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?his paper presents an integrated methodology for 
long term var planning. The timing (year), the 
location and the amount of var caupemation would be 
determined. The system security and investment and 
operating economics are alswtaken into account. The 
proposed methodology is an integration of the 
Nsweon-OPF with the Generalized l3enders Decomposition 
(0) 

The total problem is decasrposed into two levels: 
raster and slave. The master level deals with the 
inves-t decision of installing discretized new var 
devices. The slave level deals with operating the 
existing cmtrollers, in conjunction with the new 
devices solved in the mater level, to maintain 
system feasibility and to reduce MW losses. 

The overall solution methodology contains numeKwu 
extensions to thebasictheory. Testsperfod on 
actual Taiwan Power system data have been encouraging. 
-le mmulte are presented. 

1. xmnmumm 
The problem of long term var planning deals with 

the question of when, where and how much var 
canpensation to install in a power system. It is a 
difficult problem that must consider many complicated 
security and econonic factors, including: 

(a) Keep voltage and var within physical and 
operating limits for the entire system, under any 
normal and contingent operating cditions. 

(b) Coordinatetheexpaneionfromthe base year 
towards the horizon year, recognizing expected changes 
in lo&, generation, and the network. 

(c) Discretize the number of capacitor and reactor 
banks. 

(d) Consider the interaction between existing 
controllera Md the  m u  controllers. 
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Conventionally, var planning problem has been 
handled by a trial-and-error approach utilizing a 
powerflow program. Early work 111 on optimal var 
~LaMling focused on introducing optimization 
technology. The scope of the problem was limited to 
anslyzing single intact system. More generalized 
rodel was later presented in 12 I .  A major advance in 
optiJml v m  p h i q  was reported in 131, which 
satisfied system security requirments for both base 
case and contingency operations, and solution 
variables for compensation were discretized. 
Alternative methods of optimization had also been 
proposed [4,5,6]. While there may be special 
conditions that these methods would be suitable for, 
they would generally suffer frao unreliable or slar 
convergence. For problems having non-seprable cost 
functions, most methods would likely to optimize to 
path-dependent final solutions. Ins- of optimizing 
var planning as one problem, [7,8,91 suggested using 
Benders Decomposition to split the unwieldy total 
problem into mre lllanageable partitions. Each 
partition could then be solved by using a suitable 
method. 

In our investigation, uc h v e  cyrplisd the Nawton- 
OPF [11,121, rather than thb A u g p m t u i  
method [7,8,9], in aesociationwith the 0, to solve 
the long term var planning problem. Important features 
of the Newton-Berrders approach are summized below: 

(1) Use MW loss as slave level objective function. 
This reduces the difficulty of non-unique slave level 
solutions that would be caused by a strictly 
feasibility-oriented slave level objective function, 
which was used in 191. The Lagrange multipliers 
obtained froin the slave level solution could be scaled 
appropriately to generate Benders cuts for the master 
problem. 

(2)  Make use of the infeasibility criterion in 
I101 to generate Benders cut efficiently. J3y including 
violation residuals in the infeasible Benders cut, 
were able to accept infeasible subproblem solutions 
with relatively large convergence tolerance. This is 
particularly important since the subproblem is often 
border-line infeasible in the Benders iteration. 

(3) Use the concept of constraint deadtatxi, 
instead of heuristic violation weighting factors, to 
guide system feasibility. In conjunction with (2) f m  
above, this removes convergence problems caused by 
improper weighting factors. 

( 4 )  Ebbed an effective discretization scheme 
within the Benders master problem solution process to 
satisfy integer constraints for capacitor and reactor 
banks. 

( 5 )  Support the use of different cost factors for 
installing compensators in different years. This 
cost model for the master yoblem leads to 
determining optimel annual var installation over a 
mti-yarr plaming period. 
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At this time, the Newton-Benders nethod has been 
implemented to solve the long term var planning 
problem. In the following section, we will present the 
mthematical formulation for the multi-case, multi- 
year and integer constrained problem. 

11. €‘RX#i KSMJIAT ION 

The basic notations are defined as: 
N 

Mn 

, 
‘n 

, Uin : 

xnm 

hm(Xm) : 

jm 

calx;, calx: : 

q, g.”: : 

number of years , n= l,..., N; 
number of cases for year n, 
m = 1, ..., Mn; 
number of candidate buses 
for year n, j = 1, ..., Jn; 
new var installation vector 
including capacitor and inductor 
for year n; 
total new var installation vetor 
from the year 1 to the year n; 
new capacitor, inductor installation 
for bus j, year n; 
solution vector excluding Un 
for year n, case m; 
security constraint vector 
for year n, case m; 

var injection for bus j, year n, 
case m; 
permissible maximum capacitor/ 
inductor installation for bus j; 
original capacitor/inductor 
installation for bus j; 
powerflow equations for year n, 
case m; 
operating cost at year n, 
case m ( capitalized Mw losses); 
var investment cost for year n. 

and, superscores (underscores) are meximum (minim) 
limits. X,, contains the following types of variables: 

- voltage magnitude at load bus; 
- var generation at voltage-controlled generator; 
- bus voltage phase angle; 
- MW injection at the slack bus; 
- generator voltage regulation; 
- transformer tap; 
- controllable var injection. 
With the above definition, the long term var 

planning problem could be formulated as follows: 

N M  N 
Min I: F FO (X ) t I FIn(Un) 

a = ~  m=l IUll n=l 

subject to 

n nt 1 
0 < z < I: < 

i=l i=l 

where U!. and U?. are discreted 
J1 J1 

(4 )  

n = 1, ..., N. 
m = 1, ..., Mn. 

n + l < N .  
j = 1, ..., 
variables. Especially, 

Jn* 

(7) 

111. - WERVIWJ 

The long term var planning problem as formulated 
above could be very large, and has integer constraints 
for var compensation variable. A way to make it more 
tractable is to decompose the complete problem into 
more manageable parts. 

Variables in the problem are coupled to each other 
in two levels. At one level, which we refer to as the 
’slave level’, variables are coupled through the 
physical network relationships. They correspond to, 
for example, the set of variables in a powerflow 
solution. For each case-index m and year-index n, this 
form of coupling is defined by ( 2 ) ,  ( 3 ) ,  ( 4 )  and ( 7 ) .  
Then at the other level, which we refer to as the 
’master level’, there is coupling of the variables 
across different cases and years. This form of 
coupling is defined by (5 )  and ( 6 ) .  It involves 
variables corresponding to additional var compensation 
in each year. The amount of var added in a particular 
year affects the total available var injection for 
different cases in that year, and in all subsequent 
years. This phenomenon is indicated in ( 7 ) .  

In a study that analyzes Mn cases per year over N 
years, there are (M1tM2t ... t%) sets of variables. If 
the variables involved in the master level coupling 
are held constants in the slave level, then we would 
have (M1tM2t ... t%) independently-solvable subproblems 
contained in the slave level. The variables tht are 
held constant for the slave level subproblem would be 
solved in the separate master problem. The 
relationship between the rmster and the subproblems is 
shown in Figure 1. 

Generalized Benders Decompoeition theory 
describes how to coordinate solutions between the 
slave level subproblems and the master level problem, 
so that the solution obtained with the decomposed 
approach would be the same as that from the 
un-decomposed (integrated) approach. 
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I Master Problem 

I 

results 

1st Y W  . . . e  2nd Year e . . .  N-thy- . e . .  I case1 J I case1 1 I case1 J 
Figure 1. scharrtic Diagra~ of Two levels 

Approach for Multiple Years, Multiple 
Cases Var Planning. 

Roper convergence withthem theory can be 
assured if the var planning subproblem is convex. 
While the subproblem may be non-convex, in practice, 
this has not caused any significant difficulty. Tests 
performed on different systems, using different 
execution control parameters, with and without 
decomposition, are able to converge to consistent 
optimal solutions. Representative test results are 
ahown later. 

v 
The amount of var installation determined in the 

laster problem is fixed to be the limits on bus var 
injection as ( 7 ) .  Hence, the slave level may be 
decomposed into (M1+MZt ... t%) independent 
subproblems. Controllable devices muld be optimized 
to achieve operating security and economy for a given 
network in a given year. Mathematical formulation for 
the each subproblem is presented below. 

where G, includes power flow equations and other 
inequality constraints as shown in ( 2 ) ,  ( 3 ) ,  ( 4 )  and 

( 7 ) .  The ’*’ in U, and U, signifies that these are 
constants in the slave level problem. 

9 - 
Ae far as the OBD theory is concernsd, the 

molution rcthod for the subproblem and the mater 
problem could be chosen independently to best suit 
their respective characteristics. In our case, we 
choose to optimize the subproblem by the Newtcm 
rethod. The choice is based on its general strength 
in solving OPF problems that have non-semle 
objective functions and large number of inequality 
constraints. In addition, the Newton method haa the 
following features that make it ideal for solving 
Benders subproblems: 

- it directly solves not only the p r h l  
variables but also the dual variables, which are 
needed to build the Benders cuts. 

- it effectively handles infeasible aolution which 
m y  OCCUT frequently in the Berders Decanposition 
method. 

Since changes to the master problem solution 
are presented to the subproblem as new limits m 
var injection at the candidate buses, the optimal 
solution obtained in the present master-slave 
iteration for a subproblem serves well as the 
starting point for that subproblem in the next 
mster-slave iteration. Good starting solution can 
significantly speed up subproblem convergence. The 
starting solutions should include all primal and dual 
variable values as well as the set of active 
inequality constraints. 

The master problem optimizes var compensation 
while observing direct constraints on var installation 
at each candidate bus, and Mirect constraints that 
reflect slave-level solution characteristics 
(optiroality and feasibility) in the form of Benders 
cuts. The mathematical formulation of the master 
problem is presented below. 

Min Z 

N U  N 

n=l m=l n=l 
s.t Z 2 Z F Fo (p *) t Z FIn(Un) 

( 9 )  
* ’  N M  

n=l m=l 
t Z .??A;* x Gm(fm, Un) 

s = 1, ..., s. 
N U  
I P A: x G m ( X Z ,  U:) 0 
n=l m=l 

t = 1, ..., T. 
(10) 

The autinal installation limits are d m m  na (6 )  and 
( 6 ) .  All Un’s have discretization constraints. 

&re 
Z : objective function value; 
s : master-slave iteration index if the 

t : master-slave iteration index if the 

f(t)* : subproblem primal solution vector, held 
as constant in the master problem, for 
year n case m in the s(t)-th master- 
slave iteration; 

U, : new installation of var compensation 
including capacitor and inductor for 

U: : m t i o n  of compensation U from the 

solution vector, held 
as constant in the master problem, for 
year n case m in the s(t)-th master- 
slave iteration; 

S, T : total feasible and infeasible solutim 
numbers for slave level problems. 

slave level is feasible; 

slave level is infeasible; 

nm 

year n; 

year 1 to the year n; 
As(t)* : subproblem dual nm 

The solution variables in the master problem only 
consist of new installations of var compensation. All 
solutions from the subproblems are paraoleterized in 
the master problem as the constraint coefficients in 
the Benders cuts as shown in (9) and (10). 
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A m Bandars cut is generated w i t h  each neu set 
of subproblem solutions. ‘Ihe cumulation of the Benders 
cuts has the effect of gradually excluding infeasible 
region (w.r.t. the total problem) from the master 
problem solution space. 

Each solution of the master problem is an optirml 
solution in a partially relaxed solution space of 
the coorplete problem. As such, the objective function 
values for the master problem are lower bouwis 
on the global optinnnn (assuming convexity for the 
albprobl€st3). 

The loaster problem has integer constraints. 
However, rather than using integer programing method, 
ye choose to optimize the master problem by augmenting 
Ip with a s-le rcxnding-up lugic. Since the laster 
problem would be aolvsd rapeatsdly in the raster-slave 
iteration, th. lriqle logic would be U& ID= 
effective than if it were applied after the entire 
rrster-slave iteration was completed. The 
effectiveness of the discretization logic could be 
observed from test results shown later. 

v 
After each round of the subproblems optimization, 

a Benders cut, which coordinates the master and the 
slave levels, would be generated in the form of 
either (9) or (lo), depending subproblem feasibility. 

When all subproblems contained in the slave level 
have feasible solutions, the Lagrange multipliers for 
the binding var capensation constraints and the 
binding limits become parameters in the Benders cut, 
as shown in (9). The investment cost and the marginal 
benefit for each unit of var caupensation in the 
equation supply the the necessary information for 
the master problem to improve var ccdnpensation 
solution. 

When the slave level does not have feasible 
solution, a Benders cut in the form of (10) will be 
gemrated. It contains information about the amount 
of limit violations and the corresponding Lagrange 
multipliers. 

The method described in [121 is used to solve 
the infeasible subproblems. Infeasibility is detected 
when the Lagrange multiplier exceed certain threshold. 
The method performs well when the problem is clearly 
infeasible; but when the problem is border-line 
infeasible, convergence suffers significantly. For 
cases which have relatively insignificant operating 
cost corspered with the investment cost, the loaster 
problem would naturally give border-line infeasible 
var compensation to the slave level. Further 
improversents aimed at border-line infeasibility 
therefore have to be developed. They are discussed 
next. 

SuBpT(0BLEM INFEASI BILITY 

Infeasible subproblem solutions are often 
encountered as a result of the master problem 
optimizing in a solution space that is partially 
relaxed with respect to the total constraints. If 
the subproblem is clearly infeasible, the hgrange 
dtipliers could exceed the threshold level for 
detecting infeasibility relatively quickly ( a few 
iterations ) ,  However, if the var compensation pattern 
p.cecribed by the meter problem is border-line 

infaasiblt, the Lagrange multipliers for the 
subproblea converge slowly. When this occurs, it is 
difficult to decide when to terminate the iteration, 
and how to generate proper Benders cuts from the 
subproblem solutions. 

To better handle border-line infeasibility, we 
first improve the logic to detect it. Instead of 
checking Lagrange multiplier values after the full 
solution has converged, we enhance the logic to 
check for limit violations and Lagrange 
ultipliers as soon as the primal variables converged. 
This is based on the intuition that when the solution 
is border-line infeasible, a well defined solution 
exists for the primal variables but not for the dual 
variables. 

When border-line infeasibility is detected, we 
would terminate the subproblem iteration and build en 
infeasible Benders cut eventually for that 
ulster-slave iteration. Violations in excess of 
constraint deadbands and their corresponding Lagrange 
multipliers are fully modeled as residual values in 
the infeasible Benders cut as shown in (10). 

Significant improvement for the overall solution 
process is achieved with the enhanced handling of 
subproblem infeasibility. Test results are presented 
later. 

N. - 
We have implemented the methodology and tested it 

on the Taiwan Power Company system. Ihe system 
contains 217 buses, 27 voltage-regulating generators, 
and 105 LTC transformers for the base year. Taipower’s 
standard bank size is 14.4 WAR and 40.0 WAR for 
capacitor an3 inductor, respectively. The m a x h  
iMtalhtiOn limit for each candidate bus depends on 
its s w e .  For example, the maximum limits of the most 
of buses are 28.8 MVAR due to existing shunt 
capacitors. If the bus is new or without existing 
capscitor, the maximum limit is 57.6 or 72.0 WAR. 

A concern with the Benders Decomposition is tha 
legitimacy of decomposition: is the problem suitable 
for decompostion? and does the decomposition 
methodology correct? We are therefore interested to 
see if the problem could be solved to the same 
lrolution with and without using decanposition. 

To solve the problem without decomposition, we 
use the Newton OPF, which had been enhanced to handle 
a complete single year, single case optimal var 
planning problem. The solution from the nondecomposed 
approach, which is based on Newton-, is them 
compered with the solution from the decomposed 
approach. 

The test problem has low voltage conditions 
initially: 12 bus voltage were below the minimum level 
of 0.95 P.u.. To correct for the low voltages, w e  
allowed the existing L E ’ S  and generator voltages to 
be adjusted as controllers, and also defined 13 buses 
as candidates for var installation. All variables were 
treated as continuous type to facilitate direct 
comparison of the results. 

As shown in Table 1, the two approaches reach 
essentially the same solution. In prticular, out of n 
choice of the 13 candidates, the same 3 buses were 
selected for var installation. The total amount of var 
installation for cazylcitors was 212.2 WAR vs. 213.6 
WAR. ‘Rw differsnes WM lean than 0.4%. 
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Tsble 1 ccraparison of Optimal Var Campenssticm 
Solution from Two Different Approaches. 
(with and without decamposition) 

l3usName MVARcanpenSation M V A R y t i o n  
without Wlth 

-ition -ition 

aukungh 
Takuanh 
wanta 
chunkfull 
Loturlg 1 
WUfengl 
changhua 
T.C.CIH 
Puli1 
Wayil 
Shinyinl 
Ydinl 
Peikmgl 

Total 

0.0 0.0 
0.0 0.0 
0.0 0.0 
72.0 72.0 
0.0 0.0 
0.0 0.0 
68.2 69.5 
72.0 72.0 
0.Q 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

212.2 213.5 
.---___-----______-_------------- 

Convergence pattern for the decomposition 
mlution, in terms of the master level and the slave 
level solutions, is shown in Table 2. In this test, 
set of initial installation pattern is fixed in the 
slave level at first. l%e total problem takes 5 rmster 
and 6 slave iterations to converge. Ihe iterative 
count does not a- to be very sensitive to system 
size: similar numbers of iteratione wre taken whem 
the program w a s  tested on a 6-bus and 40-bus systep.. 

Referring to the above table, we note that 
several iterations are spent to fine tune the opt- 
v u  imtellation at Chnghua. such fiae tuning would 
m t  be necessary them intgar ccmstraints are 
intmducad. 

If the convaxity r e q u i m t e  are matisfid, 
then the rmster problem objective function values 
would be a monotonically non-decreasing sequence of 
lower bounds for the the total problem; and the 
wbproblem objective function values would be the 
upper bounds. For t h i s  test problem, the upper and 
lawer bounds eventually converged to the same value. 
It is a strong indication that the solution is indeed 
optimal 1101. 

-roved H a n d l i n a b l e  S u b ~ w b l s m  

When the subproblem is border-line infeasible, wc 
could reduce the nuber of required subelem 
iterations, and hence improving the overall solution 
speed, by including constraint residuals in the 
Benders cut. By varying convergence tolerance for 
the Lagrange multiplier, we are able to terminate 
subproblem iteration at different spots and examin 
the impect on overall solution prccess. 

Results from testing with two different tolerance 
levels for border-line infeasible umdition are 
presented in Table 3. It contains the final optimal 
var ampensation pattern, the number of subproblem 
solved, and the ntanbers of Newton iteration for each 
subproblem. 

Table 3 Effect of the Different Convergence 
Tolerances for Border-line Infeasible 
Condition of Slave Level. 

Tight Tolerance Relaxed Tolerance 

Qlunkanl 
Qlanshua 
T.C.CIH 
Other 

72.0 72.0 
69.5 69.5 
72.0 72.0 
0.0 0.0 
( WAR compensation ) 

No. of Subproblem 
solved 6 6 

No. of New. Iter. 6, 19, 30, 47 6, 19, 12, 13 
for each subp. 9, 2 (total 113) 18, 3 (total 71) 

We could observe from Table 3 that the sare 
aptiml var -tion pattern ma rendmd with the 
tu0 different tolerance levels. Ut+& these two 
Caaea required the aaDe nubcr of nmnlng --, 
the case with loose tolerance required much fewer 
Newton iterations (113 vs. 71), and thus converged 
much faster. 

ion of Var -on for 

An indication for effective var compensation is 
that a given compensation schedule satisfies the 
requirements for different operating conditions. While 
a planner could often determine the optimal var 
schedule associated with individual cases, it is much 
mre difficult to coordinate across multiple casea 
simultaneously. With the GBD approach, multi-- 
coordination could be easily achieved, as illustrated 
belaw. 

Figure 2 sham a portion of the Taiwan HV grid: 
voltage security for two separate contingencies is to 
be maintained. &e contingency involved line outage 
between Hsinchu and Nanhu, the other involved line 
outage between Tienlun and Wengtuz. 



1299 

l h m  the two mtingarciee were analyzed 
seprately, the first contingency required 69.5 MVAR 
(in continuous solution) at Nanhu; the second 
contingency required 78.5 MVAR at Wengtuz. When the 
two cases were analyzed together by wing the G3D 
approach, the optimal var installation was 29.3 MVAR 
at Nanhu, 20.4 MVAR at Miaoli and 39.3 MVAR at 
Wengtuz. From the reduced total var requirement (fra 
148.0 MVAR to 89.0 WAR) and the selection of the 
Centrally-located Miaoli subetation, we can observe 
that the methodology could ideed handle multi- 
coordination. 

HSinChU Tienlun 

Figure 2 Portion of Taiwan Power System. 

Wti-Year Mul ti-- 

lh is  section contains results of a comprehensive 
vnr planning study that modeled multiple years, 
mltiple cases and discretized var variables. The 
plrpose of this test is to show that we could 
&lxmnine the year by year var installation pattern, 
that would be optimal ( and feasible) with respect to 
the different cases in different years. The effect of 
the simple discretization logic embedded within the 
GED would also be demonstrated. 

“he planning scenario contained a separate base 
asse and different contingency for each of the three 
mtudied years. All var compensations were discretized 
into integer number of 14.4 MVAR blocks. To simulate 
the practice of delaying investment until the 
investment is needed to maintain system security, we 
assigned progressively lower umt for var canpensation 
occuring in the future years. 

To give an indication of the effectiveness of the 
discretization logic, we also present the results from 
a study in which no discretization is performed. Both 
clets of results are presented in Table 4 .  

Bassd on test results like the one shown in Table 
4 ,  we feel the discretization logic is adequate for 
this type of var planning studies. For reference 
purposes, the same set of cases were also 
studied by an experienced system planner using a 
power flow program. After several days, the answer he 
came up with w a s  37 banks, located in generally the 
aame set of candidate buses. Tkis gave some 
credibility to the overall var planning methodology 
and program. 

Table 4 capreheneive Wti-year, Wti-caae 
Var Conrpensation Results. 

Lunchoul O.O/ 0.0 O.O/ 0.0  22.9/28.8 
%tung1 O.O/ 0.0 O.O/ 0.0 28.8/28.8 
Nenhul 28.8/28.8 O.O/ 0.0 O.O/ 0.0 
Hiaolil 14.0/14.4 O.O/ 0.0 O.O/ 0.0 
Qliayil O.O/ 0.0 28.8/28.8 O.O/ 0.0 
Shinyinh O.O/ 0.0 39.8/57.6 O.O/ 0.0 
Shinyinl O.O/ 0.0 28.8/28.8 O.O/ 0.0 
T a i d  O.O/ 0.0 28.8/28.8 O.O/ 0.0 
Tainanh O.O/ 0.0 22.2/ 0.0 O.O/ 0.0 
Annanh O.O/ 0.0 0.6/14.4 O.O/ 0.0 
Annanl O.O/ 0.0 28.8/28.8 O.O/ 0.0 
Ydinb O.O/ 0.0 15.7/ 0.0 O.O/ 0.0 
Yunlinl O.O/ 0.0 28.8/28.8 O.O/ 0.0 
shanaanl O.O/ 0.0 28.8/28.8 O.O/ 0.0 
Peikangh O.O/ 0.0 26.9/43.2 O.O/ 0.0 
Peikangl O.O/ 0.0 28.8/28.8 O.O/ 0.0 
Y W  O.O/ 0.0 28.8/28.8 O.O/ 0.0 
Others O.O/ 0.0 O.O/ 0.0 O.O/ 0.0 

42.8/43.2 335.6/345.6 51.7/57.6 
3banks 2 4 b n k s  4banks 

v. GammxQm 
An integrated methodology for multi-year and 

dti-case var planning study is described. The 
rethod contains an effective application of the 
Ncwton method to slove the OPF subproblem created by 
the Generalized Benders Decomposition. An effective 
discretization logic embedded within the master-slave 
iteration is also described. Test results are 
presented to demonstrate the overall effectiveness of 
the methodology. 

Ihe results of the research presented here have 
been applied in a follow-up study of the voltage 
instability problem. Preliminary indication are mixed: 
the Newton OPF for slave level would identify slowly 
to a consistent set of binding constraints due to 
severe constraint violations. But oncm converged, a 
proper Benders cut would be generated to allow smooth 
convergence of the master-slave iteration. A paper 
will be peaa~ted uben this exteded work is finiahed. 
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lem. The paper does not reflect this problem. Would the authors comment 
on this point? 
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Discussion 

N. I. Deeb (Control Data Corporation), and S. M. Shahidehpour (Il- 
linois Institute of Technology): The authors are to be congratulated for this 
work. The optimal VAR planning is one of the most important problems 
in power systems, and the application of the Benders decomposition 
method is based on the structure of this complex problem. 

Could the authors discuss the following points: 
The addition of new VAR sources is restricted to a set of candidate 

buses. The proposed method starts with a selected initial candidate set, and 
this set would not be updated during the optimization process. However, 
the selection of buses at which reactive sources can be added is very 
critical in the planning process. A poorly selected candidate set may lead 
to the infeasibility of the problem or to an uneconomical overall solution. 

Authors comments on this point and the basis for the selection of 
candidate buses in their example will be appreciated. If the initial candi- 
date set is to be updated, at what stage of the process and how would it be 
implemented? 

Several linear programming based algorithms have recently been 
proposed to solve the problem of minimizing the MW losses in the system. 
Our research in this respect has considered the application of linear 
decomposition techniques to solve the problem [a]. Did the authors 
consider the possibility of implementing linear programming in solving the 
subproblems in their proposed method? 

Introducing contingency cases in the optimization problem is based on 
the type of actions adopted in the system operation (preventive or correc- 
tive). This type of actions would result in various limitations on the 
number of contingency constraints that would be introduced in the prob- 

Ying-Yi Hong: The author would like to thank the discussers for their 
valuable comments on the paper. 

1. The selection of candidate set depends primarily on the physical 
characteristics of the power system; it also depends to a less significant 
degree on mathematical basis. For every bus in the system, the Newton 
OPF computes a reactive Lagrange multiplier, which could be used as a 
basis for modifying the candidate set. The proposed method could be 
enhanced, if necessary, to modify the candidate set automatically. 

2. Both linear programming and Newton method could be used to solve 
the slave level. The most significant reason for using Newton OPF in slave 
level is its capability in handling infeasible or border-line infeasible 
solution. 

3. The proposed method models corrective contingencies directly. 
Functional constraints representing contingency limits need to be added in 
the slave base case problem in order to enforce preventive contingency. 
Manuscript received September 6, 1989. 


