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Reactive power optimization in distribution systems considering load levels
for economic benefit maximization

Introduction. The need for electrical energy has been increased sharply due to hasty growth in industrials, social and economic
improvements. From the previous studies, it has been agreed that almost 13 % of the total power generated is wasted as heat loss at
distribution level. It has been extensively recognized that the node voltage profile along the distribution system can be enhanced under
steady state power transfer controlled by proper reactive power compensation. Capacitors have been acknowledged as reactive power
compensating device in distribution systems to achieve technical and economical benefits. Novelty of this work is the application of
Archimedes optimization algorithm for reactive power optimization in distribution systems so as to obtain an improved solution and also
a real 94-bus Portuguese network and modified 12-bus network has been taken and validated for three different load levels which are
totally new. Purpose of the proposed work is to maximize the economic benefit by reducing the power loss and capacitor purchase cost
at three different load conditions subject to satisfaction of equality and inequality constraints. Methods. The economic benefit has been
validated using Archimedes optimization algorithm for three load levels considering three distribution systems. Results. The
computational outcomes indicated the competence of the proposed methodology in comparison with the previously published works in
power loss minimization, bus voltage enhancement and more economical benefit and proved that the proposed methodology performs
well compared to other methods in the literature. References 17, tables 6, figures 6.

Key words: reactive power compensation, distribution system, power loss minimization, economic benefit, Archimedes
optimization algorithm.

Bcemyn. [lompeba 6 enexmpoenepzii pisko 3pocia uepe3 cmpimke 3pOCMAHHA NPOMUCTIOBOCI, COYIANLHUX A eKOHOMIYHUX NoainuieHs. 3
nonepeonix docniodicenb 6y0 cmanoeineno, wjo matidice 13 % yciei enexkmpoenepeii, wo uUpoOOIAEMbCS, BUMPAYAEMbCA MAPHO Y BUTAOI
empam menua Ha pieHi po3nooiny. 3a2anbHOBUIHAHO, WO NPoinL Hanpyau 8Y31a 63008 PO3NOOLILYOL cucmeMu Modce Oymu NOTNueHUl
npu nepeoaui NOMYNHCHOCMI 8 peNCUMi, WO BCMAHOBUBCS, KEPOBAHOI BIONOGIOHON KOMNEHCAYIEND PeaKmueHoOi NOMYNCHOCHII.
Konoencamopu 6ynu 6usHaHi sIK NpUCMpoi KOMREHCAYii peakmueHoi NONYI’CHOCME 8 PONOOLIbYUX CUCIEMAX OISl OOCACHEHHS MEXHIUHUX
ma exonomiunux nepesae. Hoeusna yiei pobomu nonsieae y 3acmocyeanmi aneopummy onmumizayii Apxiveoa ons onmumizayii peaxmugHoi
NOMYHCHOCTI 8 PO3NOOLNLYUUX CUCEMAX 3 MEMOI0 OMPUMAHHS NOKPAWEHO20 DIlUeHHs, d MAaKodc OYI0 63AMO ma NePesipeno peanbhy
nopmy2anscoKy mepesicy 3 94 wiunamu ma Moougikosary mepexcy 3 12 wunamu 01 mpoox pisHux pieHie HABAHMANCEHHS. SKI AOCONIOMHO
Hosi. Mema 3anponoHo8anoi pobomu noiseac 6 momy, wjod MAaKCUMI3y8amu eKOHOMIUHULL eeKm 3a PAXyHOK SHUMICEHHS 6mpanm
nomysicHocmi ma 8apmocmi Kynieii KOHOeHcamopa 3a mpboX PI3HUX PedCUMI8 HABAHMAJICEHH 3ad YMOSU OOMPUMAHH 00MediceHb
pisHocmi ma HepieHocmi. Memoou. Exonomiunuii egpexm 6y10 niomeepoiceHo 3 BUKOPUCIAHHAM aeopummy onmumizayii Apxivmeoa ons
MpbOX pIGHIE HABAHMAICEHHA 3 YPAXYBAHHAM MPbOX cucmem po3nodiny. Pesynbmamu pospaxyuxie nokazanu KomnemeHmHicmo
3aNPONOHOBAHOT MEMOOON02IT NOPIGHAHO 3 paHiuie OnyOIIKOSAHUMU POOOMAaMU @ 2auy3i MIHIMI3aYIl 6mpam NOMYHICHOCH, NIOGUUEHHS.
Hanpyau Ha wuHi ma Oinbuoi eKOHOMIYHOT 8U200U, A MAKOIIC D0BENU, WO 3ANPONOHOBAHA MEMOOON0RIs 0Ope NPAYIOE NOPIGHAHO 3 THUUMU
memoodamu 6 nimepanmypi. bion. 17, Tabn. 6, puc. 6.

Knrouosi cnosa: koMmneHcanisi peakTUHBHOI NOTY>KHOCTi, po3NoJijibua cucreMa, MiHiMi3aliss BTpaT noTy:KHOCTi, €eKOHOMiYHH
edexT, AJIrOPUTM onTHMi3anii ApximMena.

Problem definition. Now-a-days modern distribution
systems (DSs) are becoming large and difficult causing
reactive currents to raise losses result in increased ratings for
distribution components. The power loss and the reduction in
bus voltages in the DS are disturbing the whole power
system performance which can be effectively controlled by
proper position and sizing of reactive power compensating
device thereby reduction in economical loss.

It is widely recognized that installation of shunt
capacitors reduces a portion of power loss of the DS, which
in turn increase the overall efficacy of the power delivery.
The other benefits such as sub-station power factor
improvement, better power flow control; enhancement in bus
voltage profile; system stability improvement; reduction in
total kVA demand and feeder capacity release can be
possible only when the capacitors are located at optimal
locations with appropriate capacity [1]. Hence optimal
capacitor placement problem is a complex, combinatorial,
mixed integer and non-linear programming problem with a
non-differential objective function due to the fact that the
costs of the capacitor varies in discrete manner. Selection of
appropriate nodes and determination of optimal capacitor
sizing are the two main steps to obtain the best result in
capacitor allocation problem.

Related past publications. Polar bear optimization
algorithm (PBOA) as optimization method, optimal

allocation and sizing of capacitors has been presented in [2].
Application of Clonal Selection Algorithm (CSA) for
optimal capacitor placement problem has been presented in
[3]. Loss sensitivity constant based optimization of capacitor
allocation problem using analytical method has been
proposed in [4]. Water cycle algorithm (WCA) and grey
wolf optimizer (GWO) as optimization tools, optimal
capacitor placement and sizing has been analyzed in [5]. Six
test systems were considered to prove the efficacy of the
proposed method. Optimal reactive power optimization in
radial DS using Weight Factor based Improved Salp Swarm
Algorithm (ISSA-WF) has been reported in [6]. In [3-6] was
discussed reactive power optimization considering 3 load
levels. Py, reduction cost and capacitor investment cost are
taken as objective function [2-6]. Reduction in Py, Ofoss
and voltage stability maximization as objective, optimal
allocation and sizing of real and reactive power
compensation devices using CSA as optimization tool has
been performed in [7]. P, reduction, voltage stability
maximization, profit maximization as objective, allocation of
capacitors using Loss Sensitivity Factor (LSF) has been
presented in [8]. CSA has been utilized to find out the
necessary sizing. Chu and Beasley Genetic Algorithm
(CBGA) as optimization method, reduction in P, and
capacitor cost as objective, reactive power compensation
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using capacitors has been suggested in [9]. Py, reduction as
objective, optimal allocation of capacitors using Mixed-
Integer Second-Order Cone Programming (MI-SOCP) has
been done in [10]. P, minimization, voltage stability
enhancement and capacitor cost reduction as objective,
optimal location of capacitors using LSF has been done in
[11]. Appropriate sizing of capacitors are done by Modified
Teaching Learning Based Optimization (MTLBO)
algorithm. Reactive power compensation in radial DS using
Particle Swarm Optimization (PSO) and Dice Game
Optimizer has been presented in [12]. However it is to be
noted that the reactive power compensation using PSO (4
nodes) exceeds the total maximum reactive power demand
of the DS taken for evaluation.

Proposed work. In this study, Archimedes
Optimization Algorithm (AOA) which is powerful in solving
wide range of optimization problems has been engaged to
solve the objective function due to its merits such as good
convergence acceleration, lower plainly of stuck in local
optima, accelerated process in getting excellent solutions and
has higher feasibility and efficiency in producing global
optima. Capacitor sizes in discrete steps are taken for
validation. No sensitivity factor (based on loss or voltage) has
been utilized to select the most appropriate buses for reactive
power compensation. Single objective function comprising
capacitor purchase cost with cost based Py, reduction has
been evaluated under three load levels subject to maintain all
the constraints within its permissible limits. The proposed
method has been tested and evaluated with the help of the
modified 12-bus test system, standard IEEE 33 bus system
and 94-bus Portuguese DSs using MATLAB coding.

The purpose and contribution of this work is to
yield a better solution for reactive power compensation.
Taking into consideration the above published studies, the
contributions of this work include:

1. Suggestion of futuristic AOA to solve the objective
function (with decreased / increased load demand);

2. Utilizing a new modified 12-bus test system for
reactive power optimization;

3. Considering 3 load levels for capacitor allocation
and sizing for 94-bus Portuguese DS.

Problem of statement. The objective function is to
obtain maximum economic benefits by optimal placement
and sizing of shunt capacitors in the radial DS while
satisfying both system equality and inequality constraints.

Objective function is:

TCN
[Kc x ZQC(Z)J
Minimize = ( !

Kp_x(1pES ~TPAY )’

where K¢ is the cost of capacitor (discrete), $; Oc, is the
capacity of capacitor at /™ node, kVAr; TCN is the
number of capacitor nodes; Kp,; is the cost of real power
loss, $; TPy, is the total real power loss, kW; AO means
after optimization; BO means before optimization.
Subject to equality constraints:
TCN

Ous = 2.0p + 2. 0c(1) - TO/S =0, )
l

()

where Qs is the reactive power from main source, kVAr;
Op is the reactive power demand, kVAr; TQ; . is the total
reactive power loss, kVAr.

Inequality constraints are:

02 < Qo) <CEf) ®
Vér)lm <V < V(?)lax : 4)
TCN
o
ZQC(Z) = (ZQD +TQ£0SS )» (5)
/
where V; is the voltage at "™ node (p.u);
TNB
TPposs = ZPLoss(m, m+l)
m=0
and
2 2
B+ O

PLoss(m, m+1) = X R(m, m+1) s

Z
where R, is the resistance of the branch m; P, is the real
power of the branch m, kW; Q,, is the reactive power of
the branch m, kVAr; TNB is the total number of branches.

Practical capacitors are available in standard capacities
which are the multiple integer values of the smallest size

denoted as Qg . The per kVATr cost of the capacitor changes

across its sizes which are available commercially. The
available capacitor sizes are typically taken as

OF™ =4x QL. ©)

Thus for each capacitor installation node, the sizes are 4
times that of capacitor size (i.¢) { 02,200,302, ...A02},
where 4 is an integer multiplier.

In this paper, recursive function and a linked-list data
structure designed power flow [13] has been used which
have advantages of solving power balance equation for radial
nature of DS, low X/R system and also the ability to update
easily to accommodate the reconfiguration technique and
embedded generation.

Solution methodology. In [14] proposes a
population based metaheuristic optimization algorithm
called AOA inspired by the law of physics called as
Archimedes’ principle. In order to find global optimal
solutions, AOA keeps a population of solutions and
examines a huge area. Hence this work considers AOA as
optimization tool to solve capacitor allocation problem
anticipates that AOA maintains a good balance between
exploration and exploitation. Similar to other population
based algorithms, AOA begins the search procedure with
initial Solution Vectors (SVs) with random volumes,
densities, and accelerations. Also each object is set with
its arbitrary location in fluid. During the evaluation
process, AOA updates the density and volume of every
object in every iteration and based on the condition of its
collision with any other adjacent object the acceleration is
being updated. The updated new solution vectors (density,
volume, acceleration) replace the existing positions. The
mathematical model of AOA is discussed below.

Process 1. Initialize the SVs randomly using (7):

oby = BLTM 4 [mnd X (BLI;*‘X — pLin )} d=123...,(7)
where ob, is the d™ object in a SV of N objects; BL™" and
BL™ are the minimum and maximum values of the

search agent respectively; rand is the M dimensional
vector randomly generates number between 0 and 1.
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Equation (8) indicates the acceleration initialization of
d" object. Estimate the object with the best fitness value:

acy = BLE?lin + lrand x (BLZ;lax - BL;™ )J (8)
Process 2. The volume and density for each object d

for the iteration IT+1 is updated using (9). Assign x”, de”"
vo” and ac”':

deé;TJrl = deér + |rand x (degt - deér)

)
voéﬂl = voéT + |rand x (vogt - voéT)

where vo” and de” are the volume and density connected
with the best object established so far; IT is the current
iteration.

Process 3. During the commencement of process in
AOA, collision between the objects occurs and drives the
objects towards the equilibrium state after a specified
period done by a transfer operator (TO), which changes
search from exploration to exploitation as given in (10).
The value of TO increases gradually towards 1:

TO = exp{%} ,

max

(10)

where TO is transfer operator.

In the same way, density decreasing factor g also
helps AOA in achieving global to local search with
respect to time using (11):

/T4l =exp{1T_ITmax:|_{ T }’
ITmaX ITmaX

where g'""! decreases with respect to time which gives the
capability to converge in previously recognized promising
value. To achieve a good balance between the exploration
and exploitation process, appropriate control of this
variable must be confirmed.

Process 4. As already discussed, collision between
the object occurs, if the value of TO is less than or equal
to 0.5. Select a Random Material (MR) and update
object’s acceleration for iteration /7 + 1 using (12):

(11)

T+1 _ deyp +voyg X acyp
ClCd =

2
deéTH « voéTH

(12)

where de;, voy and ac,; are the density, volume, and
acceleration of object d; acygr, deyr and voyy are the
acceleration, density, and volume of MR respectively. It
is significant to state that TO is less than or equal 0.5
conforms the exploration during one third of iterations.
However, if TO value is greater than 0.5 no collision
between objects occurs and hence update the object’s
acceleration for iteration /7+1 using (13):

2T+ — deP +voP" x ac”

deéTH % voéTH

) (13)

where ac” is the acceleration of the best object.
Process 5. To calculate the percentage of change,
normalize the acceleration using (14):

IT+1 Clcér-'—1 —ACp;i

+ min

acy_por =bx +k (14)
e ACmax ~ Cpmin ,

where b and £ are the range of normalization and set to 0.9
and 0.1, respectively. The left-hand side of (14) regulates
the % step that each agent will change. The value of
acceleration is high when the object d is far away from the
global optimum, which indicates that the object will be in
the exploration phase; or else, in exploitation phase. Under

normal case, the acceleration factor starts with larger value
and moves towards the lower value with time.

Process 6. If the object d is in exploration phase, the
updation has been done using (15) and if the object d is in
exploitation phase then updation has been done using (16)

P = B rand et x g xlvyna —7 ) (19
xfi”l = xétT + F'x Py xrand x acéTj,',lor X (16)
X gx (T X Xyand ~ xéTH)

where T increases with respect to time and directly
proportional to TO and is defined as 7= P; x TO; F is the
flag to change the direction of motion. The value of F is
+1 for P is less than or equal to 0.5, otherwise —1.
The value of P is calculated as:
P =2 Xrand — P,.
Below is the pseudo code for AOA [14].

Set the population size (N), total number of iterations (Itmax)
Fix the value for P;, P,,P; and Pyas 2, 6, 2 and 0.5 as
mentioned in [13 ].

Initialize the population, random positions, densities,
acceleration and volumes using (7) and (8)

Evaluate the initial population and select the one with the best
fitness function value

Set the iteration count IT=1

while (IT < IT,,,,) do

for each search agent ‘d’ do

Update density and volume of each object using (9)

Update TO and ‘g’ using eqn. (10) and (11) respectively

if TO <0.5 then (Exploration phase)

update the acceleration using (12) and normalize acceleration
using (14)

update the position using (15)

else (Exploitation phase)

update acceleration using (13) and normalize acceleration using
(14)

update direction flag ‘F’ using (17)

update the position using (16)

end if

end for

evaluate each object and select the one with the best fitness
function value

set IT =IT+1

end while

return object with the best fitness value

end of procedure

0]

Test parameters, results and discussions. To prove
the usefulness of the proposed optimization algorithm
(AOA), in minimizing the P, with enhancement in bus
voltage and maximizing the economic benefit, 3 radial
power DSs such as modified 12-bus, IEEE 33-bus and
Portuguese 94-bus DS have been considered in this work.
The single-line diagrams of all the test systems before
optimization (BO) are shown in Fig. 1-3.

Power
Flow 1 2 3 4 5 6 7 8 9 10 11 12
R

F T T Trrrrrorid

Slack Bus
Fig. 1. Indian 11 kV, 12-bus system (BO)

For all the test cases, bus number 1 has been
considered as substation bus/slack bus whose bus voltage is
fixed as 1 p.u. The remaining buses are considered as load
buses and capacitor will be installed in any of the potential
load nodes that require compensation.
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Fig. 2. IEEE 33-bus test system (BO)
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Fig. 3. Real 94-bus Portugal test system (BO)

In this work, maximum number of nodes for capacitor
installation is limited to 3 for all the test systems. The
algorithm parameters details such as agent size and number
of iterations are selected as 800 and 100 respectively. The
variables used to calculate the net savings per annum are
power loss cost $168/kW/year and the cost data pertaining
to commercially available capacitor sizes ($/kVAr) used in
this work has been taken from [9]. Table 1 reveals the
parameter results pertaining to BO.

Modified 12-bus test system. First radial test system
is a modified 12-bus single feeder Indian DS which has 12
nodes and 11 branches. Further details of this DS can be
found in [15, 16]. However, similar to [17], the loads on
each bus are multiplied by five (both active and reactive
power). The base kV and base MVA are 11 kV and 100
MVA respectively.

Table 2 reveals the results obtained by the proposed
method under 3 load levels After Optimization (AO).
Verifying Table 1 and 2, it is obvious that the power loss has
reduced between 47.5 % and 61.5 % by injecting 86.4087 %,
93.5 % and 854276 % of the total (Op + Orosso)
respectively. The minimum bus voltage has enhanced by
5.1522 %, 11.832 % and 32.273 % respectively at bus
number 12. Considering the cost factor, the change in power
loss cost (APp,;) cost is $12561.2424, $37174.77 and
$112947.93 respectively. Thus the total economical benefit
is found to be between 47 % and 61 % compared to BO.

Table 1

Parameter details of test systems under 3 different load levels — BO

Load level|Load demand, kVA| Pross T ] Orosss K<VA |Bus voltage, p.u.|Cost of Pp e, $

Modified 12-bus DS

50 % 1087.5 +j 1012.5 | 153.0848 +j 59.2462 0.8443 (12) 25718.2464

75 % 1631.2 +j 1518.8 | 420.1375 +j 161.9583 | 0.7387 (12) 70583.1

100 % 2175+ 2025 1090.7 +j 416.8654 0.5689 (12) 183237.6

IEEE 33-bus test DS

50 % 1857.5+j 1150 48.7903 + 33.0487 0.9540 (18) 8196.7704

100 % 3715 +j 2300 211 +j143.135 0.9038 (18) 35448

160 % 5944 +j 3680 |603.4843 +j410.2165| 0.8360 (18) 101385.362

Real 94-bus Portuguese DS

50 % [2398.5+j1161.95| 79.6036 +j 110.9393 0.9299 (33) 13373.405

100 % 4797 +j2323.9 [361.67636 +j 503.7688| 0.85413 (33) 60761.63

160 % |7675.2+j3718.24 1155.5+j1595.2 0.7242 (33) 194124

Table 2
Performance of AOA — modified 12 bus system — all the 3 load levels
Parameter details 50 % load levels | 75 % load levels | 100 % load levels
P (AO), kKW 78.3155 198.8591 418.3909
P, reduction, % 48.842 52.6681 61.64
300 (4) 450 (4) 900 (5)
Capacitor nodes, kVAr 300 (7) 600 (7) 600 (8)
300 (10) 450 (10) 450 (10)

Vigins P-U 0.8878 0.8261 0.7525
Py, cost (AO), $/year 13157.004 33408.3288 70289.6712
Cost of capacitor, $/(kVAr-year) 315 359.7 410.55
Net savings, $ 12246.242 36815.0712 112537.3788
Economic benefit, % 47.61694 52.1585 61.4161

Figure 4 shows the graph of the bus voltages before
and after optimization. From Fig. 4, it is visible that
drastic fall in voltages are evidenced from bus number 1
to 5 and 7 to 9 compared to other buses both BO and AO.

Two ways of comparison (IEEE 33-bus) have been
given from Tables 3 to 5 — one based on P, reduction
and the other based on economic benefits.

IEEE 33-bus test system. The next DS is a renowned
system which has 33 nodes, 32 main branches and 5 looping
branches as shown in the Fig. 2. The details pertaining to
IEEE 33-bus can be taken from [10]. The base kV and base
MVA of this test system are 12.66 kV and 100 MVA
respectively. For this DS the comparison have been shown in
2 ways. First one based on Py, reduction alone and second
one based on P, as well as economic benefit.
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MODIFIED 12 BUS SYSTEM
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Fig. 4. Bus voltage — modified 12 bus — all load levels

From Tables 3 to 5, it is obvious that the P;,, has
reduced by around 32.1 %, 34.4 % and 36.945 % respectively
after optimal reactive power support of 77.543 %, 83.03 %

ok OO ON =

BUS NUMBER

6 7 8

and 86.174 % of the total (Op + Oposu0), at 3 optimal
nodes considering 3 load levels. The bus voltage has
enhanced by 1.4465 %, 3 % and 6.746 % respectively.
The change in the P, cost is found to be $2630.93,
$12194.112 and $37456.858 and the net annual financial
benefits are between 28 % and 36.5 %.

Tables 3-5 discuss the comparison between AOA and
other methods in the literature for 50 %, 100 % and 160 %
load levels individually [2-10]. Considering 50 % load level
and from Table 3, AOA achieves better performance
compared to [2-5] in terms of Pp, reduction and economic
benefit. Taken into consideration the cost factor, AOA
achieves more than 1 % compared to [5]. However, AOA
equals ISSA-WF. Considering 100 % load level and from

12 Table 4, AOA achieves better performance in terms of Py
reduction and net economic benefit compared to [2, 6-10].
From Table 4, it is witnessed that the difference in Py,

reduction and economic benefit are minuscule compared to
[6, 9, 10]. Finally, under 160 % load level and from Table 5,
the performance of AOA is better than [3-6].

Table 3
Performance of AOA — IEEE 33 bus — 50 % load — Py, and economic based comparison
Parameter details PBOA [2] CSA [3] Analytical [4] GWO [5] | WCA [5] | ISSA-WF [6] AOA
P (AO)/ 48.7868 / 32.0895/ 33.04/ 3242/ 3243/ 33.13/ 33.13/
P, (BO), kW 35.03134 47.0709 47 47.07 47.07 48.7903 48.7903
P, reduction, % 28.195 31.8273 29.8 31.12 31.1 32.097 32.097
. . 125 (13) 150 (12) 300 (14) 300 (5) 300 (5) 300 (6) 300 (6)
Cﬁ{’,"j:;}ﬁf);‘:: 72 (28) 100(24) 250 (30) 150 (12) | 150 (12) 150 (14) 150 (14)
162 (29) 600 (30) 170 (32) 300 (29) | 300 (29) 450 (30) 450 (30)
V i P-U 0.966 0.9678 (18) 0.9734 (18) 0.9694 (18) | 0.9687(18) | 0.9678 (18) [0.9678 (18)
P, cost (AO), $ — - — 5446.56 5448.24 5565.84 5565.84
Cost of capacitor,
$/(kV Ar-year) - - - 285 285 293.85 293.85
Net savings, $ — - - 2176.2 2174.52 2337.08 2337.08
Economic benefit, % - - - 27.52 27.49856 28.5122 28.5122
Table 4
Performance of AOA — IEEE 33 bus — 100 % load — P, and economic based comparison
Parameter details PBOA [2] CSA [7] CSA[8] | CBGA [9] |ISSA-WF[6]| MI-SOCP [10] | AOA
Pross (AO) / 135.1018 / 138.54/ 138.65/ 138.416/ 138.511/ 138.416/ 138.416 /
P, (BO), kKW 202.6774 210.99 210.99 211 211 210.987 211
P, s reduction, % 33.33 34.338 34.286 344 34.355 34.395 34.4
Capacitor size, 318 (6) 495(11) 450 (11) 450 (12) | 450 (12) 450 (12) 450 (12)
oV Ar/odes 294 (13) 500(24) 400 (24) 450 (24) | 600 (24) 450 (24) 450 (24)
709 (29) 946(30) 950 (30) 1050 (30) 1050 (30) 1050 (30) 1050 (30)
V i P-U 0.9365 (18) 0.9321 (18) | 0.9321 (13) 0.93 (18) ]0.93093 (18) - 0.9309 (18)
Py, cost (AO), $ — — — 23253.888 | 23269.9 23253.888 | 23253.888
Cost of capacitor,
$/(kV Ar-year) - - - 467.10 485.25 467.10 467.10
Net savings, $ — - - 11727.012 11692.9 11692.9 11727.012
Economic benefit, % — — — 33.0823 32.9861 32.98607 33.0823
Table 5
Performance of AOA — IEEE 33 bus — 160 % load — P, and economic based comparison
Parameter details CSA [3] Analytical [4] GWO [5] WCA [5] ISSA-WF [6] AOA
Pross (AO) / 393.2709 / 384/ 364.82/ 368.56 / 381.1067 / 380.5268 /
P, (BO), KW 575.3682 575.36 575.36 575.36 603.4843 603.4843
P, reduction, % 31.64883 33.21 36.5927 35.943 36.849 36.945
. . 550 (12) 840 (14) 1200 (5) 1050 (5) 600 (13) 600 (12)
Cﬁ{’,fgﬁf);‘:: 100 (24) 650 (30) 450 (13) 600 (12) 1050 (24) 1050 (24)
1050 (30) 520 (32) 1200 (29) 1050 (29) 1650 (30) 1650 (30)
V in> P-U 0.8528 (18) 0.9 0.8982 (18) 0.8982 (18) 0.8924 (18) 0.8921 (18)
P, cost (AO), $ - — 61289.76 61918.08 64025.926 63928.5024
Cost of capacitor,
$/(kV Ar-year) - - 521.85 610.8 689.85 689.85
Net savings, $ — — 34848.87 34131.6 36669.5844 36767
Economic benefit, % — — 36.0529 35.3108 36.16852 36.2646
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Figure 5 reveals the bus voltage profiles of IEEE 33
bus test system under three different load levels. From
Fig. 5 it is evident that bus voltage has improved well in
all the load buses.

IEEE 33 BUS SYSTEM

o
w©
S

——50% LOAD (BO)
——50% LOAD (AO)
——100% LOAD (BO)
——100% LOAD (AO)

BUS VOLTAGE PROFILE (p.u.)
o
=

Portuguese 94-bus test system. Final test system
taken for evaluation is a real 94-bus Portuguese DS which
has 94 nodes, 93 branches and 22 laterals. The base kV and
base MVA of this test system are 15 kV and 100 MVA
respectively. The line and load data for this real test system
can be viewed in [11].

From Table 6 it is observable that the P;,, has
reduced between 21 % to 34 % after reactive power
injection of above 95 % of the total (Op + Qpross40)), at 3
optimal nodes considering 3 load levels. The difference in
bus voltage enhancement is found to be between 3 % and
16.75 %. The change in power loss cost (APp,) after
reactive power compensation is $2854.488, $15871.296
and $65333.352 respectively considering 3 load levels.
Thus the net annual economic benefit is found to be
between 19 % and 33.3 %. By comparing the Pp,0)

os4r —123'-2 tg:g 5333 ] with [11], AOA achieves better performance.
0.82 _— Figure 6 shows the graph of the bus voltages before
1 4 7 10 13 16 19 22 25 28 31 33 . . .
BUS NUMBER and after compensation. From Fig. 6, it is observable that
Fig. 5. Bus voltage — IEEE 33-bus — all load levels enhancement of bus voltage is better in all the buses.
Table 6
Performance of AOA — Portugal 94-bus — all load levels — P;,,, based comparison
. AOA
Parameter details | GA [11]| PSO [11]| TLBO [11]) MTLBO [11] o505 an 0 571609, Toad levels | 160% load levels
P (AO)/ 279.1/ | 301.5/ 27898/ 269.91/ 62.613/ 268.386 / 766.611/
P, (BO), kKW 362.858 | 362.858 362.858 362.858 79.6036 362.8578 1155.5
P, reduction, % 23 16.91 23.1 25.63 21.3444 26.035 33.6555
450 (65) | 650 (58) | 800 (39) 850 (58)
Capacitor size, | 450 (73) | 450 (73) | 450 (72) | 400 (72) ‘1‘28 823 ;gg 88; 1920000((1250))
kVAr/nodes 600 (84) | 450 (84) | 500 (83) 500 (84) 450 (57) 900 (58) 1500 (57
250 (87) | 300 (90) | 300 (90) 250 (89)
Viins P-U 0.9094 | 0.9124 0.9039 0.9065 0.9584 0.9065 0.8454
P, cost (AO), $ 46888.8 | 50652 46868.64 45344.88 10518.984 45088.848 128790.648
Cost of capacitor,
SV Areycan) - - - - 302.7 578.7 670.2
Net savings, $ — — — — 2551.788 15292.596 64663.152
Economic benefit, % — - — — 19.08106 25.16818 33.31023
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Fig. 6. Bus voltage — Portugal 94-bus — all load levels

Conclusions. In this paper, a new powerful swarm
intelligence algorithm has been utilized to solve the cost
based objective function which is the combination of
power loss P, cost with capacitor investment cost so as
to get more economic benefits under 3 different load
levels. The merits of adopting Archimedes optimization
algorithm for this problem have already been discussed.
The proposed method has been successfully applied to a

new modified 12-bus, standard IEEE 33-bus test system
and a real 94-bus Portuguese test systems. Following are
the key points which are worth noted:

1. No sensitivity factor based optimal node selection for
reactive power compensation has been adopted in this paper.

2. Considering modified 12-bus system, an overall P,
reduction (under 3 load levels) of around 49 % to 62 % with
economical benefit of 47.6 %, 52 % and 61.4 % have been
observed. Regarding standard IEEE 33 bus system, the
overall P, reduction is found to be between 32 % and 37 %
with economical benefit of 28.5 % to 36.246 % have been
witnessed. Finally, considering practical 94-bus test system,
the P, reduction under 3 load levels are seemed to be
between 21 % to 34 % with economical benefit of 19 % to
33.3 % are evidenced.

3. Considering the standard IEEE 33-bus system and
94-bus real Portuguese system, the performance has been
analyzed and compared to the recent methods presented in
the literature. It is obvious that the difference in Py
reduction and economic benefit achieved by the proposed
method are found to be better and significant. Hence
Archimedes optimization algorithm has been recommended
to be another strong and efficient method to solve capacitor
allocation problem in terms of Pj,, reduction, bus voltage
enrichment and economic benefit.
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