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This paper proposes a new method of optimal FACTS devices allocation to be used in the preven-
tive/corrective control (PCC) against voltage collapse. The new formulation takes into consideration the
transition states that the power system may expose such as normal state and contingency states. For the
severe contingencies that drive the system to voltage collapse, the corrective control is initiated by means
of fast response of FACTS and load shedding to restore the system with small positive load margin, then
the preventive control is carried out using all the fast and slow devices ensuring security margin and voltage
feasibility. For this control strategy, FACTS allocation are determined based on the minimum cost for the
installations and the operations.. The problem is formulated as a mixed integer nonlinear programming
problem, which is solved using hybrid genetic algorithm/successive liner programming (GA/SLP) approach.
The IEEE 57 bus system is tested to demonstrate the effectiveness of the proposed method.
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1. Introduction

As power systems become more complex and heav-
ily loaded the electric utilities attempt to maximally
utilize their transmission system capacities, where the
economical and environment pressures limit their scope
to expand transmission facilities. As a result, in such
environment, more attention is paid to the voltage col-
lapse problem that considered being responsible for some
recent major blackouts. Several research studies have
been published for this subject, where large portion of
them is concentrated on control strategy itself against
- this phenomenon based on the available control devices
including load shedding ¢ ¢, Tt is known that a large
amount of load shedding is required to save the sys-
tem if the VAR allocations are improper. This implies
that the VAR allocations should be well planed taking
into account the control strategy to be used. Tradition-
ally, VAR planning problem is concerned with voltage
feasibility solely ®~® . Recently, a few references have
been found which address the VAR planning considering
voltage stability ¢ ®.  However, it is observed that the
obtained solutions are unnecessarily expensive in order
to satisfy all the specified feasibility and stability con-
straints.

Therefore, the authors have introduced a new formu-
lation for VAR planning problem *®. Different from
the previous formulations, the method takes into ac-
count possible transition states after contingency, where
the installation and the operation costs are considered
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including load shedding cost to minimize the total cost.
The problem is formulated as a mixed integer nonlin-
ear programming (MINP) problem and the generalized
Benders deco\mposition (GBD) technique is used as a so-
lution method. Although the validity of the formulation
has been confirmed, the authors have experienced a bad
convergence in some situations, which is discussed in as),
This difficulty is solved in ®¥ using a hybrid GA/SLP
method.

This paper is an extension of the authors work
where the formulation is modified to include the con-
cept of the preventive/corrective control. This treat-
ment enables us to accommodate real power system cir-
cumstances, where the fast devices including FACTS to
be installed can be used for the corrective control to
restore the system against the sever contingencies that
drive the system to unstable region. Then, all the avail-
able control devices “slow and fast” are used for the pre-
ventive control to keep the system security. Such a for-
mulation for FACTS allocation considerably reduce the
amount of load shedding, saving the total cost, which is
the new proposal of this paper.

The objective function is to minimize the sum of the
installation costs and expected operating costs, which is
evaluated probabilistically taking into account the possi-
ble power system transition states. The operating costs
include the expected costs for the contingencies, such as
the costs of load shedding, expected voltage collapse cost
and the cost of other emergency control. The problem
is formulated as a MINP problem, where a new solution
method is proposed to solve the difficulties experienced
in 0%, That is, a two-level hybrid algorithm using GA
and SLP is proposed in this paper.

(18) (14)
’



2. Preliminaries

The possible power system transition states that we
have considered in this paper may be simplified as shown
in Fig.1. We assume that the power system is operat-
ing at the base case A and a contingency k occurs with
probability (), where the proceeding state is assumed
to be state B, which will result in either voltage col-
lapse case With probability (3) or stable case with prob-
ability (1 — 3). The probability (8) is formulated as a
function of the load power margin just after the contin-
gencies. This treatment comes from a fact that a load
power margin corresponds to the voltage collapse con-
dition in the static sense but actually various dynamic
and human factors affect the cause of voltage collapse.
The basic concept of this treatment has been proposed
in “®, where more detailed explanation is given. In this
paper, the control reactions are considered, which are
classified into slow and fast time scales to define pre-
ventive/corrective control (PCC) states. The installa-
tion of fast devices of FACTS can first contribute to the
corrective control (CC) to remedy the system, where
only fast devices such as load shedding, AVR of gener-

ators react with the FACTS. Then, after a while, the -

other slow devices, as well as the fast devices, can act as
the preventive control (PC) to keep the system security.
The former state is defined as corrective state (C) and
the latter as preventive state (D) in Fig.1, where the
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control mode is assumed to be triggered according to
the load margin value as follows.

Fig. 2 illustrates the concept of PCC by PV diagrams.
If the contingency results in unsolvable case, implying
that voltage collapse with negative load margin, then the
fast devices for CC quickly react to restore system solv-
ability with small positive margin (state C). After the
system is stabilized the PC is further performed based
on all the slow and fast devices to ensure the specified
security margin and allowable voltages level (State D).

In general, the PCC can be achieved by using all the
available devices, where load shedding is used as a last
resort since shedding large amount of load will result in
too expensive PCC cost. Therefore, a well planned VAR,
allocation will result in a low total control cost.

3. Problem Formulation

3.1 Objective Function  According to the power
system operation states in Fig.1, the VAR planning
problem is reformulated so as to take into account the
cost reduction effect by the investments of new FACTS
devices, which can reduce the amount of load shedding
in PCC and consequently the total control cost. In
other words, the objective of this paper is to install new
FACTS devices with the minimum total cost that can
achieve the balance between the security and economic
concerns. The objective function is the sum of the ex-
pected operation costs for the individual states in Fig. 1
and the installation cost of FACTS devices as follows.

F=Fr+Fa+Fp+Fpg oo (1)
where 7
B = Z a(k)ﬁ(k)FBD
k=1

Fpo = {g a® (1 - ﬂ<k>) (ng> + p§§>)
- 3 o0 o) )

k=1-4n
where Fy; is the investment cost; Fa is the base case
operating cost; Fg and Fpc are the expected costs for
Just after contingencies and for the preventive/corrective
control, respectively; Fpp is the breakdown cost; F( )
CC cost; F & 5 pC cost, where superscript k 1mphes
contmgency k; n is the number of contingencies lead-

‘ing to negative load margin; m is the total nuimber of

contingencies under investigation. It is noted that the
operation costs Fa, Fl(gk) and Fl(jké,
with probabilities o, and 5 @¥. ‘
It is worthwhile to mention that in reference , in or-
der to simplify the too complex problem, it is assumed
that the breakdown probability § is regarded as a funec-
tion of loading margin (Amgn = A — 1), as shown in
Fig. 3(a). This assumption implies that voltage collapse
will occur at the nose point with probability 0.5; the
larger is the margin, the smaller is the probability and
vice versa. Thus, probability 3 is treated as the function
of Ag. According to the probability curve, the expected

are the expected costs

IEEJ Trans. PE, Vol.123, No.5, 2003



Approach for FACTS Devices Investment

Bl F;Ml
N 1 .
Y B
\ Amgn =41
N~
&) 0 +3 ﬂlﬂgn : .
i g 0 1-58 1 1+86 7

(a) Probabilty of voltage collapse
Fig.3. Treatment of expected voltage collapse cost

(b) Load margin cost

voltage collapse cost from state B (Fg) is represented in
the same way as described in Fig. 3(b). This cost called
load margin cost and is defined mathematically for each
contingency as follows.

Fsm = 8(0s)FrD

This treatment enables us to include the expected
voltage collapse cost into our formulation, where the
investment of the new FACTS installation will be de-
cided according to all transition states mcludmg Voltage
collapse state.

In this paper, assuming proper reactions of the fast
devices including the load shedding and FACTS, the
transitions of power system states of Fig.1 are simpli-
fied. Namely, as soon as a contingency occurs, the sys-
tem state directly changes from A to C very quickly,
where the emergency controls respond fast enough to
avoid voltage collapse. In other words, it is assumed that
the control coordination is perfect which contribute to
prevent the occurrence of the voltage collapse, i.e., the
probability of the contingency that proceeds the system
directly to the voltage collapse is assumed to be zero.
This case can be treated by setting 8 = 0 in Eq. (1)
only, which eliminates Fg as well as state B, simplifying
the objective function to the following form:

F =Fy + Fa + {io@ (FS‘) + F§>) .
: k=1
+ Emj al (FS“)}

k=14n
A detailed description for every term and its associ-
ated constraints are presented in the following.
3.2 Investment Cost The total investment cost
is expressed as ‘

Fry(er) = Z(#ﬁ + pviCr; )di,
i

where pg and py; are coefficients for the installation cost
for candidate FACTS devices i . d; = 1 if the site i is
selected for FACTS device expansion, otherwise d; = 0.
() is a set of all candidate sites and cyy; is the additional
VAR of the FACTS device i. The upper limit, cx,
may be omitted in usual cases but may exist for some
situation.
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3.3 Constraints for Operating States Each
state in Fig. 1 has a set of operating constraints, which
will be explained in this section. T'wo operating points
are defined for states A, C and D at the nominal load
operating point with (A = 1) and at point of collapse
with (A = )) as shown in Fig. 2, where the superscript k
refers to contingency k and notation “¥” represents volt-
age collapse point for each state. The following two sets
of constraints are used corresponding to the two operat-
ing points for each state. They will be commonly used
for each sub-problem hereafter in this paper.

(1) Operating constraints for nominalload ~ Equal-
ity constraints are the power flow equations for the nom-
inal load, while the inequality constraints are the bounds
for the variables as follows.

yp —s—f(p,x,¢,q9) =0
Xmin < X £ Xmax, Pmin < P < Pmax
0 <s<Smax, 0<c<cp
Qmin _<_ q S Omax

where

x: state variable vector (voltage)

yu: nominal load (base case)

s: load shedding vector

c: control vector of FACTS devices

.q: generators reactive power vecton

p: control parameter vector of the slow devices

f: power flow equations at the nominal load point
(2) Voltage collapse point constraints The con-

ditions for voltage collapse point ® are used as equality
constraints Eq. (7) with the bounds of variables Eq. (8).

yb+(A—1)yd—s—f<133‘<6®=0 }
w(p,5 ¢ A% Qk(5,5¢,4,%) =0, |[w][#0
................... (1)
pmingﬁgpmmﬁ 0§§Ssmax _ (8)
OSESCH, QminSQSqmax; AS)\min

where
X: load parameter value
vq: load direction vector
fz: pwer flow Jacobian (singular at the nose point)

w: left eigenvector (a row vector)

3.4 Base Case Operation Sub-Problem The
objective function is to minimize the production cost
or power loss cost while satisfying network performance
constraints defined at the nominal load operating point
A and nose point A(®). This problem is formulated as

minimize Fa = Fgc(xa,Pa,ca,da)
subject to
Ga(xa,PA,8a,CA,qa) <0
Ga(%a,Aa,DA,54,84,04) <0

where G, represents the set of constraints described by
Egs. (5) and (6), while Ga, the collapse point constraint
set as defined by Egs. (7) and (8); Fgc is the production



or power loss cost. Note that the subscript A refers to
base case sub-problem.

3.5 Corrective Control Sub-Problem If a se-
vere contingency occurs that result in an unsolvable case
with a negative load margin value, a quick response
must be taken to restore system solvability. The correc-
tive control is assumed based on merely the fast control
devices, which include load shedding and the new in-
stalled FACTS devices to rapidly save the system from
the collapse. We also take into account automatic volt-
age regulations which keep constant generator bus volt-
ages within their reactive power limits. However, the
cost associated with the automatic voltage regulations is
neglcted in this paper. Accordingly, the objective func-
tion in this case is to minimize the cost of the total
amount of the fast controls while satisfying the oper-
ating constraints defined at the nomlnal load operating
point (C®)) and nose point (C®)). This problem is for-
mulated as:

minimize
FC (SE‘] )7 CA, 08{)>

Zusl Sg?’ + Z/«Lcj Cg(j) - CAj‘ -(10)
1 J
subjecte to :
ch) (x(k),pff) Sék), Ej .q )) <0

G (

where G&) and G& are similar to the constraints Ga
and in Eq. (9) respectively except that the subscript C
refers to the corrective state. pg is a cost for unit load
curtailment at l-th load bus, p is a control cost coef-
ficients for FACTS device j. It is worthwhile to men-
tion that the upper and lower bounds of the voltage
magnitudes are not taken into consideration in this sub-
problem since state (C) is an intermediate state.

As soon as the corrective control is performed to re-
store system solvability with an arbitrary chosen small
positive load margin specified by (Ac > Agmia), the
problem is switched to preventive control mode to en-
sure system security with a desired load margin specified
by (XD > Ap min). This problem is explained as follows.

3.6 Preventive Control Sub-Problem The
PC is triggered after the system is stabilized by CC or
when the system is stable without CC but the stability
margin is too small. This situation allows to use all the
available devices including the fast and slow controls to
readjust their values to meet the system security. In
this work, the VAR control devices such as LTC trans-
former taps and shunt capacitor/reactor reactances are
selected as the slow control variables, p. The objective
function is to minimize the cost of the total amount of
the fast and slow controls while satisfying the operating
constraints defined at the nominal load operating point
(D®)) and nose point (D). The formulation of this
problem can be stated as follows.

A8, 500,58,68, ) <o

PA 8¢ ¢ g
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minimize
Fp (pA,pl(g),Sg‘),CA,Cg())

= {Z!‘fsl Sg?’ + Zﬂpi
1 i
+Zf*"cj
i

subject to

k
ngi) — Pai

C<ij) — CAj}

G (9, 5,9, o¥), o) <0

& (<, 39, 59,5, 9,4 < 0

where G( ) and G( ) are similar to the constraints G( )

and G( ) in Eq. (10) respectively except that the sub-
script D refers to preventive state and the slow control
parameter p is included in Eq. (11). pp; is a control cost
coefficient of the slow control device i. Note that the
inclusion of the load shedding in each sub-problem de-
scribed above will guarantee the feasibility of the prob-
lem during the computation process. However, since the
control costs of load shedding are much higher than the
other controls, they will be the final option among the
controls. Namely, if there are sufficient FACTS devices
are installed in the system, the load shedding will not
be carried out.

3.7 Overall Problem Formulation
all problem may be stated as follows.

The over-

minimize
. n
F=Fy, +Fa + {Z al® (F8‘> + Fg>)
k=1
m
- 3 o ()]
k=1+4n
subject to
Invetment constraints {0 <cp, <cp,, for
each ieQ)
Base case constraints {Hp < 0
Corrective state constraints {Hg < 0
Preventive state constraints {Hp < 0
i (12)
where ‘
Ha = [Ga; Ga

= [Gl()k);(_}g()} , k=12,---,m

k=1,2,---\n

4. Proposed Solution Algorithm

4.1 Preliminary Computation Since the opti-
mization problem described by Eq. (12) is a large scale
mixed integer nonlinear programming problem, a hybrid
GA/SLP algorithm is presented in this section to solve
this problem. In this algorithm, a pre-selection of the
set of candidate FACTS sites 2 is carried out first to
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limit the search space and to reduce computation time.
This process is not always necessary but a common prac-
tice in solving large-scale VAR planning problem since
the set of the candidate sites Q generally can be kept
small even for large-scale systems. In this paper, the
concept of participation factors ™ is used to determine
the best set of candidate buses for SVCs as follows. The
participation factor of bus k in mode i is given by

Pik = fkiTlik ................................ (13)

where & and 7y are the ith column right eigenvector
and row left eigenvector of the power flow Jacobian re-
spectively. Then, the candidate buses, k, for installing
SVCs are determined according to highest participation
factors for the voltage collapse mode selected as mode i,
corresponding to the minimum eigenvalue of the power
flow Jacobian.

Another issue is that the size of the candidate buses
where it plays an important role for determining the fi-
nal solution in a reasonable computation time. As far
as the authors know, this size is problem dependent and
there is no specific method has been used till now to
decide this size. The planner experience is usually the
final judgment in this size since many factors such as
environment limits and economic considerations could
affect final decision. Therefore, in this paper, the size of
the svc's candidate buses is decided based on the experi-
ence of authors, where several examinations are carried
out first to decide the most suitable number of buses for
the test systems used.

4.2 Overall Algorithm A two level hybrid ge-
netic algorithm/SLP method is proposed to solve the
multi-transition problem Eq. (12) as shown in Fig.4. In
the first level, the GA is employed to select the sites
and VAR amount of the FACTS devices to be installed
in the system, where each individual in the population
of the current generation represents a candidate solu-
tion. Then, this candidate is evaluated for all transi-
tion states under investigation in the second level, where
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the base case sub-problem Eq. (9), n contingency sates
sub-problems Eq. (10) and (m-n) contingency sates sub-
problems Eq.(11) are solved individually using SLP,
which is known as a fast and robust optimization method
for nonlinear problems. Note that for the first n contin-
gencies the corrective control is carried out first and then
the preventive control is performed to ensure the system
security. Based on the optimization, the fitness of each
individual on the population of the current generation
is evaluated in terms of the operating costs associated
with the individual states and investment cost, where
the fitness value of each individual is computed using
the inverse of the total objective function F of Eq. (12).
Then, the results are passed to the first level, where
the genetic algorithm operators, which include repro-
duction, crossover and mutation operators are applied
producing the next generation. These procedures are
repeated till the termination criterion is satisfied. A
general flowchart of the proposed hybrid GA/SLP is de-
picted in Fig. 5, in which the abbreviation POC stands
for the point of collapse method and POP stands for the
current population.

A simple genetic algorithm (SGA) is implemented to
show the feasibility of the proposed method. An impor-
tant step in the implementation is the string representa-
tion. The binary bit string representation is used, where

start with the first individual of
the current population of the GA

L]

—__>| solve base case sub-probem J

i

for the first contingency [ind
2 using POC. method

corrective control
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small margin
preventive control
find 7 using action with
POC. method sufficient margin
all contingency evaluate
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yes “end of
teration
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Fig.5. General flowchart for VAR expaInsion using GA
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each chromosome contains a number of sub-strings equal
to the number of the candidate sites of the FACTS de-
vices. Bach sub-string is in the form of binary corre-
sponding to the amount of the VAR to be installed. For
example, the chromosome shown in Fig. 6 represents a
candidate solution for 5 candidate buses for installing
FACTS devices, where each sub-string is represented by
4 digits corresponding to the VAR amount to be in-
stalled on its own site. Typical genetic algorithm opera-
tors (evaluation function, reproduction, crossover and
mutation) are used in the proposed algorithm as de-
scribed in Ref. (8). '

4.3 Solution Algorithm for Operation Sub-
Problems  The operation sub-problems Egs. (9),
(10) and (11) are represented as nonlinear optimization
problems. The successive linear programming is used to
solve these problems, where each problem is linearized
around the power flow solution successively until the
convergence is obtained. The linearized formulation for
the preventive control sub-problem is given by

minimize
OFsg OF¢r, OF L Ap|’
AF = —— A+ | —— == [T L., 14
o ds AS+(8p 6CJ[AC (14)
Fey = Z,usl S](Dkl)‘
1
For = Zﬂpi IpDi — pail + Z/Lcj leps — caj
i J
subject to
Ar[Ax,Ap, As,Ac<by | (15)
As - [A%, AN, Ap, As, At] < by

where A; and A, are the sensitivity matrices associated
with constraints G](Dk ) and C_}](Dk ) in Eq. (11) respectively;
Fsy is the load shedding cost; Fer, is the control cost.
It is noted that in the actual computation AN is elim-
inated in Eqgs. (14), (15) by using the sensitivity rela-
tion  among loading margin AX and control variables,
As, Ap and Ac.

The procedure is in common with each subproblem
for every contingency. This is summarized as for the
preventive control subproblem as an example as follows:

(1) Solve the post-fault power flow at nominal load

operating point, equality constraints associated
G](Dk ) with constraints with the available control
variables (p, ¢, and s). Then, compute A;.

(2) Compute the maximum loading point for the

post-fault condition and obtain A,. :

(3) Solve optimization problem Egs. (14), (15) us-

ing LP method. If converged, stop. Otherwise up-
date all the control variables and then go step (1).

Although the procedures are the same for all the op-
eration sub-problems, a great care is necessary for the
corrective control sub-problem, where the starting val-
ues of ¢ and s must be chosen to guarantee the load flow
solvability in step (1).

5. Numerical Example

The proposed method has been applied to the
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Table 1. Load margin and minimum bus voltage
values just after contingency states

Contingency |Load margin | Minimum voltage | System state
1 line (26-27)[ -0.056 0.50 Collapse
2 line (25-30)| -0.053 0.51 Collapse
3 line (47-46){ -0.057 0.51 Collapse

Table 2. Corrective control results without VAR,
expansion
. Load Minimum Sum of the
Contingency margin voltage load shedding |
1 line (26-27) 0.05 0.73 0.184
2 line (25-30)] 0.05 0.73 0.181
3 line (46-47)| 0.05 0.75 0.202

IEEE 57 bus system “®, where the original loads as well
as generations have been increased uniformly by 70% to
define the base case operating point for examinations.
The parameters used for the system and SGA are given
in the appendix.

The contingency analysis was carried out first.
Namely, the load power margins were computed for all
possible N-1 contingencies to select a few contingencies
for the examination. According to these results, the
most severe three contingencies were the outages of lines
(26-27), (25-30) and (46-47). The load margins and the
bus voltage magnitudes just after the contingencies are
shown in Table 1, in which voltage values are evaluated
at the nose point. Note that all the selected contingen-
cies drive the system to unstable zones since the load
margins are all negative. This implies that for all these
contingencies the corrective control has to be carried out
first and then the preventive control should be initiated
to maintain system security.

To demonstrate the cost effect of the corrective and
preventive controls, two cases are set as follows. Case
1 stands for the situation without VAR expansion, as-
suming that the corrective and preventive control will
be carried out based on the already available installed
VAR source and load shedding. Case 2 is a VAR expan-
sion case where new FACTS devices are supposed to be
used.

The results of the corrective control for case 1 are
shown in Table 2. It is observed that all the unsolv-
able contingencies are restored to be stable with small
positive margins (0.05 for each of them). However the
load shedding value for each contingency is relatively
high, resulting in high corrective control cost. In order
to achieve a secure condition for the load margins and
bus Volfages, the preventive control is performed. The
final states for case 1 are shown in Table 3 after the cor-
rective/preventive control to keep system security for all
contingencies. The results show that the system security
is maintained on the account of load shedding and con-
sequently the total contingency cost. Note that the load
shedding costs and control costs are computed according
to the cost functions Fgg and Fey, in (14) respectively.

In case 2, the modal analysis described in section 4
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was applied first in order to select the best candi-
date buses to install the new SVCs. As mentioned
in section 4, the candidate set is decided based on
the experience of the authors, where several examina~
tions were carried out first to decide the most suitable
number of buses for the test system used, which were
[31, 30, 33,32, 34, 24, 35, 26, 36,40]. This number of can-
didate buses represents about 20% of the total number
of load buses. Table 4 lists the optimal SVC allocations
obtained by the proposed method. The results indicate
that the SVC allocations are 0.24, 0.26, 0.18 and 0.30 pu
at buses 30, 34, 35 and 36 respectively. Note that only
four SVCs are required at buses of the ten candidate
buses to maintain system security. Table 4 also lists the
reactive power used for the control for each contingency.
For example, when outage of line 26-27 occurs, the var
amount used at bus 36 for the control is 0.227 of the
installed value of 0.3."

The results of the corrective control for the case 2 are
shown in Table 5. Tt is appeared that all the unsolvable
contingencies are restored to be stable with small pos-
itive margin of 0.05. Note that since there are enough
installed FACTS devices, the load shedding is not car-
ried out in this case resulting in zero load shedding cost
and consequently small corrective control cost. In or-
der to enhance the load margin and the bus voltages,
the preventive control is performed and the results are
shown in Table 6. The results show that the new in-
stalled FACTS devices are sufficient to maintain system
security in all cases resulting in a relatively small con-
tingency cost compared to case 1. In this table the ex-
pansion cost is computed as Fy; of (4), and the total
contingency cost is the sum of the operation costs (Fsu
and Fgr,) and the common expansion cost Frg.

Although we have chosen three most severe contin-
gencies in this examination, it has been confirmed that
the FACTS installation obtained successfully keep the
security of the system for the other contingencies with-
out load shedding. This implies that the contingency
selection based on the load power margin is effective.

Table 3. Results after corrective and preventive
control without VAR expansion

Cont. | Load |Minimum Load Control |Total cont.
line |margin| voltage |shedding cost| cost cost
26-2710.156 0.90 307.30° 0.231 307.531
25-300.151 0.90 290.04 0.245 | 290.285
46-4710.150 0.90 323.20 0.268 | 323.468
Table 4. Optimal SVC allocations and preventive

control sub-problems test results

‘ Preventive control sub-probl
SVC Optimal Allocations Ve revg;ﬁr‘;falcgglfﬁioiu probiems
Optimal ~ [Max Limits D
bus # solution ¢ Cont. line | Cont. line |Cont. line
[ Ttmax 2627 | 25-30 46-47
30 0.24 0.30 0.240 0.240 0.240
34 0.26 0.30 0.260 0.260 0.260
35 0.18 0.30 0.180 0.180 0.180
36 0.30 0.30 0.227 | 0223 0.297
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In our implementation, in order to keep track of the
best individual in the evolution process of the GA, the
highest fitness value and associated string are stored in
a separate location called a solution set. At the end of
the iterations, the best individual for the whole process
is retrieved from the solution set as a final solution. The
computational characteristic is given in Fig. 7.

The required CPU time to obtain the final solution is
10 hours 24 minutes, where the problem is implemented
on a Pentium-133 microcomputer using MATAB. The
CPU time is the main drawback of the proposed method
since the inclusion of various issues into the formulation
increases the size and complexity of the problem. How-
ever, the numerical feature of the proposed method is ro-
bust enough. In fact, no numerical difficulties have been
found in various examinations for different systems.

Finally, it is important to mention that the above re-
sults are obtained based on the assumption of the per-
fect control coordination that prevents the voltage co-
lapse occurrence directly after contingency. Of course
this assumption simplified our formulation since Fp is
eliminated. However, if the preivous assumption is not
the case, i.e., the control coordination is not perfect, the
obtained results will be changed, where Fp must be in-
cluded in the total objective function F and consequently

Table 5. Corrective control results with VAR

expansion
.. Sum of the Ce
C]_ont. nIlJ:;lg%n 1\/\1111311%1;;“ oad Bus number
ine shedding 730 T34 [ 35 | 36
26-27| 0.05 0.83 0.00 024§ 023 0.00} 0.00
25-30] 0.05 0.83 0.00 024 1023] 0.00} 0.00
46-47| 0.05 0.83 0.00 02410261 0.03| 0.00

Table 6. Results after corrective and preventive
control with VAR expansion

Cont. | Load |Minimum [Load shedd_mg Control| Expan. [Total cont.
line |margin | voltage cost cost | cost cost
(2627) | 0.150 | 0.92 0.00 0.132 42.092
(2530) [ 0.150 | 0.92 0.00 0.132 [41.960( 42 092
4647) | 0.150 | 0.92 0.00 0.139 42.099
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Fig.7. Evolution of the best objective function
value



the decision making will be changed.
6. Conclusion

A new formulation of FACTS devices allocation prob-
lem to mitigate voltage collapse is presented in this pa-
per. These FACTS devices are expected to be used in
the real time control reactions, which are classified into
slow and fast. time scales to include the concept of pre-
. ventive/ corrective control and. consequently accomuno-
date real power system circumstances. This classifica-
tion enables us to remedy the system in all credible con-
tingencies including severe contingencies that drive the
system to unstable zone, where the corrective control
based on merely fast devices is carried out quickly to
stabilize the system for the set of the contingencies that
leads the system to unstable region. Then, after a while,
the other slow devices, as well as the fast devices, can
act as the preventive control (PC) to keep the system
security. The proposed method has been applied suc-
cessfully to IEEE 57 bus system. The numerical result
indicated that the above control strategy based on the
‘new installation of the FACTS devices is significantly
save the total control cost, where the amount of the
load shedding, which is usually carried out in such se-
vere contingencies, is considerably decreased and as a
result reduce the total cost. This implies that the addi-
tional cost of the new investment of FACTS devices is
counted as a security cost, which achieves the balance
between the security and economic concerns.

. (Manuscript received Nov. 9, 2001,

revised Dec. 20, 2002)
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Vmin = 0.9 pu, Vmax = 1.1 pu, security margin (af-
ter corrective control) = 0.05, security margin (after pre-
ventive control) = 0.15, ¢y, =0.3, py, = 2, ps = 10,
tp =1, pe = 1, ps = 1000 per 100 MW. Population size
= 50, crossover probability = 0.1, mutation probability
= 0.01, parameter resolution = 4bits/site and number
of iterations = 500.
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