
 

 

   
Abstract—Power systems are operating under stressed condition 

due to continuous increase in demand of load. This can lead to 

voltage instability problem when face additional load increase or 

contingency. In order to avoid voltage instability suitable size of 

reactive power compensation at optimal location in the system is 

required which improves the load margin. This work aims at 

obtaining optimal size as well as location of compensation in the 39- 

bus New England system with the help of Bacteria Foraging and 

Genetic algorithms. To reduce the computational time the work 

identifies weak candidate buses in the system, and then picks only 

two of them to take part in the optimization. The objective function is 

based on a recently proposed voltage stability index which takes into 

account the weighted average sensitivity index is a simpler and faster 

approach than the conventional CPF algorithm. BFOA has been 

found to give better results compared to GA. 
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I. INTRODUCTION 

N power systems voltage instability problems are caused by 

the heavily loaded operating situation and contingencies in 

the form of outage of lines, generators etc. [1]. Researchers in 

this field have worked to find out effective voltage stability 

indices to expect a voltage collapse scenario and established 

different kinds of such indices which can forecast either steady 

or dynamic state voltage stability conditions when the system 

is subjected to sudden load increase or face some 

contingencies [2]-[6]. To get a due weight to each index value 

a weighted average sensitivity index is formulated named as 

WASI. The simplicity and value obtained being very close to 

the desirable one and ease of computation of this index, has 

encouraged this work to consider it in formulating the 

problem. Moreover, voltage stability margin improved by 

suitably sizing and placing VAR compensating devices [7], 

[8]. The main issue of optimal size and location has been 

determined by several researchers after formulating the 

problem as an optimization problem [9]. In this regard, 

conventional algorithms like Sequential Quadratic 

Programming (SQP), Linear Programming (LP) and Interior 

point based methods [10]-[12] and intelligent search 

algorithms like Genetic Algorithm (GA), Particle Swarm 

Optimization (PSO) [13], [14], have been applied to solve the 

problem based on their merits over others. This work aims at 
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optimizing the suitable location and capacity of static VAR 

Compensation (SVC) in the IEEE 39-Bus New England power 

system so as increase the system load margin using bacteria 

foraging optimization algorithm.  

The paper is organized in the following sections. In Section 

II, the problem formulation is explained and Section III 

informs about sensitivity analysis. In the same section, some 

preliminary work is carried out to determine the weak buses in 

the system. Section IV discusses BFOA and its algorithm 

steps. Similarly, in Section V simulation result and discussions 

are illustrated, whereas Section VI concludes the findings of 

the work.  

II. PROBLEM FORMULATION 

The objective function consists of five objectives namely 

the active power loss, the system load margin, and three 

penalty factors respectively. 

A. Active Power Loss 

The first objective is to minimize the total active power 

losses which can be expressed as: min f1 = Ploss (x, u,) = 

Average values of Real Power Loss in the system for all i 

numbers of critical load bus power increase scenarios, where x 

is set of all the node voltages, Vn and node angles δn and u is 

control variable vector comprising of the position and size of 

shunt VAR compensation in the system. 

B. Load Margin 

Increasing the load margin in stressed operating condition is 

challenging as it may lead to voltage instability. For this, 

proper VAR reserve capacity is to be available for 

optimization. The second objective is to maximize load 

margin, can be expressed as 

 

max f2 = λmax = max (lambda) = (1/min{aij})    (1) 

 

where, {aij} is a set of maximum values of load parameters 

λmax, each for i numbers of critical load bus power increase 

scenarios. 

C. Penalty Factors  

Three penalty factors are considered for formulating the 

objective function min f3 = Pf1 = penalty factor for limit 

violation  

 

( )( ) ( )( )1 min max10 * 0.9 1 10 * 1.1 1Pf abs sign V abs sign V= − − + − + (2) 

 

min f4 = Pf2 penalty factor for limit violation  
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2 m ax
10 * ( ( 15) 1)pf abs sign trans= − +     (3) 

Pf3 = penalty factor for limit violation 

 

3 max10* ( ( 20) 1)pf abs sign line= − +      (4) 

 

where, pf1, pf2, and pf3 denote the average values of penalty 

factors related to minimum and maximum voltages, 

transformer capacity and line capacity limits respectively.  

The constraints of the problem are considered as explained 

below. 

D. Equality Constraints  

The equality constraints are the active and reactive power 

balance described by a set of power flow equations which can 

be expressed in a compact form 

 

       ( , , ) 0G x u λ =           (5) 

E. Inequality Constraints 

The transformer apparent power ST, line apparent power 

Sline, bus voltage magnitude VL, generator VAR QG, and shunt 

compensator VAR QC are considered as  

 

min max

min max

min max

min max

min max

, 1......

, 1...

, 1...

, 1....

, 1....

line line line

Ti Ti Ti T

Ti Ti Ti line

Li Li Li L

Gi Gi Gi G

Ci Ci Ci C

S S S i N

S S S i N

V V V i N

Q Q Q i N

Q Q Q i N

 ≤ ≤ =


≤ ≤ =


≤ ≤ =
 ≤ ≤ =
 ≤ ≤ =

      (6) 

 

The constraints are combined to form a compact form as 
 

       ( , , ) 0H x u λ ≤          (7) 

 

In collecting the constraints and the objectives the problem 

is expressed as  

 

( , , )

( , , ) 0,

( , , ) 0

Minimize F x u

subject to G x u

and H x u

λ
λ
λ


 =
 ≤

       (8) 

 

{ } 1 2 3(1 / min )ij lossF a P Pf Pf Pf= + + + +        (9) 

 

The first and second parts of the objective functions 

formulated as in (9) take into account the improvement in 

voltage stability limit and real power loss minimization. Each 

part of the objective function is suitably scaled. The penalty 

factors pf1, pf2, and pf3 give zero output unless limits are 

violated. The system loadability limit known as the Steady 

State Voltage Stability Limit (SSVSL) evaluated with a 

particular pattern of load increase, the load at the i
th

 load bus is 

increased in steps (with equivalent increase in generation as 

well) till the unstable point is reached. This is illustrated in 

(10) 

 

    0

0

0

(1 )

(1 )

(1 )

Li Li

Li Li

Gi Gi

P P

Q Q

P P

λ

λ

λ

= +

= +

= +

         (10) 

 

where, λ is known as the load parameter, used to increase the 

real and reactive powers from their respective nominal values. 

The system SSVSL in this work is evaluated with the help of 

WASI as introduced in Section III. With the increase in load, 

WASI value reduces and becomes zero near the SSVSL. 

Hence the corresponding λ value is the SSVSL of the system. 

The problem is formulated as a static constrained non-linear 

optimization problem. 

III. SENSITIVITY ANALYSIS 

In order to gain an insight into possible weak buses of the 

system and indices were evaluated, so that their values could 

throw some light on the choice of suitable location and size of 

compensation required by the system in the occurrence of load 

increase and contingencies. For this purpose four different 

indices known as Q-loss sensitivity index, L-index, and V-Q 

eigen value sensitivity index are enumerated separately for 17 

load buses of the system. A weighted average sensitivity index 

(WASI) comprising the effects of all these indices are 

determined. The weakness bus rankings are obtained from 

WASI values. This approach helps to determine a worse case 

loading scenario in the system. The reader may please be 

referred for detailed mathematical equations for Q-Loss, L-

index, and V-Q sensitivity index in literatures [1], [9].  

A.  Q-Loss Index 

Power system network can be represented in a linearized 

form [7] as expressed in (11) 

 

11 12

21 22

J JP

J JQ V

θ∆ ∆    
=     ∆ ∆    

         (11) 

 

The Q-loss sensitivity SI1 can be formulated as per  

 

     
1 22ii

i
i

i

Q
SI J V

V

∂
 = = ÷ ∂

        (12)  

 

For high value of 

i

i

V

Q

∂

∂  the degree of weakness is less. 

B. L-Index  

L-Index for any j
th 

non-generator bus in a N-Bus system 

having g numbers of generators i.e., 1…g and (g+1)…..N, (N-

g) numbers of load buses can be evaluated by 

 

2

1

1
i j

i
j ji

i j

V
SI L F

V

=

=

 
= = −   

 
∑         (13) 

 

where, the elements Fji can be evaluated from the Y-bus matrix 

of the system as depicted by  
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  L LL LG L

G GL GG G

V Z F I

V K Y V

     
=     

     

       (15) 

 

where,     

[ ] [ ]1

LL LG
F Y Y

−
= −          (16) 

C. V-Q Index 

The eigenvalue sensitivity index can be estimated using 

(17) as  

 

3
k ki ik

i
k i

V
SI

Q

ξ η
λ

∂
= =

∂ ∑         (17) 

 

where, 
iξ = i

th
 column right eigenvector,

 iη = i
th

 row left 

eigenvector matrix of JR and λ i=i
th

 eigenvalue . 

D. Weighted Average Sensitivity Index (WASI) 

The WASI is defined as  

 

wnwSIwSIwSIwSIWASI n ××+×+×+×= /)...( 321
   (18)  

 

where, w is weighing factor. Though any value may be chosen 

in this work but here it is taken as 0.5. SI1 SI2 SI3…. SIn are the 

indices.  

IV. BACTERIA FORAGING ALGORITHM: AN OVERVIEW 

Bacteria Foraging Optimization Algorithm (BFOA) 

proposed by [14] is a unique parallel search algorithm based 

on the foraging attributes of a type of bacterial species present 

in human intestine known as E. coli. The foraging process of 

each of this bacterium is defined by four processes known as 

Chemotaxis, Swarming, Reproduction and Elimination & 

Dispersal. The details of the algorithm steps of the original 

version as proposed by [14] and the modified version [13] are 

explained in the respective works. The steps involved for the 

simulation which are as follows:  

Step 1. Gradually increase the load in the load bus in steps. 

Step 2. Check the index value in each step. 

Step 3. Do weakness ranking in the buses. 

Step 4. Select 5 weak buses only. 

Step 5. Consider two shunt VAR compensators and two 

locations for optimizations 

Step 6. Perform optimization with GA 

Step 7. Again perform optimization with BFOA 

The detailed enumeration and results for the considered test 

system are discussed in Section V. 

V. SIMULATION RESULTS AND DISCUSSIONS 

A.  Test System 

In this paper the study carried out on 10-machine, 39-bus 

New England power system [14]. The system has 46 

transmission lines, twelve transformers. The 1
st
 generator (G1) 

is an equivalent representation of the U.S.-Canadian 

interconnection system shown in Fig. 1. 

Initially, the weak buses in the test system are evaluated 

with the help of three different sensitivity indices discussed in 

section III. The WASI for the load buses is obtained with 

gradual load increase in steps of 2% increment. The values 

obtained for the different indices are shown in Table I. The 

load buses are ranked in the descending order of weakness. 

For the purpose of optimization, loads in top five weakest 

buses in the system mentioned in Table II are subjected to load 

increase till their respective WASI values reach the unstable 

mark of zero. Load increase scenario in all these buses are 

simulated first by keeping the reactive power (Q) constant and 

then by keeping their nominal value Power Factor (PF) 

constant. To determine the maximum loadability of the 

system, the minimum value of {aij} is defined in section II 

obtained by loading each of the five weakest buses is 

maximized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 IEEE-39 Bus Structure 

B. Optimization with GA 

Simple conventional GA is adopted for optimization. The 

crossover and mutation probabilities are assumed to be 0.85 

and 0.05 respectively. The location and amount of reactive 

power compensation at two locations are randomly initialized. 

All the top 17 numbers of weak buses are considered as 

candidates for compensation and two out of them are 

randomly chosen with randomly generated compensation 

amount in the range of -40% to +40%. The optimized results 

are shown in Table III. 

C. Optimization with BFOA 

The same philosophy as discussed above was again adopted 

with BFOA. The control parameters for BFOA are judiciously 

chosen. Four numbers of bacteria evolve in the optimization 

process consisting of 4 chemotactic stages. The values of run 

length unit and elimination probability are considered as 0.05 

and 0.25 respectively. Simulations were carried out with both 
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the above algorithms. The convergence characteristics 

obtained with these algorithms for both constant Q (Case 1) 

and constant power factor types (Case 2) of load shown in 

Figs. 2 and 5 respectively, depicts the supremacy of BFOA 

over GA.  

Though, the objective function values are obtained with 

both GA and BFOA are almost similar to each other, but GA 

has fared quite badly in terms of limiting constraints violation. 

The optimization results are depicted in Table III. The WASI 

values obtained at each step of load increase till the point of 

instability. Similarly all the bus voltage profiles at the last 

stable loading point are depicted in Figs. 3 and 6 for both the 

cases. The two optimization results were obtained for the 

percentage compensation of reactive VAR required and 

compared as shown in Figs. 4 and 7 respectively. The results 

of optimal VAR compensations in percentage values obtained 

from both optimization techniques are shown in Fig. 8. The 

comparison of the three indices with WASI is depicted in Fig. 

9. The WASI value gives more accurate indication of the 

weakness of the system. 
 

TABLE I 

SENSITIVITY INDEX ANALYSIS 

V-Q 

Index 

Bus 

No 

Q-Loss 

Index 

Bus 

No 
L-Index 

Bus 

No 

WASI 

 

Bus 

No 

0.0075 02 0.0054 01 0.0085 23 0.0136 20 

0.0084 19 0.0001 02 0.0093 20 0.0146 08 

0.0090 25 0.0070 09 0.0104 07 0.0186 29 

0.0097 22 0.0116 25 0.0109 08 0.0187 27 

0.0106 06 0.0160 29 0.0150 06 0.0192 28 

0.0107 10 0.0173 28 0.0188 22 0.0197 22 

0.0107 20 0.0187 22 0.0210 09 0.0239 09 

0.0110 23 0.0219 20 0.0220 05 0.0245 05 

0.0114 16 0.0221 26 0.0260 21 0.0294 01 

0.0116 05 0.0252 10 0.0287 12 0.0304 11 

0.0117 11 0.0259 19 0.0303 15 0.0333 04 

0.0119 03 0.0276 03 0.0307 24 0.0348 24 

0.0125 13 0.0319 13 0.0307 01 0.0350 15 

0.0127 29 0.0325 11 0.0308 11 0.0351 02 

0.0129 17 0.0387 05 0.0329 04 0.0358 14 

0.0132 04 0.0400 23 0.0361 14 0.0359 13 

0.0133 14 0.0409 04 0.0367 16 0.0359 10 

0.0147 18 0.0409 27 0.0379 13 0.0370 16 

0.0148 24 0.0413 06 0.0398 10 0.0374 21 

0.0150 08 0.0419 18 0.0420 03 0.0382 03 

0.0154 07 0.042 14 0.0428 18 0.0404 12 

0.0160 15 0.0424 12 0.0437 02 0.0413 18 

0.0160 26 0.0458 08 0.0438 17 0.0417 17 

0.0162 01 0.0474 07 0.0508 29 0.0440 07 

0.0172 09 0.0493 17 0.0529 27 0.0448 25 

0.0185 27 0.0632 16 0.0548 25 0.0503 23 

0.0217 28 0.0682 15 0.0583 28 0.0538 06 

0.0260 21 0.0693 24 0.0653 26 0.0562 19 

0.0342 12 0.0765 21 0.0693 19 0.0566 26 

 
TABLE III 

WEAK BUS RANKING 

WASI Value Bus No. Rank 

0.0136 20 1 

0.0187 8 2 

0.0448 29 3 

0.0503 27 4 

0.0562 28 5 

 

TABLE III 

 OPTIMIZED COMPENSATION RESULTS WITH GA AND BFOA 

Compensation 
Specifications 

Case 1 (Constant Q-

Load) 

Case 2 (Constant pf-

Load) 

GA BFOA GA BFOA 

1st Location 
Bus No. 

28 
Bus No. 

24 
Bus No. 

27 
Bus 

No. 15 

1st Amount 43.35% 43.78% 33.55% 17.82% 

2nd Location 
Bus No. 

20 

Bus No. 

15 

Bus No. 

18 

Bus 

No. 27 

2nd Amount 31.57% 08.68% 12.63% 40.05% 

Obj. Function 

Value 
0.7106 0.5058 0.7273 0.7196 

Constraint 48.52 28.72 49.31 47.63 

QQ 2.1402 2.3162 2.3078 2.2428 

 

 

Fig. 2 Convergence characteristics for the constant reactive power 

with increased active power 

 

 

Fig. 3 Bus voltage profiles obtained with constant reactive power 

 

 

Fig. 4 Load margin for constant reactive power 
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Fig. 5 Convergence characteristics for constant power factor 

 

 

Fig. 6 Voltage profiles for constant power factor 

 

 
Fig. 7 Load margin for constant power factor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Compensation (%) in two cases with GA and BFOA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 Comparisons of indices 

VI. CONCLUSIONS 

In this work two effective locations and sizes of reactive 

power compensation was evaluated to improve the steady state 

SSVSL of 39-Bus New England system. The SSVSL is 

determined from an equivalent network based system model 

and it can be utilized for online implementation. The problem 

was formulated as a non linear optimization problem with a 

suitably designed objective function, which takes into account 

real power loss minimization in the system as well. The 

objective function is optimized by using GA and BFOA. 

Results show the supremacy of BFOA over GA handling the 

desired constraints. To reduce the number of control variables, 

initially weak buses in the system are identified which helps in 

reducing the computational time.  
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