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Abstract— This paper presents Ant Colony Optimizaton (ACO) technique for optimal transformer tap charger setting
(OTTCS) in order to improve voltage stability condtion along with transmission loss and voltage prole monitoring. ACO is a
new cooperative agent’'s approach, which is inspirety the observation of the behaviours of real antaonies on the topics of ant
trial formation and foraging method. The set of coperating agents called “ant” cooperate to find theoptimal point of OTTCS.
Comparative studies presented with respect to Evotionary Programming (EP) and Artificial Immune System (AIS) had
indicated the merit of the proposed technique. Albf the algorithms are programmed on MATLAB applied to the IEEE 30-bus
Reliability Test System (RTS).

Keywords — Ant colony optimization, evolutionary programming, artificial immune system, optimal transrmer tap changer
setting, voltage stability improvement

transmission system and voltages become a bottleneck in
I. INTRODUCTION preventing additional power transfer [5].

Voltage stability has been considered as a major Various techniques have been reported for voltage
constraint on secure operation of electric power systerstability enhancement by transformer tap changer setting. D.
The effective scheme to prevent voltage collapse incideéd&o [6] proposed a novel thyristor assisted diverter switch
requires power system researchers and engineers to devidopn load transformer tap changer which can eliminate
new control strategies. The more stringent requirememrtscessive conduction losses and suppress the arcing in the
have been imposed on electric utilities. This tendency hdiserter switch, which are inherent in traditional on load
brought about sheer necessity of attaining system planntrensformer tap changers. A static converter with power
as well as system operations of higher security lendlaf electronic for transformer tap changer is presented® by
greater sophistication [1]. The main factors influencing tHgauer et al. [7]. The static converter would replace the
adequacy of the level of reactive power support include tmechanical tap selector, in which one must be able tayehan
network loading level, the load-voltage behaviour, the actithe taps under the full operation of the transformer. B.
of on-load tap changing transformers, generator excitatifasztennyet al. [8] used Fuzzy Logic Controller (FLC) for
control and the action of over-excitation limiters [2]. on load transformer tap changer. The proposed algorithm is

The operating environment has contributed to tlaptimized from the numerical point of view and proved to be
growing importance of the problem associated with thé&staimplementable on contemporary Programmed Logic
and dynamic assessment of power system. To a large ex@umtrollers (PLCs). Bansiladt al. [9] developed an expert
this is also due to the fact that most of the major powsystem for voltage corrections for base case and contigge
system collapses are caused by problems related to ukg switchable shunt reactive compensation and
system’s static, as well as dynamic responses. Tdt& s transformer settings. The proposed expert system has been
forms can be studied as parametric load flow problem ated$ted with simulated conditions of a few practical power
dynamic forms must be studied as the trajectory sétaof systems. Transfomer tap changing by data classification
differential equations [3]. This study is concerned withista using Artificial Neural Network (ANN) is proposed by M. F.
voltage stability which it seems to be sufficient foftslamet al.[10]. It involved two algorithms, namely scaled
operational scheduling [1]. On the other hand, voltagenjugate gradient (SCG) and Bayesian regularization (BR
stability often requires examination a lot of systemestaind for training an ANN to control the automatic on-load tap
many contingencies scenarios. changer of two transformers connected across the power

The generation of reactive power aims to increase thetwork. M. Suzuket al.[11] proposed fuzzy expert AVQC
limit of power transfer between areas and control theagelt control system to investigate the mechanism of the
magnitude under both normal operation and contingenciesgdequate motion of transformer’s tap changer. In order to
To support a large energy transfer, the system operatoryaifdate this method, simulations of tap changer behavior
the control areas must ensure a satisfactory voltageder various conditions are conducted. This study offer
magnitude level throughout the system under both normvalluable practical information on the design of a coordinated
and emergency conditions, to prevent loss of load and kesftage and reactive control system for a power network.
system reliability at acceptable levels [4]. Reactpever This paper presents ACO based optimization technique for
plays an important role in supporting the real power transf@TTCS. As efficient optimization techniques for solving
This support becomes particularly important when ammbinatorial optimization problems by simulation, ACO is
increasing number of transactions are utilizing thauitable for voltage stability improvement studies. Along
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with this, loss reduction, voltage profile, computation time IIl. ANT COLONY OPTIMIZATION (ACO)
and iteration numbers are the added criteria monitored in this Ant Colony Optimization (ACO) was introduced by
study. Marco Dorigo as reported in [14 - 18]. These models were
derived from the observation of real ants’ behavior, aed us
Il. VOLTAGE STABILITY IMPROVEMENT as a source of inspiration for the design of novel algarst
The purpose of optimal transformer tap changer settifggy the solution of optimization and distributed control
(OTTCS) is to improve voltage stability condition and tproblem [18]. ACO algorithm is inspired by the behaviour of
minimize loss. The OTTCS is intended to modify the tageal ant colonies.
setting value of transformer in the test system. Bgatimal The described the behavior of real ant colonies can be
adjustment, the transformer tap ratio is physicallgratl to used to solve combinatorial optimization problems inclvhi
effect a change in the secondary voltage with respdtteto artificial ants search the solution space by transifiogn
primary. To achieve this the transformer has its lowsittn nodes to nodes. The artificial ants movement associated wit
winding ‘tapped out’, so that a switching mechanisiheir previous action stored in the memory with a specific
referred to as a tap changer can switch more or feseo data structure [19]. The pheromone consistencies of all paths
transformer winding into the circuit. This alters thatio are updated only after the ant has finished its tour fioen t
between the primary and secondary circuit therefofiest node to the last node. Every artificial ant hasastant
changing the voltage on the transformer output [12]. amount of pheromone stored in it when the ant proceeds
This study involves the development of ACO techniqueom the first node. The stored pheromone will be
for OTTCS optimization problem. In order to solve OTTCS@8istributed evenly on the path after the artificial antseha
by taking transformer tap changer setting value as tfieished their tour. Once the artificial ants have fieid their
variables in the test system. There are four tramsfos tour, the amount of pheromone will be the highest on the
present in IEEE 30-bus RTS; therefore only four variableptimal path. The pheromone of the routes decreases
are required in this case. In the proposed technique, KCQrogressively through evaporation in order to avoidieieif
used to determine the optimum value for each variable in s stuck at the local optima solution [19]. The
test system. Voltage stability improvement has been chos#raracteristic of an artificial ant is characterisbdotigh
as the objective function which utilized a voltage stapilitpositive feedback, distributed computation and the use of
index as the fitness in the problem formulation. A line-basednstructive greedy heuristic [20]. Positive feedback
voltage stability index termed as Fast Voltage Stgbiliaccounts for rapid discovery of good solutions, distributed
Index FVS) developed by I. Musirin [13] based on theomputation avoids premature convergence, while the
quadratic equation of voltage at the receiving end of a 2 lmreedy heuristic helps find acceptable solutions in early
system was adopted as the fitness function. The generatéges of the search process.
bus system can be represented in Fig. 1.
IV. ALGORITHM FOR OTTCS
ACO algorithm has been used in this study; involving
vlza‘lT Tvzﬁz initialization, state transition rule, fithess evaluatidocal

bus 1 ! rous | — bus 2 updating rule qnd global updating rule. In this study, there
are some modifications performed on the ACO algorithm in

R+ X, order to make it suitable for the application in OTTCBe
Fig. 1: 2 bus system algorithm was modified to solve the continuous optimization

. - ) problems instead of graphical optimization problems in its
FVSIwas used in the voltage stability analysis as @f¥ginal philosophy. The implementation of ACO technique

indicator of the voltage stability condition of the systdine ¢, oTTCS is shown in Fig. 2. The procedural steps are
voltage stability condition of all lines in power systeauldl  ian pelow:-

be assessed using this index which could predict the
occurrence of voltage collapse in a system. TRgen 1: |nitialization; during the initialization processm,

mathematical equation fé?VSI[13] is given as follows:- tmax Omaw 1 o, @ andgo are specified. The parameters were
4Zij 2Qj set to the following valuest = 9,m= 5, t;o= 3, dnax= 39 B
FVSI, = Vi (1) =5,,=0.6,a = 0.1,5,= 0.1 andg = 0.85.
I I}

where: where:

Z; :line impedance n : no. of nodes

X :line reactance m : no. of ant

V; :voltage at the sending end tmas . Maximum iteration

Q :reactive power at the receiving ¢ dnay : Maximum distance for every ants tour

: paramete which determines the relati

The value of FVSI must be less than unity in order to importance of pheromone versus distance
maintain a stable system. Any line whoB&SI value (B >0)
exceeds unity indicates voltage instability has occurred on p - heuristically defined coefficient (0s< 1)
the corresponding line, which caused the reduction in ¢ : pheromone decay parameter (@ < 1)
voltage drop at the corresponding heavily loaded bus and ¢, : parameter of the algorithm (Ogs< 1)
overall system collapse. T : initial pheromone level
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Every parameter requires to be set for the purpose SiEp 2: Generate first node randomly; the first node will b
limiting the searching range in order to avoid largselected by generating a random number according to a

computation time. uniform distribution, ranging from 1 ta
Step 3: Apply state transition rule; in this step thelecated
@ at noder (current node) will choose the nodeénext node)
v based on the following rule.
Initialization; Set 1 . o
| nitialization: Set parameter | _| argmax,, 3, { [r(r,u)].[q(r,u)ﬂ]}, if < q, (exploitation) (4)
< S, otherwisgbiasedexploration)
Y
| Generate first node randomly; ant tourl where:
- g :random number uniformly distributed in
'" [0...1] ' '
| J R ——— | S :random variable selected according to
Pply STge TOmeTon Twe probability distribution given in eq. (5)
y _ The probability for an ark at node to choose the next node
[__Apply Local Updating Rule _ | s, is calculated using the following equation.
v
Determine Xi, X2 X X4 B
7(r,s)].[n(r,s .
(Ty, T2, Ts, To) [(r,9).[7(r.5)"] 7 if sedy,
RS =1 Dy, [F(E WL U)] (5)
\ 4 .
Calculate fitness 0, otherwise
(run load flow to evaluate FVSI)
where:
T : pheromon
J :setof nodes that remain to be visited by ant
Constraints violation ? No k positioned on node (to make the solution
(last no. ants) feasible)
n : 1/, is the inverse of the distandé,s).

Step 4: Apply local updating rule; while constructing a
solution of transformer tap changer setting valueckeants
visit edges and change their pheromone level by applying
the local updating rule of eq. (6).

I Apply Global Updating Rule

Eod Condition 7(r,8) <— (1—p) z(r,9)+ p.A (r,S) (6)
where:
p - heuristically defined coefficient (0s< 1)
A (r,s) =1,

Step 5:Determine four variables {xx,, X3, X4) required to
represent the transformer tap changer setting valuéhéo

Fig. 2: Flow chart for OTTCS using ACO
transformers (4, T, Tz, and T).

dmaxcan be calculated using the following formula: Step 6: Fitness evaluation; it is performed afteaats have

completed their tours. In this step, the control variable

d = max {nzl di:| (2) computed using the following equation:-
i=1
X= X Xmax (7)
di = |r — max (u) ) d max
where:
where: d : distance for every ants tc
r :current nod Xmax - Maximumx

u :unvisited node

d :distance between two des The values ofx will be assigned for the transformer tap

changer setting value. The fitness is computed by
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performing ac load flow program. This program is called V. RESULTS AND DISCUSSION
repeatedly into the ACO main program for the whole OTTCS scheme was implemented in this study with the
process. The AC load flow program was called into the ACabjective of improving voltage stability condition. OTTCS
main program in order to calculate tR&Sl value as the engine for ACO was developed in MATLAB with voltage
fitness. This FVSI value must satisfy some constraintstability improvement as objective function. Validation
violation where thé=VSl value must be less th&VSl_set process was conducted on the IEEE 30-bus RTS. The single
determined during the pre-OTTCS process. line diagram of IEEE 30-bus RTS is illustrated in Fig. 3
This system has 6 generator buses and 25 load bugediwit
Step 7: Apply global updating rule; to simplify the probleminterconnected lines. The results of this study were
This step is applied to edges belonging to the bestoant tconsequently compared with other techniques such as EP
which give the best fitness among all ants. The pheromaa AIS. The comparison is made in terms of voltage
level is updated by applying the global updating rulegn estability improvement, total loss reduction, voltage profile

(8). and computation time.
7(r,8) <— (1-a) z(r,9)+ a.A «(r,5) (8) The results for OTTCS executed to the system for bus
29 loaded are tabulated in TABLE I, Il and Ill. At every
where: loading condition the result ofFVSI value with the
(L,,)%, if (r,s) & global—besttour implementation of OTTCS (post) is lower than that before
A(r,5)=4" % . its implementation of OTTCS (pre). This means that the
0, otherwise voltage stability improvement has been improved with the
implementation of OTTCS using ACO, EP and AIS. On the
Ly, :the length of the globally best tour frc other hand, the voltage profile is also improved and total
the beginning of the trial losses are minimized. To demonstrate the above

phenomenon, analysis at one of the loading conditions can
Step 8: End condition; the algorithms stop the iteration whba conducted. From TABLE |, aty& = 38 MVAr; the
a maximum number of iterations have been performedilues of FVSI at bus 29 identified by ACO technique is
otherwise, repeat step 3. Every tour that has beeediby reduced from 0.9942 to 0.5690. It has also reduced the total
the ants should be evaluated. If a better path is discoveretbss in the system from 32.78 MW to 22.13 MW and at the
the process, it will be kept for the next reference. Thé beame time voltage profile is improved from 0.5313 p.u. to
path selected between all iterations engages the dpti®8780 p.u.. The tap setting for transformers 1 to 4
scheduling solution to the OTTCS. 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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TABLE |
OTTCS USING ACO WHEN BUS 29 LOADED
Loading Total Comp
Conditions | Analysis FVSI loss | Iter. Time T T, Ts T, Vi
(MVA) OTTCS (Mw) | o (sec) (p-u.)
pre 02111 | 18.12 0.943¢
Quzo= 10 post 0.1595 | 17.92 3 4133 1031  1.081  0.949  0.908.9903
pre 0.3573 | 19.39 0.8651
Quzo= 20 pos 0.290: | 18.61| 3 25.1¢ | 0.99C | 0.94¢ | 1.031 | 0.84¢ | 0.982¢
pre 0.5987 22.44 0.7524
Quz9= 30 post 0.4499 | 20.69 3 1491 0.887 1.072 1072 0.785.9463
pre 0.9942 | 32.79 0.531
Quzo= 38 post 0.5690 | 22.13 3 13.04 0949 1.092 0.949  0.785.8780
TABLE 1l
OTTCS USING EP WITH BUS 29 LOADED
Loading Total Comp
Conditions | Analysis FVSI loss | 'ter. Time T, T, Ts T, Vin
(MVAr) OTTCS (Mw) | o (sec) (p-u.)
pre 0.2111 | 18.12 0.9436
Quzo= 10 post 0.1615 | 17.82 6 74790 1053 0.965 0.995  0.918.9824
pre 0.3573 | 19.39 0.8651
Quze= 20 post 0.2936 | 18.63 6 623.44 0961 1.107 1.do4  0.850.9723
pre 05987 | 22.4¢ 0.752
Quz9= 30 post 0.4300 | 21.10 6 21597 1164 1179  1.047  0.786.9404
pre 0.9942 | 32.78 0.5313
Quz0= 38 post 0.6033 | 23.94 6 288.31 0778 1502 1.419  0.768.8422
TABLE 11l
OTTCS USING AIS WITH BUS 29 LOADED
Loading Total Comp
Conditions | Analysis FvSl | loss | '€ | Time T T, T T, Vin
(MVAr) oTTCS (Mw) | MO | (sec) (p.u)
pre 02111 | 18.12 0.9436
Quzo= 10 post 0.1614 | 17.81 3 9236f 1.052 0964 0495 0.918.9825
pre 0.3573 | 19.39 0.865]
Quzo= 20 post 0.29035 | 1863 3 638.88 0.961 1.107 1.003  0.850.9725
pre 0.5987 | 22.44 0.752h
Quz0= 30 post 0.42908 | 2110 3 467.80 1.164 1179  1.046  0.786.9407
_ pre 0.9942 | 32.78 0.5318
Quzo= 38 post 0.6048 | 2394 3 64758 0777 1502 1.019  0.768.8426

From TABLE I, at Q9= 38 MVAr; the values oFVSI
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 TABLE IV: COMPARATIVE STUDIES OF OTTCS

from 32.78 MW to 23.94 MW and at the same time voltade pre- post-OTTCS at @ =
profile is improved from 0.5313 p.u. to 0.8422 p.u.. The tap  Criteria OTTCS 38MVAr
setting for transformers 1 to 4 determined using EP are ACO EP AIS
0.778, 1.502, 1.019 and 0.768. This is achieved within FVSI 0.9942 0.5690| 0.6033 0.6048
288.31 seconds computation time in 6 iterations. Total loss (MW) | 32.78 22.13 23.94 23.94
From TABLE lll, at Q.9 = 38 MVAr; the values of Voltage (p.u.) 0.5313| 0.8780 0.8422  0.8426
FVSl at bus 29 identified by AIS technique is reduced from Comp. Time 13.06 | 288.31| 64758
0.9942 to 0.6048. It has also reduced the total loss in the—(S€C)

system from 32.78 MW to 23.94 MW and at the same time From the same table, EP and AIS managed to reduce the
voltage profile is improved from 0.5313 p.u. to 0.8426 p.UFVSI value to 0.6033 and 0.6048 respectively. From the
The tap setting for transformers 1 to 4 determined usi®y Aable, it is observed that ACO managed to reduce the
are 0.777, 1.502, 1.019 and 0.768. This is achieved witlfansmission loss value to 22.13 MW while EP and AIS
647.58 seconds computation time in 3 iterations. managed to reduce the transmission loss value to 23.94 MW.
TABLE IV tabulates the results of OTTCS af,6= 38 The total loss reduction is not far difference among
MVAr using all the three techniques (ACO, EP and AlShree techniques. This indicates that ACO is comparable
when voltage stability is taken as the objective furctiThe with EP and AlS. ACO was also able to obtain the highest
reduction in FVSI is the lowest performed using ACOvoltage profile improvement. It is observed that ACO
indicating the highest voltage stability improvement. It isianaged to improve voltage profile value to 0.8780 p.u.
observed that ACO managed to reduced fronFi¥8lvalue while EP and AIS only managed to improve the voltage
to 0.5690 from 0.9942. profile to 0.8422 p.u. and 0.8426 p.u. respectively; thus,
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highlighting ACO as the best technique for voltaghand, in Fig. 6 the bus voltage is higher with the
improvement. ACO is also observed to be the fastéstplementation of ACO as compared to EP and AIS. This
techniqgue as compared to the other two techniques. A@®eals the strength of ACO in improving voltage profile.
managed to converge to an optimal solution within 13.0@is has revealed the merit of ACO as compared to EP and
second, while EP and AIS consumed 288.31 second &iI& optimization techniques.

647.58 second respectively. From the results of comparative

studies, it is observed that ACO has outperformed EP and VI. CONCLUSION

AIS in all criteria concerning voltage stability improvemt, ACO has been developed for voltage stability improvement
loss minimization, voltage profile improvement and power system. The ACO algorithm for OTTCS was
computation time. This reveals the superiority of ACO ovevritten in MATLAB and tested on the IEEE 30-bus RTS.

the others. The results of this study were consequently compared with
other techniques such as EP and AIS. The implementation
065 : : : : — ACO for OTTCS was able to improve voltage stability
ogl | P A | condition by modify the tap setting value of transforrmer
: :;:i:’s the test system. Furthermore, the application of ACO for

<)
8

. OTTCS has outperformed EP and AIS in terms of voltage
R i 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

o
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o
&

FVSI at bus 29 (p.u.)
o
N
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Fig. 6: Voltage profiles monitored with load varegsbus 29
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