 0.0 0.0
4 0:9913 - 6.26 7.6 1.6 0.0 0.0 0.0
5 0.9484 -11.12 94.2 19.0 0.0 5.0 0.0
6 0.9811 - 7.30 0.0 0.0 0.0 0.0 0.0
7 0.9594 - 9.44 22.8 10.9 0.0 0.0 0.0
8 009689 - 7‘88 3000 30-0 0.0 500 0.0
9 1.0321 - 6.32 0.0 0.0 0.0 0.0 0.0
10 1.0296 - 9.39 5.8 2,0 0.0 0.0 19.0
11 1.0754 0.14 0.0 0.0 60.0 25.8 0.0
12 1.0496 -10.64 11.2 7.5 0.0 0.0 0.0-
13 1.0827. -10.84 0.0 0.0 0.0 25.6 0.0
14 1.0328 -11.34 6.2 1.6 0.0 0.0 0.0
]_5 1.0276 -11022 8.2 2‘5 0.0 0.0 O-O
16 1.0343 -10.3¢9 3.5 1.8 0.0 0.0 0.0
17 1.0258 - 9.90 9.0 5.8 0.0 0.0 0.0
18 1.0161 _11029 302 0.9 0.0 0.0 0.0
19 1.0124 -11.13 . 9.5 3.4 0.0 0.0 0.0
20 1.0159 -10.75 2.2 0.7 0.0 0.0 0.0
21 1.0168 -10.00 17.5 11.2 0.0 0.0 0.0
22 100172 -10003 0.0 0.0 0.0 000 0.0
23 1.0134 -11.30 3.2 1.6 0.0 0.0 0.0
24 1.0029 -11.06 8.7 6.7 0.0 0.0 4.3
25 0.9908 -11,25 0.0 0.0 0.0 0.0 0.0
26 0.9727 -11.68 3.5 2.3 0.0 . 0.0 0.0
27 0.9927 -11.12 0.0 0.0 0.0 0.0 0.0
28 0.9755 - 7.82 0.0 0.0 0.0 0.0 0,0
29 0.9716 -12.42 2.4 0.9 0.0 . 0.0 0.0
30 0.9597 -13.37 10.6 1.9 0.0 0.0 0.0
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POST-TRANSIENT LOAD-FLOW SOLUTION OF THE IEEE 30-BUS SYSTEM
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Frequency = 49.99 Hz

Bus Voltage Angle Load Generation  +CAP/-REA
No. p.u. deg. W Mvar M Mvar Mvar
1 1.0600 0.00 0.0 0.0 170.0 25.13 0.0
2 1.0267 - 3.59 20.66 10.75 0.0 0.0 0.0
3 100305 - 4-24 0041 0024 000 0.0 0.0
4 1.0226 - 6.11 5.82 0.44 0.0 0.0 0.0
5 0.9729 -10.49 94.20 12.66 0.0 5.0 0.0
6 1.0163 - 5.87 0.00 0.00 0.0 0.0 0.0
7 0.9914 - 8.27 21.64 9.84 0.0 0.0 0.0
8 1.0055 - 6.36 29.38 29.89 000 5.0 0.0
9 1.0738 - 2,87 0.00 0.00 0.0 0.0 0.0
10 1.0797 - 5.60 4,09 1.00 0.0 0.0 19.0
11 1.1096 4,78 0.00 0.00 75.0 24.18 0.0
12 1.0990 - 7.28 9.79 6.90 0.0 0.0 0.0
13 1.1339 - 7.14 0,00 0.00 0.0 28.2 0.0
14 1.0877 - 7.68 4.50 0.63 0.0 0.0 0.0
15 1.0840 - 7.48 6066 1.62 000 0.0 0.0
16 100866 - 6072 1.63 0090 0.0 0.0 0.0
17 1.0774 - 6.10 7.50 5.23 0.0 0.0 0.0
18 1.0759 - 7.26 1,32 0.00 0.0 0.0 0.0
19 1.0718 - 7.04 8.11 2.66 0.0 0.0 0.0
20 1.0740 - 6.69 0.00 0.00 0.0 0.0 0.0
21 1.0700 - 6,08 16.61 11.02 0.0 0.0 0.0
22 1.0711 - 6.10 0.00 0.00 0.0 0.0 0.0
23 1.0738 - 7.34 1.32 0.87 0.0 0.0 0.0
24 100636 - 7.02 7.27 1-54 0-0 0.0 403
25 1.0573 - 7.19 0.00 0.00 0.0 0.0 0.0
26 100482 - 7.35 1-73 1036 0.0 0.0 0.0
27 1.0535 - 7.36 0.00 0.00 0.0 0.0 0.0
28 1,0157 - 6,13 0.00 0.00 0.0 0.0 0.0
29 1.0435 - 8.26 0.48 0.00 0.0 0.0 0.0
30 1.0329 - 9%.11 9.49 0.82 0.0 0.0 0.0
ximating the Hessian matrices using the CDFP

s

update. The time saved in the latter
was found to be 16 percent. Since load shed-
ding in any real power system takes place inm
discrete blocks, lead in the block nearest te
the actual value obtaimed may be shed. If P
and Q load shedding are not independent, then
the problem size is reduced and soiution
speed 1s increased.

CONCLUSIONS

method

A method has been presented to minimize
the 1load curtailment in preserving a system
following & sudden major supply outage or trip-
ping of gie-line breakers. -The method  takes
account of generator control - effects and the
voltage and frequency characteristics of loads,
It has been observed that the distribution of
the supply insufficiency among the generators
instead of one slack generator reduces the to-
tal generation required to meet a given demand
It has been shown that the automatic load
frequency control can be incorporated into the
proposed model. It has been found that the use
of the guasi-Newton method for large systems
reduces the C.P.U. time.
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APPENDIX _

The impedance and 1line charging data of
the 10-bus system are given in Table Al and
the transformer data in Table A2,

TABLE Al

Line Resistance  HKeactance Lg.lne .
designa- charging
ti:ngn p.u.* p.u.* p.u.*
1-2 0.10 0.65 0.013
1-9 0.0 0.2 .0
1-92 0.0 0.2 0.0
2-3 0.104 0.65 0.013
3-4 0.03 0.1 - 0.0
4-5 0.03 0.2 0.0
5-6 0.03 0.1 0.0
6-1 0.104 0.65 0.013
1-4 0.104 0.65 0.013
12-42 0.104 0.65 0.013

*Impedance and 1line charging susceptance in
p.u. on 1000 MVA base . Line charging one-half
of total charging of of line.Buses 1 and 12
and 4 and 42 are directly connected.

TABIE a2
TRANSFORMER _DATA

Transformer ~
designation Tap setting*
o-1 1.05
92-1 1.05

*0ff-nominal turns ratio.
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Discussion

A.O. Ekwue (Queen Mary College, University of London, U.K.): The
authors have in their paper presented an adequate review of techniques
used for optimal load shedding as reported in the literature and then
proposed a nonlinear programming method taking into account generator
control effects and voltage and frequency characteristics of loads.

Load shedding, in practice, is usually the last resort during emergen-
cy situations to restore system integrity, hence very fast solution pro-
cedures must be employed. In the light of the fact that nonlinear pro-
gramming methods are slow, may have convergence problems and are
computationally expensive, a comparison of the authors’ approach and
those of Medicherla et al in References 7 and 8 would be appreciated.

Frequency consideration have been as a result of many loads consisting
of rotating machines. Would the authors’ method be applied to a system
where the load composition is unknown?

Manuscript received February 1984.

K.A. Palaniswamy, J. Sharma and K.B. Misra, We thank the discusser
for his interest in our paper. Reference 7 presents mathematical models
based on linerized relationships between line currents and state variables
and bus injected powers and state variables to alleviate line overloads
in a power systems. In Reference 8 systems studies are presented. It may
be noted that the solution is obtained based on the concept of the pseu-
doinverse of a matrix and that it is not unique. Each line overload allevia-
tion takes one or two passes and each pass requires approximately ¥
to %th of the computational time of the initial load flow. Alleviation
of line overloads is only considered in the above References.

In our paper a method, which solves the generation rescheduling and
load shedding problem as an optimization problem, is presented. The
method can be used to obtain secure operation state for both genera-
tion outage and line outage conditions. This method considers not only
line overloads but also the operating limits of the generators and load
characteristics. The number of iterations required varies from 2 to 4 for
generation outages. The computation time for each iteration is approx-
imately 25 percent of the computational time of the initial load flow.
The number of iterations required for alleviating line overloads using
our method is only 2 or 3 and the computation time for each iteration
is approximately 30 percent of the computation time of the initial load
flow. Although the method presented in Reference 7 and our method
are suggested for operational planning studies, our method gives uni-
que solution. The load curtailment, if any, is minimum. There is no ap-
preciable difference in the computation time between the two methods.
However in our method the major corrections in the state variables take
place in the first iteration itself and if an approximate solution as pro-
posed in the Reference 7 is enough for restoring system integrity during
emergency situations the solution at the end of the first iteration may
be considered. In that case our method will be much faster than the other.

In response to the second question, the load compostion can be suitably
assumed if it is not known. Reference 11 gives typical values of the
parameters for different types of loads often encountered in practice.

Manuscript received January 11, 1984.



