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I. INTRODUCTION 

 Voltage stability has been considered as a major 
constraint on secure operation of electric power systems. 
The effective scheme to prevent voltage collapse incident 
requires power system researchers and engineers to develop 
new control strategies. The more stringent requirements 
have been imposed on electric utilities. This tendency has 
brought about sheer necessity of attaining system planning 
as well as system operations of higher security level and of 
greater sophistication [1]. The main factors influencing the 
adequacy of the level of reactive power support include the 
network loading level, the load-voltage behaviour, the action 
of on-load tap changing transformers, generator excitation 
control and the action of over-excitation limiters [2].  
 The operating environment has contributed to the 
growing importance of the problem associated with the static 
and dynamic assessment of power system. To a large extent 
this is also due to the fact that most of the major power 
system collapses are caused by problems related to the 
system’s static, as well as dynamic responses. The static 
forms can be studied as parametric load flow problem and 
dynamic forms must be studied as the trajectory of a set of 
differential equations [3]. This study is concerned with static 
voltage stability which it seems to be sufficient for 
operational scheduling [1]. On the other hand, voltage 
stability often requires examination a lot of system states and 
many contingencies scenarios.  
 The generation of reactive power aims to increase the 
limit of power transfer between areas and control the voltage 
magnitude under both normal operation and contingencies. 
To support a large energy transfer, the system operators of 
the control areas must ensure a satisfactory voltage 
magnitude level throughout the system under both normal 
and emergency conditions, to prevent loss of load and keep 
system reliability at acceptable levels [4]. Reactive power 
plays an important role in supporting the real power transfer. 
This support becomes particularly important when an 
increasing number of transactions are utilizing the 

transmission system and voltages become a bottleneck in 
preventing additional power transfer [5].  
 Various techniques have been reported for voltage 
stability enhancement by transformer tap changer setting. D. 
Gao [6] proposed a novel thyristor assisted diverter switch 
for on load transformer tap changer which can eliminate 
excessive conduction losses and suppress the arcing in the 
diverter switch, which are inherent in traditional on load 
transformer tap changers. A static converter with power 
electronic for transformer tap changer is presented by P. 
Bauer et al. [7]. The static converter would replace the 
mechanical tap selector, in which one must be able to change 
the taps under the full operation of the transformer. B. 
Kasztenny et al. [8] used Fuzzy Logic Controller (FLC) for 
on load transformer tap changer. The proposed algorithm is 
optimized from the numerical point of view and proved to be 
implementable on contemporary Programmed Logic 
Controllers (PLCs). Bansilal et al. [9] developed an expert 
system for voltage corrections for base case and contingency 
using switchable shunt reactive compensation and 
transformer settings. The proposed expert system has been 
tested with simulated conditions of a few practical power 
systems. Transfomer tap changing by data classification 
using Artificial Neural Network (ANN) is proposed by M. F. 
Islam et al. [10]. It involved two algorithms, namely scaled 
conjugate gradient (SCG) and Bayesian regularization (BR) 
for training an ANN to control the automatic on-load tap 
changer of two transformers connected across the power 
network. M. Suzuki et al. [11] proposed fuzzy expert AVQC 
control system to investigate the mechanism of the 
inadequate motion of transformer’s tap changer. In order to 
validate this method, simulations of tap changer behavior 
under various conditions are conducted. This study offer 
valuable practical information on the design of a coordinated 
voltage and reactive control system for a power network. 
This paper presents ACO based optimization technique for 
OTTCS. As efficient optimization techniques for solving 
combinatorial optimization problems by simulation, ACO is 
suitable for voltage stability improvement studies. Along 
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with this, loss reduction, voltage profile, computation time 
and iteration numbers are the added criteria monitored in this 
study.  
 

II.  VOLTAGE STABILITY IMPROVEMENT  
The purpose of optimal transformer tap changer setting 

(OTTCS) is to improve voltage stability condition and to 
minimize loss. The OTTCS is intended to modify the tap 
setting value of transformer in the test system. By an optimal 
adjustment, the transformer tap ratio is physically altered to 
effect a change in the secondary voltage with respect to the 
primary. To achieve this the transformer has its low tension 
winding ‘tapped out’, so that a switching mechanism 
referred to as a tap changer can switch more or less of the 
transformer winding into the circuit. This alters the ratio 
between the primary and secondary circuit therefore 
changing the voltage on the transformer output [12]. 

This study involves the development of ACO technique 
for OTTCS optimization problem. In order to solve OTTCS 
by taking transformer tap changer setting value as the 
variables in the test system. There are four transformers 
present in IEEE 30-bus RTS; therefore only four variables 
are required in this case. In the proposed technique, ACO is 
used to determine the optimum value for each variable in the 
test system. Voltage stability improvement has been chosen 
as the objective function which utilized a voltage stability 
index as the fitness in the problem formulation. A line-based 
voltage stability index termed as Fast Voltage Stability 
Index (FVSI) developed by I. Musirin [13] based on the 
quadratic equation of voltage at the receiving end of a 2 bus 
system was adopted as the fitness function. The general 2 
bus system can be represented in Fig. 1.  
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 Fig. 1: 2 bus system 
 
FVSI was used in the voltage stability analysis as an 

indicator of the voltage stability condition of the system. The 
voltage stability condition of all lines in power system could 
be assessed using this index which could predict the 
occurrence of voltage collapse in a system. The 
mathematical equation for FVSI [13] is given as follows:- 
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where:   
Zij  : line impedance 
Xij : line reactance 
Vi : voltage at the sending end 
Qj : reactive power at the receiving end 

 
The value of FVSI must be less than unity in order to 
maintain a stable system. Any line whose FVSI value 
exceeds unity indicates voltage instability has occurred on 
the corresponding line, which caused the reduction in 
voltage drop at the corresponding heavily loaded bus and 
overall system collapse. 

III.  ANT COLONY OPTIMIZATION (ACO) 
Ant Colony Optimization (ACO) was introduced by 

Marco Dorigo as reported in [14 - 18]. These models were 
derived from the observation of real ants’ behavior, and used 
as a source of inspiration for the design of novel algorithms 
for the solution of optimization and distributed control 
problem [18]. ACO algorithm is inspired by the behaviour of 
real ant colonies.  

The described the behavior of real ant colonies can be 
used to solve combinatorial optimization problems in which 
artificial ants search the solution space by transiting from 
nodes to nodes. The artificial ants movement associated with 
their previous action stored in the memory with a specific 
data structure [19]. The pheromone consistencies of all paths 
are updated only after the ant has finished its tour from the 
first node to the last node. Every artificial ant has a constant 
amount of pheromone stored in it when the ant proceeds 
from the first node. The stored pheromone will be 
distributed evenly on the path after the artificial ants have 
finished their tour. Once the artificial ants have finished their 
tour, the amount of pheromone will be the highest on the 
optimal path. The pheromone of the routes decreases 
progressively through evaporation in order to avoid artificial 
ants stuck at the local optima solution [19]. The 
characteristic of an artificial ant is characterised through 
positive feedback, distributed computation and the use of 
constructive greedy heuristic [20]. Positive feedback 
accounts for rapid discovery of good solutions, distributed 
computation avoids premature convergence, while the 
greedy heuristic helps find acceptable solutions in early 
stages of the search process.  
 

IV.  ALGORITHM FOR OTTCS 
ACO algorithm has been used in this study; involving 

initialization, state transition rule, fitness evaluation, local 
updating rule and global updating rule. In this study, there 
are some modifications performed on the ACO algorithm in 
order to make it suitable for the application in OTTCS. The 
algorithm was modified to solve the continuous optimization 
problems instead of graphical optimization problems in its 
original philosophy. The implementation of ACO technique 
for OTTCS is shown in Fig. 2. The procedural steps are 
given below:- 
  
Step 1: Initialization; during the initialization process n, m, 
tmax, dmax, β, ρ, α and q0 are specified. The parameters were 
set to the following values; n = 9, m = 5, tmax = 3, dmax = 39, β 
= 5, ρ = 0.6, α = 0.1, τo = 0.1 and q0 = 0.85. 
 
where: 

n : no. of nodes 
m : no. of ants 
tmax : maximum iteration 
dmax : maximum distance for every ants tour 
β : parameter, which determines the relative  

  importance of pheromone versus distance 
  (β > 0) 

ρ : heuristically defined coefficient (0 < ρ < 1) 
α : pheromone decay parameter (0 < α < 1) 
q0  : parameter  of the algorithm (0 < q0 < 1) 
τo : initial pheromone level 
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Every parameter requires to be set for the purpose of 
limiting the searching range in order to avoid large 
computation time.  
 

 
dmax can be calculated using the following formula: 
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where:  

r : current node 
u : unvisited node 
di : distance between two nodes 

Step 2: Generate first node randomly; the first node will be 
selected by generating a random number according to a 
uniform distribution, ranging from 1 to n.  
 
Step 3: Apply state transition rule; in this step the ant located 
at node r (current node) will choose the nodes s (next node) 
based on the following rule. 
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 where: 

q : random number uniformly distributed in  
  [0…1] 

S : random variable selected according to the   
  probability distribution given in eq. (5) 

 
The probability for an ant k at node r to choose the next node 
s, is calculated using the following equation.  
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where: 

τ : pheromone 
Jk(r) : set of nodes that remain to be visited by ant  

  k positioned on node (to make the solution  
  feasible) 

η : 1/d, is the inverse of the distance d(r,s). 
 
Step 4: Apply local updating rule; while constructing a 
solution of transformer tap changer setting value search, ants 
visit edges and change their pheromone level by applying 
the local updating rule of eq. (6).  

 
τ(r,s) ‹— (1 – ρ) τ(r,s)+ ρ.∆ τ(r,s)             (6) 

 
where: 

ρ : heuristically defined coefficient (0 < ρ < 1) 
 ∆ τ(r,s) = τo 

 

Step 5: Determine four variables (x1, x2, x3, x4) required to 
represent the transformer tap changer setting value for the 
transformers (T1, T2, T3, and T4). 
 
Step 6: Fitness evaluation; it is performed after all ants have 
completed their tours. In this step, the control variable x is 
computed using the following equation:- 
 

                                 max
max

x
d

d
x ×=                                     (7) 

where: 
d : distance for every ants tour 
xmax : maximum x 

 
The values of x will be assigned for the transformer tap 
changer setting value. The fitness is computed by 
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Fig. 2: Flow chart for OTTCS using ACO 
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performing ac load flow program. This program is called 
repeatedly into the ACO main program for the whole 
process. The AC load flow program was called into the ACO 
main program in order to calculate the FVSI value as the 
fitness. This FVSI value must satisfy some constraints 
violation where the FVSI value must be less than FVSI_set 
determined during the pre-OTTCS process. 
 
Step 7: Apply global updating rule; to simplify the problem. 
This step is applied to edges belonging to the best ant tour 
which give the best fitness among all ants. The pheromone 
level is updated by applying the global updating rule in eq. 
(8). 

            τ(r,s) ‹— (1– α) τ(r,s)+ α.∆ τ(r,s)       (8) 
 
where: 
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Lgb : the length of the globally best tour from  

  the beginning of the trial 
 
Step 8: End condition; the algorithms stop the iteration when 
a maximum number of iterations have been performed; 
otherwise, repeat step 3. Every tour that has been visited by 
the ants should be evaluated. If a better path is discovered in 
the process, it will be kept for the next reference. The best 
path selected between all iterations engages the optimal 
scheduling solution to the OTTCS.  
 

V. RESULTS AND DISCUSSION 
 OTTCS scheme was implemented in this study with the 
objective of improving voltage stability condition. OTTCS 
engine for ACO was developed in MATLAB with voltage 
stability improvement as objective function. Validation 
process was conducted on the IEEE 30-bus RTS. The single 
line diagram of IEEE 30-bus RTS is illustrated in Fig. 3. 
This system has 6 generator buses and 25 load buses with 41 
interconnected lines. The results of this study were 
consequently compared with other techniques such as EP 
and AIS. The comparison is made in terms of voltage 
stability improvement, total loss reduction, voltage profile 
and computation time.  

The results for OTTCS executed to the system for bus 
29 loaded are tabulated in TABLE I, II and III. At every 
loading condition the result of FVSI value with the 
implementation of OTTCS (post) is lower than that before 
its implementation of OTTCS (pre). This means that the 
voltage stability improvement has been improved with the 
implementation of OTTCS using ACO, EP and AIS. On the 
other hand, the voltage profile is also improved and total 
losses are minimized. To demonstrate the above 
phenomenon, analysis at one of the loading conditions can 
be conducted.  From TABLE I, at Qd29 = 38 MVAr; the 
values of FVSI at bus 29 identified by ACO technique is 
reduced from 0.9942 to 0.5690. It has also reduced the total 
loss in the system from 32.78 MW to 22.13 MW and at the 
same time voltage profile is improved from 0.5313 p.u. to 
0.8780 p.u.. The tap setting for transformers 1 to 4 
determined using ACO are 0.949, 1.092, 0.949 and 0.785. 
This is achieved within 13.06 seconds computation time in 3 
iterations.  

 
Fig. 3: Single line diagram for IEEE 30-bus RTS  
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From TABLE II, at Qd29 = 38 MVAr; the values of FVSI 
at bus 29 identified by EP technique is reduced from 0.9942 
to 0.6033. It has also reduced the total loss in the system 
from 32.78 MW to 23.94 MW and at the same time voltage 
profile is improved from 0.5313 p.u. to 0.8422 p.u.. The tap 
setting for transformers 1 to 4 determined using EP are 
0.778, 1.502, 1.019 and 0.768. This is achieved within 
288.31 seconds computation time in 6 iterations.  

From TABLE III, at Qd29 = 38 MVAr; the values of 
FVSI at bus 29 identified by AIS technique is reduced from 
0.9942 to 0.6048. It has also reduced the total loss in the 
system from 32.78 MW to 23.94 MW and at the same time 
voltage profile is improved from 0.5313 p.u. to 0.8426 p.u.. 
The tap setting for transformers 1 to 4 determined using AIS 
are 0.777, 1.502, 1.019 and 0.768. This is achieved within 
647.58 seconds computation time in 3 iterations.  

TABLE IV tabulates the results of OTTCS at Qd29 = 38 
MVAr using all the three techniques (ACO, EP and AIS) 
when voltage stability is taken as the objective function. The 
reduction in FVSI is the lowest performed using ACO 
indicating the highest voltage stability improvement. It is 
observed that ACO managed to reduced from the FVSI value 
to 0.5690 from 0.9942. 

 

 
 From the same table, EP and AIS managed to reduce the 
FVSI value to 0.6033 and 0.6048 respectively. From the 
table, it is observed that ACO managed to reduce the 
transmission loss value to 22.13 MW while EP and AIS 
managed to reduce the transmission loss value to 23.94 MW.  
 The total loss reduction is not far difference among 
three techniques. This indicates that ACO is comparable 
with EP and AIS. ACO was also able to obtain the highest 
voltage profile improvement.  It is observed that ACO 
managed to improve voltage profile value to 0.8780 p.u. 
while EP and AIS only managed to improve the voltage 
profile to 0.8422 p.u. and 0.8426 p.u. respectively; thus, 

TABLE IV: COMPARATIVE STUDIES OF OTTCS 

Criteria 
pre- 

OTTCS 
post-OTTCS at Qd29 = 

38MVAr 
 ACO EP AIS 

FVSI 0.9942 0.5690 0.6033 0.6048 
Total loss (MW) 32.78 22.13 23.94 23.94 
Voltage (p.u.) 0.5313 0.8780 0.8422 0.8426 
Comp. Time 

(sec) 
 

13.06 288.31 647.58 

 

TABLE I 
OTTCS USING ACO WHEN BUS 29 LOADED 

Loading 
Conditions 
(MVAr) 

 
Analysis 
OTTCS 

 
FVSI 

Total 
loss 

(MW) 

 

Iter. 
no. 

Comp 
Time 
(sec) 

 
T1 

 
T2 

 
T3 

 
T4 

 

Vm 

(p.u.) 
 

Qd29 = 10 
pre 0.2111 18.12       0.9436 
post 0.1595 17.92 3 41.33 1.031 1.031 0.949 0.908 0.9903 

 

Qd29 = 20 
pre 0.3573 19.39       0.8651 
post 0.2904 18.61 3 25.13 0.990 0.949 1.031 0.846 0.9825 

 

Qd29 = 30 
pre 0.5987 22.44       0.7524 
post 0.4499 20.69 3 14.91 0.887 1.072 1.072 0.785 0.9463 

 

Qd29 = 38 
pre 0.9942 32.78       0.5313 
post 0.5690 22.13 3 13.06 0.949 1.092 0.949 0.785 0.8780 

 

 
TABLE II 

OTTCS USING EP WITH  BUS 29 LOADED  
Loading 

Conditions 
(MVAr) 

 
Analysis 
OTTCS 

 
FVSI 

Total 
loss 

(MW) 

 

Iter. 
no. 

Comp 
Time 
(sec) 

 
T1 

 
T2 

 
T3 

 
T4 

 

Vm 

(p.u.) 
 

Qd29 = 10 
pre 0.2111 18.12       0.9436 
post 0.1615 17.82 6 747.90 1.053 0.965 0.995 0.914 0.9824 

 

Qd29 = 20 
pre 0.3573 19.39       0.8651 
post 0.2936 18.63 6 623.44 0.961 1.107 1.004 0.850 0.9723 

 

Qd29 = 30 
pre 0.5987 22.44       0.7524 
post 0.4300 21.10 6 215.97 1.164 1.179 1.047 0.786 0.9404 

 

Qd29 = 38 
pre 0.9942 32.78       0.5313 
post 0.6033 23.94 6 288.31 0.778 1.502 1.019 0.768 0.8422 

 

 
TABLE III 

OTTCS USING AIS WITH  BUS 29 LOADED  
Loading 

Conditions 
(MVAr) 

 
Analysis 
OTTCS 

 
FVSI 

Total 
loss 

(MW) 

 

Iter. 
no. 

Comp 
Time 
(sec) 

 
T1 

 
T2 

 
T3 

 
T4 

 

Vm 

(p.u.) 
 

Qd29 = 10 
pre 0.2111 18.12       0.9436 
post 0.1614 17.81 3 923.67 1.052 0.964 0.995 0.914 0.9825 

 

Qd29 = 20 
pre 0.3573 19.39       0.8651 
post 0.2935 18.63 3 638.83 0.961 1.107 1.003 0.850 0.9725 

 

Qd29 = 30 
pre 0.5987 22.44       0.7524 
post 0.4298 21.10 3 467.80 1.164 1.179 1.046 0.786 0.9407 

 

Qd29 = 38 
pre 0.9942 32.78       0.5313 
post 0.6048 23.94 3 647.58 0.777 1.502 1.019 0.768 0.8426 
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highlighting ACO as the best technique for voltage 
improvement. ACO is also observed to be the fastest 
technique as compared to the other two techniques. ACO 
managed to converge to an optimal solution within 13.06 
second, while EP and AIS consumed 288.31 second and 
647.58 second respectively. From the results of comparative 
studies, it is observed that ACO has outperformed EP and 
AIS in all criteria concerning voltage stability improvement, 
loss minimization, voltage profile improvement and 
computation time. This reveals the superiority of ACO over 
the others. 

 

 
The profiles for FVSI, loss and bus voltage in voltage 
stability improvement using ACO, EP and AIS are shown in 
Fig. 4, 5 and 6. In Fig. 4, it is observed that ACO is better 
than EP and AIS since the FVSI profile is lower indicating 
better voltage stability improvement particularly at high 
value of Q. On the Fig. 5 illustrates the transmission loss 
profile with OTTCS implemented using ACO, EP and AIS. 
From the figure, the ACO managed to reduce the largest 
transmission loss as compared to EP and AIS. On the other 

hand, in Fig. 6 the bus voltage is higher with the 
implementation of ACO as compared to EP and AIS. This 
reveals the strength of ACO in improving voltage profile. 
This has revealed the merit of ACO as compared to EP and 
AIS optimization techniques.  
 

VI.  CONCLUSION 
ACO has been developed for voltage stability improvement 
in power system. The ACO algorithm for OTTCS was 
written in MATLAB and tested on the IEEE 30-bus RTS. 
The results of this study were consequently compared with 
other techniques such as EP and AIS. The implementation 
ACO for OTTCS was able to improve voltage stability 
condition by modify the tap setting value of transformer in 
the test system. Furthermore, the application of ACO for 
OTTCS has outperformed EP and AIS in terms of voltage 
stability improvement, loss minimization, voltage profile 
improvement and fast computation time. Minor modification 
of the developed ACO algorithm or engine could be the next 
step for solving more complex power system optimization 
problems. 
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