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ABSTRACT In recent years, the substantial upsurge of electricity demand has directly impacted the
performance of the distribution networks concerning the active power losses and voltage drops. In such
circumstances, the distributed generators (DGs) could uphold these concerns if they are optimally deployed
in terms of sizing and placement. For this reason, in current research, the optimal deployment of DGs has been
proposed with the plant propagation algorithm (PPA) to simultaneously maximize the total active power loss
reduction and to upgrade the magnitude of the minimum bus voltage. Alongside, the authors have examined
four rounds of DGs. In that context, the optimal deployment of one DG is investigated in the first round. In
each succeeding round, the number of DGs is increased: in the second round, this investigation is carried
out for two DGs, for three DGs in the third round, and finally, for four DGs in the fourth round of the
investigation. The effectiveness of the proposed PPA has been tested on IEEE 33 and 69-bus test networks in
the load flow analysis, and results are compared with the standard optimization algorithms. Thereafter, a post
deployment economic assessment based on loss calculation has been undertaken out as well. The ANOVA
test has also been performed for statistical evaluation of standard algorithms. The simulation results exhibit
that the proposed algorithm outdo other algorithms both technically and economically. It has been seen that
as the deployment of DGs is increased, the total active power losses and voltage drops are also reduced.
In terms of economic assessments, the total cost decreases with the increased deployment of DGs in IEEE
33-bus test network, whereas, the total cost increases with the increased deployment of DGs in IEEE 69-bus
test network.

INDEX TERMS Distributed generators, load flow analysis, sizing and placement of DGs, total active power
losses, voltage drops, test networks, plant propagation algorithm (PPA).

NOMENCLATURE
AIS Artificial immune system
ACO-ABC Ant-colony-Artificial bee colony
ALO Ant-lion optimizer
ANOVA Analysis of variance
ASFLA Adaptive shuffled frog leaping algorithm
BA Bat algorithm
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BFA Bacterial foraging algorithm
CDE Chaotic differential evolution
CSA Chaotic sine cosine algorithm
CSFS Chaotic stochastic fractal search
DG Distributed generator
EMA Exchange market algorithm
GA-GSA Genetic-gravitational search techniques
GSA-GAMS Gravitational search algorithm-general

algebraic modelling system
GWO Grey wolf optimizer
HA Hybrid algorithm
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HGWO Hybrid grey wolf optimizer
HSA Harmony search method
MI Maximum iterations
PPA Plant propagation algorithm
PSAT Power system analysis toolbox
QOCSOS Quasi-oppositional chaotic symbiotic

organisms search
SKHA Stud krill herd algorithm
SPEA2 Strength pareto evolutionary algorithm 2
SSA Salp swarm algorithm
TLCHS Teaching learning combined with

harmony search
WCA Water cycle algorithm
WIPSO-GSA Mixed weight improved particle swarm

optimization-gravitational search
EHO Elephant herding optimization
IHSA Improved harmony search method

I. INTRODUCTION
In the last few decades, the load demand has grown exten-
sively [1]. As a result, the overall line losses and voltage
drops are also increased in the electrical networks. Given the
fact that reactance to resistance ratio is comparatively low in
the distribution networks than in the transmission networks,
therefore, the line losses and voltage drops are more signif-
icant in the distribution networks [2]. One solution to boost
the entire profile of the line losses and bus voltages leads to
the reinforcement of distribution networks [3], [4]. However,
it has turned out that only 20% of the reinforcement serves the
peak load demand for only 5% of the total operating time [5].
Another solution leads to the incorporation of the DGs into
the distribution systems. In recent years, the penetration level
of DGs has a drastic growth due to their limited commis-
sioning time [6], [7]. The integration of DGs outcome in an
economical solution provided to their optimal deployment,
as they can inject/absorb both active and reactive powers.
In this way line losses and voltage drops could be minimized
and the overall steadiness of the system increases [8], [9].

In the published literature, numerous authors have exam-
ined the deployment and allocation problem of DGs in IEEE
33 [10] and 69-bus distribution networks [11] to minimize
the power losses and to improve the bus voltages. In [12],
the authors have proposed ALO to size and locate one as
well as two DGs. In [13], a PSAT based provision of one
DG is presented. The authors in [14], have utilized ALO to
optimally site PV based one and twoDGs. In [15], the authors
have implemented CSFS optimizer to find numbers, sizes,
and sites of multiple DGs. In [16], a GWO is proposed for
the allocation of one to two DGs to cater voltage stability
and losses. The authors in [17], have introduced an EMA
for the sizing and siting of both one and two DGs in the
above-mentioned test networks. In [2], the optimal allocation
of a DG is envisioned to accommodate the power flow, volt-
age stability, power factor, and line losses. In [18], the authors
have employed the CDE optimizer for the DGs’ placement.

In [19], the authors have proposed a mixture of GA-GSA
for a DG incorporation. In [20], a mixed WIPSO-GSA is
proposed to install two DGs along with capacitors in the
above-mentioned test networks.

In [21], the authors have proposed an HSA to scale three
DGs in the test networks. In [22], a BFA has been proposed
for the scaling of three DGs as well. The authors in [23],
have presented a mixed ACO–ABC for the deployment of
three DGs. Similarly, in [24], the authors have employed
BA to scale PV systems’ sizing in test networks. In [25],
a HA to cater the power losses and voltage instability has
been proposed with the deployment of three DGs. The HA
uses an analytical variant of PSO. The authors in [26], have
introduced an HGWO for the Indian networks to allocate
three DGs. The authors in [27], have integrated three DGs in
Portuguese 94-bus grid by using SKHA. In [17], the authors
have exploited EMA for deploying three DGs in the con-
sidered networks. Analogously, the authors in [28], have
applied SPEA2 to optimally integrate three DGs into the test
networks. In [29], the authors have proposed the WCA to
optimally size and site the three DGs in parallel to capacitors
in the distribution systems. In [30], an SSA has been selected
for locating the three DGs with capacitors in the distribu-
tion networks as well. In [31], an ASFLA for the optimal
allocation of three DGs is selected. In [19], a combined
GSA-GAMS has been availed for the optimal deployment of
three DGs in the distribution networks. Similarly, the authors
in [32], have tested the QOCSOS algorithm to search for
the optimal locations of three DGs. In [33], a CSCA has
been practiced for three DGs placement in the distribution
networks. In [34], a combined TLCHS optimizer is tested to
scale and site the four DGs in the distribution networks. The
authors in [35], have utilized GA to optimally deploy one,
two and three DGs into the IEEE 33-bus test network. In [36],
the authors have presented an AIS to optimally deploy DGs
in IEEE 33 and 15-node test systems. The authors in [37],
have presented EHO to optimally size and place DGs in IEEE
15, 33 and 69-bus test networks. The authors in [38], have
employed IHSA to size and site three DGs in IEEE 33-bus
test networks.

A. RESEARCH GAP
From the above literature surveys, following observations
could be observed:

• A large portion of authors have investigated the line
loss and voltage drop problem by the optimal deploy-
ment of DGs in the IEEE 33 and 69-bus distribution
networks. Some of the authors have investigated the
deployment of one DG, a few authors have investigated
the deployment of two DGs and some authors have
investigated the deployment of both one and two DGs
in the test networks. Most of the authors have inves-
tigated the deployment of three DGs in the test net-
works. The deployment of four DGs has been seen to be
very rare.
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• Besides, the deployment of several DGs in multiple
rounds has been seen to be lacking in a single paper in
the same test networks as well.

• Apart from that, the post deployment economic assess-
ment based on loss calculation is also seen to be
undiscovered.

• In the context of solution algorithms, the standard algo-
rithms like ALO, CSFS, GWO, EMA, GA, OCDE,
GA-GSA, LSF, ACO-ABC, BA, HA, HGWO, SPEA2,
SSA,GSA-GAMS,QOCSOS, CSCA, TLCHS andCDE
have been used to get the optimal solution. The applica-
tion of PPA has been seen to be uncharted for optimal
deployment of DGs in the distribution networks.

• The statistical analysis of the algorithms using standard
methods like ANOVA has also been seen to be rare in
the existing literature.

B. MAIN CONTRIBUTIONS
In current paper, the authors propose following contributions:

• The line loss and voltage drop problem in IEEE 33 and
69-bus test networks has been investigated in multiple
rounds such that in the first round the optimal deploy-
ment of a one DG is investigated, in the second round the
optimal deployment of two DGs is investigated, in the
third round the optimal deployment of three DGs is
investigated and in the fourth round the optimal deploy-
ment of four DGs is investigated. The objective function
is to simultaneouslymaximize the total active power loss
reduction and to upgrade the magnitude of the minimum
bus voltage.

• A post deployment economic assessment based on loss
calculation has been undertaken as well in all of the four
rounds. The economic assessment exhibits the impact
of increasing the number of DGs on the total cost. The
total cost comprises of the investment cost of DGs,
operational cost of the network and cost of losses.

• A new algorithm known as PPA [39] is proposed to
search the optimal sizing and placement of DGs in the
load flow analysis. Earlier, the PPA has been applied
to certain problems in the power systems like optimal
demand response programs [40]–[44], economic dis-
patch [45], automatic generation control [46] and opti-
mal DGs’ integration [47]. As per the authors’ best of
knowledge, the PPA has been an uncharted algorithm
in the optimal sizing and placement problem of DGs
in test networks in multiple rounds. PPA is multi-path
algorithm inspired by the propagation of the strawberry
plant. The algorithm possesses both characteristics like
exploration and exploitation. Exploration describes the
wide expansion over a search space, whereas, exploita-
tion corresponds to finding of best local solutions.
It is the reason which increases the diversity of the
algorithm.

• The statistical analysis using Big-O and ANOVA has
been done for different algorithms.

The rest of the paper is ordered as follows. In part II,
the working methodology is explained. It includes load flow
analysis, PPA algorithm andmethod of economic assessment.
In part III, the mathematical modeling of the optimization
problem has been carried out. In part IV, the results and
analysis has been presented. The part V concludes the paper.

II. METHODOLOGY
In this part, the utilized methodology has been presented.
The methodology includes a load flow analysis in which the
optimal sizes and places of the DGs have been searched by
the PPA. When the termination criteria is met, an economic
assessment based on loss calculation has been done.

A. LOAD FLOW ANALYSIS
The load flow analysis outcomes the magnitudes of the
active and reactive powers, and the voltages and angles at
all buses of energy network. These parameters are then used
to compute the power losses and bus voltage drops. Newton
Raphson’s load flow (NRLF) is the most widely used load
flow method in the literature [48]. NRLF analysis follows
a sequential approximation appertaining to an initial pre-
sume of the variables. By virtue of its quadratic convergence,
the NRLF analysis is less likely to diverge with malevolent
issues as well [49]. For any network, the voltage at pth bus
could be calculated as shown Eq. (1) [50].

vp =
1
Y pp

[
(Pp − jQp)

v∗p
−

NB∑
p=1
p6=i

Y pivi] (1)

where, vp denotes the phasor voltage at the pth bus. Pp andQp
represent the magnitudes of active and reactive powers at the
pth bus respectively. v∗p denotes the conjugate of the phasor
voltage at the pth bus. Ypp depicts the phasor Y -bus matrix at
the pth bus and Ypi depicts the phasor Y -bus matrix between
pth and ith buses. vi denotes the phasor voltage at the ith bus.
NB corresponds to total buses. Pp and Qp could be calculated
as shown in Eq. (2) and Eq. (3).

Pp =
NB∑
i=1

Ypivivp cos(θpi + δi − δp) (2)

Qp = −
NB∑
i=1

Ypivivp sin(θpi + δi − δp) (3)

where, Ypi is the magnitude of admittance between pth and
ith buses. vi and vp point out the voltage magnitudes at ith

and pth buses respectively. θpi corresponds to the angle of Ypi.
δi and δp are the voltage angles corresponding to vi and vp
respectively. The line current between two buses shall be
determined as shown in Eq. (4).

Ipi =
vp − vi
Zpi

(4)

where, Ipi is the current phasor between pth and ith buses.
vp and vi denote the phasor voltages at pth and ith buses respec-
tively. Zpi denotes the phasor impedance between pth and
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ith buses. The apparent powers at pth and ith buses shall be
calculated as shown in Eq. (5) and Eq. (6).

Sp = vpI
∗
pi = Pp + jQp (5)

S i = viI
∗
pi = Pi + jQi (6)

where, Sp and Si represent the complex apparent powers at pth

and ith buses respectively. Similarly, vp and vi represent the
phasor voltages at pth and ith buses respectively. I∗pi denotes
the conjugate of phasor current between pth and ith buses.
Pp, Pi, Qp and Qi correspond to the magnitudes of the
active and reactive powers at pth and ith buses respectively.
j denotes the complex entity with value is

√
− 1. The

active power loss (line loss) shall be calculated as shown
in Eq. (7).

PLOSS_pi = Pp − Pi (7)

where, PLOSS_pi represents the line loss between pth and
ith buses.

B. PLANT PROPAGATION ALGORITHM
The PPA was developed by F. Merrikh-Bayat [51] in 2014.
This algorithm is inspired by the propagation of the straw-
berry plant. Each mother plant grows roots and runners in
search of water and minerals. The runner is a daughter plant,
which after adequate growth separates from the mother plant
and acts as a new mother plant. In each iteration, each mother
plant originates a runner and a root within its vicinity. After-
wards, the fitness is computed at the localities based on the
referral by the roots and the runners. Half of the best locations
are selected as mother plants for the next iteration and rest are
discarded. The iterations are repeated till the MI are reached.

Mathematically, PPA could be defined in three stages,
namely initialization, duplication and elimination. In the
initialization stage, the number of mother plants (Nm)
and respective lengths of roots (lroot ) and runners (lrunner )
are defined. If z is the objective function to be mini-
mized/maximized, the locality of the hth mother plant at the
qth iteration is found in the duplication stage. The matrices
saving the localities of the respective roots and runners at
the qth iteration are shown in Eq. (8) and Eq. (9) [45]. The
resultant matrix saving the localities of respective roots and
runners is shown in Eq. (10).

Zroot (q) =
[
Z1,root (q),Z2,root (q) . . . ZNm,root (q)

]
(8)

Zrunner (q) =
[
Z1,runner (q),Z2,runner (q) . . . ZNm,runner (q)

]
(9)

Zprop(q) = [Zroot (q)Zrunner (q)] (10)

where, Zroot (q) constitutes the matrix saving the localities of
randomly originated roots Z1,root (q) etc. Similarly, Zrunner (q)
constitutes the matrix saving the localities of randomly orig-
inated runners Z1,runner (q) etc. At any instant the resultant
matrix Zprop (q) saves the results of matrices Zroot (q) and
Zrunner (q).

In the elimination stage, the fitness of the roots and runners
is calculated as shown in Eq. (11).

fitness
(
zh,prop (q)

)
= {

1

f
(
zh,prop(q)

) , f
(
zh,prop(q)

)
> 0

= {
1∣∣f (zh,prop(q))∣∣ , f

(
zh,prop(q)

)
≤ 0 (11)

where, f (·) is the fitness of the objective function. After the
fitness value is computed, the probability ph of selecting the
hth parameter could be calculated as shown in Eq. (12).

ph =
fitness

(
zh,prop (q)

)
N∑
g=1

fitness
(
zg,prop (q)

) (12)

In current problem, the mother plants represent DGs’ size
and location, and lengths of roots and runners determine the
fitness of the DGs’ size and location. The stepwise procedure
of PPA search steps are as follows:

Step I: In this step, the initialization stage is completed.
The PPA parameters for initial population like number of
mother plants and respective lengths of roots and runners, and
number of iterations are defined.

Step II: In this step, the duplication stage is completed. The
mother plants with respective roots and runners are randomly
originated.

Step III: In this step, the fitness of the randomly originated
mother plants is evaluated. This fitness is based on the lengths
of the roots and runners from the mother plant. Those random
solutions which have short lengths of the runners from the
mother plants are more fit as compared to others. Therefore,
half of these solutions are contested in the next iteration with
the newly originated population.

Step IV: In this step, the elimination stage is completed.
The fitness of the randomly originated mother plants is eval-
uated after each iteration. At the end of the MI, mother
plant (along with respective roots and runners) with highest
probability is selected as optimal solution.

The flowchart of the PPA is shown in Fig. 1. In terms
of DGs’ sizing and placement, the PPA search steps are as
follows:

Step 1: Perform the load flow analysis based on given data
of slack, PV and PQ buses without adding any DGs. Evaluate
the objectives.

Step 2: Initialize the PPA parameters in terms of DGs’
sizing and placement. Originate an initial population of
DGs’ sizes and locations. Simultaneously originate two addi-
tional random numbers, the distance of which determines
the lengths of the roots and runners from the DG’s size and
location.

Step 3: Compute the fitness of the DGs’ sizes and locations
using Eq. (11), and again perform the load flow analysis based
on the fitness values. Select half of the best results and save
the data. Evaluate the objectives.
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FIGURE 1. Demonstration of the flowchart of the PPA for realizing it in
terms of DGs’ sizing and placement.

Step 4: Again, originate the random mother plants with
respective roots and runners. Compute the fitness while con-
sidering the half of the mother plants from previous iteration
as well. Perform the load flow analysis based on fitness val-
ues. Select half of the best results and save the data. Evaluate
the objectives.

Step 5: Repeat step 3 and step 4 till MI.
Step 6: Compute the probability of fitness using Eq. (12)

and save the data.

C. METHOD OF ECONOMIC ASSESSMENT
The method of economic assessment determines that if the
placement of DGs is profitable or not. The placement will
only be profitable if the total cost (which is the sum of the
investment cost of DGs and the operational cost) with DGs
will be much lesser than the cost without DGs. The input

power from the main grid to the electrical network is con-
sumed by the total load and losses. If DGs are located at
certain buses in the electrical network, this power could be
calculated as shown in Eq. (13).

PIN = PLOSS +
∑

PLOAD −
∑

PDG (13)

where, PIN denotes the power fed from the main grid,
PLOSS represents the total active power loss in the network,∑
PLOAD corresponds to total load and

∑
PDG corresponds

to total power injection of DGs. All these powers are mea-
sured in kW. For a period of one year (8760h), the input
energy EIN could be calculated as shown in Eq. (14).

EIN = PIN .8760h (14)

EIN is measured in kWh. For a certain electricity tariffGT ,
the cost of input energy could be calculated as shown in
Eq. (15).

KEIN = EINGT (15)

where, KEIN is the annual cost of input energy and is mea-
sured in $. GT is measured in $/kWh. The annual cost of
energy occurs at the end of the year and, therefore, it has to
be accumulated to present value by using the capital recovery
factor β as shown in Eq. (16). β is calculated as shown in
Eq. (17) [52].

KAE = KEIN .β (16)

β =
(1+ IF )
(1+ IR)

(17)

where, KAE corresponds to the accumulated cost of input
energy at time zero. IF denotes the inflation rate and IR
denotes the interest rate. The total cost aggregates the sum
of the investment cost of DGs plus the accumulated cost of
energy and it could be calculated as shown in Eq. (18).

KGE = KPR
∑

PDG + KAE (18)

where, KGE is the total cost in $. Similarly, KPR is the
investment cost of the DGs and is measured in $/kW. The
percentage cost reduction could be calculated as shown in
Eq. (19).

KGE (%)=
(
KGE_WITHOUTDGs−KGE_WITHDGs

KGE_WITHOUTDGs

)
(100) (19)

where, KGE_WITHOUTDGs is the total cost in $ without DGs
and KGE_WITHDGs is the total cost in $ with the DGs.

III. MODELLING OF THE OPTIZATION PROBLEM
In this part, the mathematical modeling of the optimization
problem has been carried out. The objective function is to
simultaneously maximize the reduction of the total active
power loss and to upgrade the magnitude of the minimum
bus voltage in the test networks.

Mathematically, the maximization of the reduction of the
total power loss is shown in Eq. (20) and Eq. (21).

FO1 = maxPLOSS (20)
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PLOSS =

(
PLOSS_WITHOUTDGs − PLOSS_WITHDGs

)
PLOSS_WITHOUTDGs

(21)

where, FO1 corresponds to first objective, PLOSS denotes
the reduction of total active power loss, PLOSS_WITHOUTDGs
aggregates the total power loss without the DGs and
PLOSS_WITHDGs aggregates the total power loss with the DGs.
PLOSS could be represented in percentage as well, as shown
in Eq. (22). This representation will be used for comparison
purpose with other standard algorithms.

PLOSS (%) =

(
PLOSS_WITHOUTDGs − PLOSS_WITHDGs

)
PLOSS_WITHOUTDGs

(100)

(22)

Similarly, the upgradation of the magnitude of the mini-
mum bus voltage is shown in Eq. (23).

FO2 = max vp (23)

where, FO2 corresponds to second objective, vp denotes the
magnitude of voltage at the pth bus and it shall be calcu-
lated by using Eq. (1). Both objectives could be converted
to a single objective function after a normalized weighted
addition. Value of PLOSS is already normalized, whereas, for
the normalization of minimum bus voltage, it is divided by
the standard voltage of 1 (p.u). The single objective function
(FO) is calculated by using Eq. (24).

FO = W1FO1 +W2FO2 (24)

where, W1 and W2 correspond to weights and have value of
0.5 each. The objectives are subject to certain constraints as
mentioned below. The total power fed from the main grid and
the DGs should be equal to total load and losses as shown in
Eq. (25).

PIN +
∑

PDG =
∑

PLOAD + PLOSS (25)

where, PIN denotes the power fed from the main grid,
∑
PDG

corresponds to total power injection of DGs,
∑
PLOAD cor-

responds to total load and PLOSS represents the total active
power loss. The magnitude of bus voltages should retain
within boundaries as shown in Eq. (26).

vpl ≤ vp ≤ vpu (26)

where, vpl is the lower boundary and vpu is the upper bound-
ary of the voltage at the pth bus. Similarly, the magnitude of
the line currents must be retained within upper boundary as
shown in Eq. (27).

Il < Ilu (27)

where, Il is the line current in the l th line and Ilu corresponds
to its upper limit. The active power supplied by the DGs
should be within upper and lower boundaries as shown in
Eq. (28).

0 <
∑

PDG ≤
∑

PLOAD (28)

where,
∑
PLOAD holds as the upper boundary.

IV. RESULTS
In this part, the simulation results and their analysis has been
exhibited. The load flow analysis has been carried out on test
networks. IEEE 33-bus distribution network is designated as
test network 1, whereas IEEE 69-bus distribution network
is designated as test network 2 [53]. The optimal sizes and
places of the DGs have been searched using the PPA, such
that to maximize the reduction of the total active power loss
and to upgrade the magnitude of the minimum bus voltage.
The complete system has been modelled and simulated in
MATLAB environment and has been run for 20 times. Four
rounds have been investigated in each of the test networks,
as follows:

1. In the round 1, the objective function has been analyzed
with the deployment of a one DG in the test networks
using PPA in the load flow analysis.

2. In the round 2, the objective function has been analyzed
with the deployment of a two DGs in the test networks
using PPA in the load flow analysis.

3. In the round 3, the objective function has been analyzed
with the deployment of a three DGs in the test networks
using PPA in the load flow analysis.

4. In the round 4, the objective function has been analyzed
with the deployment of a four DGs in the test networks
using PPA in the load flow analysis.

The results of the four rounds in each test network have
been matched with the standard algorithms. In the end,
a comparison among the four rounds has been done as well.
Table 1 displays the simulation parameters.

TABLE 1. Simulation parameters.

FIGURE 2. Test Network 1.

A. TEST NETWORK 1
The IEEE 33-bus test network [8] is displayed in Fig. 2. The
network consists of 37 lines connected to 33 buses. The total
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TABLE 2. Results with one DG (Round 1-Network 1).

active load of this network is 3720kW and reactive load is
2300kVAR. The load flow analysis of this network results
in a total active power loss of 208.4592kW and a minimum
voltage magnitude of 0.929 (p.u).

FIGURE 3. (a) Improved voltage profile with one DG’s deployment in
round 1-Network 1, (b) Improved active power loss profile with one DG’s
deployment in round 1-Network 1.

1) ROUND 1 (NETWORK 1)
In this round, a one DG (which supplies active power) has
been optimally sized and placed at different buses with the
proposed PPA in the load flow analysis. After the analy-
sis, the value of objective function is found to be 0.7615.
Whereas, the total active power loss has been curtailed
to 91.09kW. In percentage it corresponds a loss reduction
of 56.3%. Similarly, the magnitude of the minimum bus volt-
age has been upgraded to 0.960 (p.u). Fig. 3 (a) displays the

complete voltage profile and Fig. 3 (b) displays the complete
active power loss profile of round 1 (with and without DG).
Table 2 shows the comparison of the results of the proposed
PPA with the standard algorithms for the round 1. It can be
seen that with the proposed PPA, the percentage reduction
of the total active power loss and the magnitude of the bus
voltages have been significantly improved. Likewise, it can
be noticed that with the proposed PPA, the minimum cost of
$1547375.942 has been reached, which shows a percentage
cost reduction of 75.35%.

2) ROUND 2 (NETWORK 1)
In this round, two DGs (which supply active power) have
been optimally sized and placed at different buses with the
proposed PPA in the load flow analysis. After the analysis,
the value of objective function is found to be 0.840. Whereas,
the total active power loss has been curtailed to 64.11kW.
In percentage it corresponds a loss reduction of 69.24%.
Similarly, the magnitude of the minimum bus voltage has
been upgraded to 0.970 (p.u). Fig. 4 (a) displays the com-
plete voltage profile and Fig. 4 (b) displays the complete
active power loss profile of round 2 (with and without DGs).
Table 3 shows the comparison of the results of the proposed
PPA with the standard algorithms for the round 2. It can be
seen that with the proposed PPA, the percentage reduction
of the total active power loss and the magnitude of the bus
voltages have been significantly improved. Likewise, it can
be noticed that with the proposed PPA, the minimum cost of
$1646529.085 has been reached, which shows a percentage
cost reduction of 73.76%.

3) ROUND 3 (NETWORK 1)
In this round, three DGs (which supply active power) have
been optimally sized and placed at different buses with the
proposed PPA in the load flow analysis. After the analy-
sis, the value of objective function is found to be 0.8445.
Whereas, the total active power loss has been curtailed
to 58.41kW. In percentage it corresponds a loss reduction
of 71.9%. Similarly, the magnitude of the minimum bus
voltage has been upgraded to 0.970 (p.u). Fig. 5 (a) dis-
plays the complete voltage profile and Fig. 5 (b) displays
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TABLE 3. Results with two DGs (Round 2-Network 1).

FIGURE 4. (a) Improved voltage profile with two DGs’ deployment in
round 2-Network 1, (b) Improved active power loss profile with two DGs’
deployment in round 2-Network 1.

the complete active power loss profile of the round 3 (with
and without DGs). Table 4 shows the comparison of the
results of the proposed PPA with the standard algorithms
for the round 3. It can be seen that with the proposed PPA,
the percentage reduction of the total active power loss and
the magnitude of the bus voltages have been significantly
improved. Except than BA [24], where the minimum voltage
has a slight improvement with a magnitude of 0.98. Likewise,
it can be noticed that with the proposed PPA, the minimum
cost of $1647632.005 has been reached, which shows a per-
centage cost reduction of 73.75%.

4) ROUND 4 (NETWORK 1)
In this round, four DGs (which supply active power) have
been optimally sized and placed at different buses with the
proposed PPA in the load flow analysis. After the analysis,
the value of objective function is found to be 0.849. Whereas,
the total active power loss has been curtailed to 58.366kW.

FIGURE 5. (a) Improved voltage profile with three DGs’ deployment in
round 3-Network 1, (b) Improved active power loss profile with three
DGs’ deployment in round 3-Network 1.

In percentage it corresponds a loss reduction of 72%. Sim-
ilarly, the magnitude of the minimum bus voltage has been
upgraded to 0.979 (p.u). Fig. 6 (a) displays the complete
voltage profile and Fig. 6 (b) displays the complete active
power loss profile of the round 4 (with and without DGs).
Table 5 shows the comparison of the results of the proposed
PPA with the standard algorithms for the round 4. It can be
seen that with the proposed PPA, the percentage reduction
of the total active power loss and the magnitude of the bus
voltages have been significantly improved. Likewise, it can
be noticed that with the proposed PPA, the minimum cost of
$1662916.844 has been reached, which shows a percentage
cost reduction of 73.50%.

Fig. 7 shows the convergence curve of objective function
using the PPA for the test network 1 in all of the four rounds.
It can be seen that for round 1, the objective function con-
verges in 16 iterations, while for round 2 in 16.8 iterations,
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TABLE 4. Results with three DGs (Round 3-Network 1).

FIGURE 6. (a) Improved voltage profile with four DGs’ deployment in
round 4-Network 1, (b) Improved active power loss profile with four DGs’
deployment in round 4-Network 1.

for round 3 in 18 iterations and for round 4 in 20 iterations.
It reflects the robustness of the proposed PPA.

B. TEST NETWORK 2
The IEEE 69-bus test network [9] is displayed in Fig. 8. The
network consists of 37 lines connected to 33 buses. The total

active load of this network is 3802kW and reactive load is
2696kVAR. The load flow analysis of this network results in a
total active power loss of 225.007kW and a minimum voltage
magnitude of 0.9091 (p.u).

1) ROUND 1 (NETWORK 2)
In this round, a one DG (which supplies active power) has
been optimally sized and placed at different buses with the
proposed PPA in the load flow analysis. After the analy-
sis, the value of objective function is found to be 0.829.
Whereas, the total active power loss has been curtailed to
68.7885kW. In percentage it corresponds a loss reduction
of 67%. Similarly, the magnitude of the minimum bus voltage
has been upgraded to 0.97105 (p.u). Fig. 9 (a) displays the
complete voltage profile and Fig. 9 (b) displays the com-
plete active power loss profile of round 1 (with and without
DG). Table 6 shows the comparison of the results of the
proposed PPA with the standard algorithms for the round 1.
It can be seen that with the proposed PPA, the percentage
reduction of the total active power loss and the magnitude
of the bus voltages have been significantly improved. Except
than GA [2], where the percentage reduction of total active
power loss is moderately improved than PPA with a value
of 72%. Likewise, it can be noticed that with the proposed
PPA, the minimum cost of $3448360.684 has been reached,
which shows a percentage cost reduction of 46.4%.

2) ROUND 2 (NETWORK 2)
In this round, two DGs (which supply active power) have
been optimally sized and placed at different buses with the
proposed PPA in the load flow analysis. After the analysis,
the value of objective function is found to be 0.843. Whereas,
the total active power loss has been curtailed to 64.11kW.
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TABLE 5. Results with four DGs (Round 4-Network 1).

TABLE 6. Results with one DG (Round 1-Network 2).

FIGURE 7. Convergence curves for test network 1 in four rounds using
PPA.

FIGURE 8. Test Network 2.

In percentage it corresponds a loss reduction of 69.24%.
Similarly, the magnitude of the minimum bus voltage has
been upgraded to 0.971 (p.u). Fig. 10 (a) displays the com-
plete voltage profile and Fig. 10 (b) displays the complete
active power loss profile of round 2 (with and without DGs).
Table 7 shows the comparison of the results of the proposed
PPA with the standard algorithms for the round 2. It can
be seen that with the proposed PPA, the percentage reduc-
tion of the total active power loss and the magnitude of
the bus voltages have been significantly improved. Except
than ALO [12], where the minimum voltage has a slight

FIGURE 9. (a) Improved voltage profile with one DG’s deployment in
round 1-Network 2, (b) Improved active power loss profile with one DG’s
deployment in round 1-Network 2.

improvement with a magnitude of 0.980. Likewise, it can be
noticed that with the proposed PPA, the minimum cost of
$2432658.205 has been reached, which shows a percentage
cost reduction of 61.19%.

3) ROUND 3 (NETWORK 2)
In this round, three DGs (which supply active power) have
been optimally sized and placed at different buses with the
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TABLE 7. Results with two DGs (Round 2-Network 2).

TABLE 8. Results with three DGs (Round 2-Network 3).

FIGURE 10. (a) Improved voltage profile with two DGs’ deployment in
round 2-Network 2, (b) Improved active power loss profile with two DGs’
deployment in round 2-Network 2.

proposed PPA in the load flow analysis. After the analysis,
the value of objective function is found to be 0.906. Whereas,

the total active power loss has been curtailed to 36.00kW.
In percentage it corresponds a loss reduction of 82%. Sim-
ilarly, the magnitude of the minimum bus voltage has been
upgraded to 0.982 (p.u). Fig. 10 (a) displays the complete
voltage profile and Fig. 10 (b) displays the complete active
power loss profile of the round 3 (with and without DGs).
Table 8 shows the comparison of the results of the proposed
PPA with the standard algorithms for the round 3. It can be
seen that with the proposed PPA, the percentage reduction
of the total active power loss and the magnitude of the bus
voltages have been significantly improved. Likewise, it can
be noticed that with the proposed PPA, the minimum cost of
$2770049.7 has been reached, which shows a percentage cost
reduction of 56.94%.

4) ROUND 4 (NETWORK 2)
In this round, four DGs (which supply active power) have
been optimally sized and placed at different buses with the
proposed PPA in the load flow analysis. After the analysis,
the value of objective function is found to be 0.958. Whereas,
the total active power loss has been curtailed to 15.96kW.
In percentage it corresponds a loss reduction of 92.3415%.
Similarly, the magnitude of the minimum bus voltage has
been upgraded to0.97829 (p.u). Fig. 11 (a) displays the com-
plete voltage profile and Fig. 11 (b) displays the complete
active power loss profile of the round 4 (with and with-
out DGs). Table 9 shows the comparison of the results of the
proposed PPA with the standard algorithms for the round 4.
It can be seen that with the proposed PPA, the percentage
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TABLE 9. Results with four DGs (Round 4-Network 2).

FIGURE 11. (a) Improved voltage profile with three DGs’ deployment in
round 2-Network 3, (b) Improved active power loss profile with three
DGs’ deployment in round 2-Network 3.

reduction of the total active power loss and the magnitude of
the bus voltages have been significantly improved. Likewise,
it can be noticed that with the proposed PPA, the minimum
cost of $2484839.695 has been reached, which shows a per-
centage cost reduction of 61.38%.

Fig. 13 shows the convergence curve of objective function
using PPA for the test network 2 in all of the four rounds.
It can be seen that for round 1, the objective function con-
verges in 21 iterations, while for round 2 in 23 iterations,
while for round 3 in 25 iterations and for round 4 in 26 itera-
tions. It reflects the robustness of the proposed PPA.

C. COMPARISON OF ROUNDS
In this part, the comparison among the four rounds has been
carried out for both of the test networks based on results
of proposed PPA in the load flow analysis. The compari-
son takes into account the four major parameters including
the objective function, reductions in total active power loss,
magnitudes of the minimum bus voltage and the total cost.

FIGURE 12. (a) Improved voltage profile with four DGs’ deployment in
round 4-Network 2, (b) Improved active power loss profile with four DGs’
deployment in round 4-Network 2.

FIGURE 13. Convergence curves for test Network 2 in four rounds using
PPA.

Table. 10 shows the comparison among the four rounds in
test network 1. It can be noticed that as percentage reduc-
tion in total active power loss is maximized along with the
upgradation of the magnitude of the minimum bus volt-
age, the total cost increases along with objective function.
It means that injection of more DG power results in increased
costs, however the objectives are best met as well. It can be
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TABLE 10. Comparison of rounds in test Network 1.

TABLE 11. Comparison of rounds in test Network 2.

FIGURE 14. Comparison of (a) Voltage profiles and (b) Active power loss
profiles in test Network 1.

further noticed from Table 10 that for the rounds 2, 3 and 4,
the magnitudes of the minimum bus voltage are approx-
imately at par. On the other hand, a drastic rise in the
percentage reduction in total active power loss is present.
In addition, Fig. 14 (a) displays the voltage profiles achieved
among the four rounds. It is evident that round 4 has the
best voltage profile. Round 3 has the worst voltage profile,
whereas the rounds 1 and 2 have almost the same profile.
In addition to that, Fig. 14 (b) displays the active power
loss profiles achieved among the four rounds. It can be seen
that round 4 has the best active power loss profile, whereas,
the round 2 has the worst profile. On the other hand, round 3 is
better than round 1 for active power loss profile.

Likewise, Table. 11 shows the comparison among the four
rounds in test network 2. It can be noticed again that as the

FIGURE 15. Comparison of (a) Voltage profiles and (b) Active power loss
profiles in test Network 2.

percentage reduction in total active power loss is maximized
along with the upgradation of the magnitude of the minimum
bus voltage, the total cost increases along with objective
function as well. It means that injection of more DG power
results in increased costs, however the objectives are best met
as well. It can be further noticed from Table 11 that for the
rounds 1 and 2, the magnitudes of the minimum bus volt-
age are at par. On the other hand, a slight rise in the percentage
reduction in total active power loss is present. Further, for the
rounds 3 and 4, the magnitudes of the minimum bus voltage
are nearly at par. Conversely, an ample rise in the percentage
reduction in total active power loss is present. Additionally,
Fig. 15 (a) displays the voltage profiles achieved among the
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four rounds. It is evident that round 2 has the best volt-
age profile. Round 1 has the worst voltage profile, whereas
the rounds 3 and 4 have almost the same profile. Besides,
Fig. 15 (b) displays the active power loss profiles achieved
among the four rounds. It can be seen that round 4 has the best
active power loss profile, whereas, the round 2 has the worst
profile. On the other hand, round 1 is better than round 3 for
total active power loss profile.

TABLE 12. Statistical analysis of PPA after 20 runs.

D. STATISTICAL ANALYSIS
In this part, the statistical analysis of the objective function
obtained by using the PPAhas been carried out. The algorithm
has been run for 20 times in the load flow analysis for each
of the test network and results from the Big-O analysis are
tabulated in Table 12 [54]. It can be seen that the variation of
the objective function between the upper and lower bounds
obtained by the PPA is not very much. It reflects the robust-
ness of the proposed algorithm.

Similarly, Table 13 shows the results of the ANOVA
test. ANOVA tests helps to find out the variance of the
objective function with different algorithms [55]. For test
network 1, the ANOVA test has been carried out between
seven algorithms. Whereas, for test network 2, the test has
been performed between five algorithms. Table 8 shows
that the calculated value of F for both test networks is
less than the tabulated value at 5% significance level.
It means that the calculated F-Ratio for both test networks
is greater than the standard values at 5% significance level.
It shows that the variation obtained while calculating the
objection function is significant and not by chance [56].

TABLE 13. ANOVA test.

FIGURE 16. Box plot for comparison of objective function among four
rounds in test Network 1.

FIGURE 17. Box plot for comparison of objective function among four
rounds in test Network 2.

Likewise, Fig. 16 and Fig. 17 show the box plots for both
of the test networks in four rounds respectively. It is evident
that there are no outliers and data is significant for statistical
analysis.

V. CONCLUSION
In current paper, the total active power loss and voltage drop
problem in test networks is investigated with the optimal
deployment of several DGs using the PPA in the load flow
analysis. Four rounds of DGs were examined in two test
networks such that in the first round the optimal deployment
of a one DG is investigated, in the second round the optimal
deployment of two DGs is investigated, in the third round
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the optimal deployment of three DGs is investigated and
in the fourth round the optimal deployment of four DGs is
investigated. The objectives were to simultaneously maxi-
mize the reduction of the total power loss and to upgrade the
magnitude of the minimum bus voltage. Thereafter, a post
deployment economic assessment based on loss calculation
has been undertaken as well. Following conclusions could be
deduced:

• With the proposed PPA, the overall results have been
bettered as compared to standard algorithms in all of
the four rounds in both of the test networks. However,
certain algorithms like BA in round 3 network 1 has
shown a slight improvement in magnitude of minimum
bus voltage. Similarly, GA in round 1 network 2 has
shown a moderate improvement in percentage reduction
of total active power loss. ALO in round 2 network 2 has
shown a slight improvement in magnitude of minimum
bus voltage.

• From the comparison among the four rounds in both test
networks, round 4 where maximum deployment of DGs
was undertaken, gives the best result in terms of objec-
tive function. The increased deployment of DGs have a
significant impact on themaximization of the percentage
reduction in active power loss than the upgradation of
minimum bus voltage.

• The increased deployment of DGs in all of the four
rounds in test network 1 has resulted in reduction of total
costs.

• The increased deployment of DGs in all of the four
rounds in test network 2 has resulted in increase of total
costs.

• The ANOVA test proves that the variation obtained
while calculating the objection function is significant
and not by chance.

• The box plots show that there are no outliers and data is
significant for statistical analysis.
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