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Abstract. This paper proposes the artificial intelligence technique based on
hybrid optimization phasor particle swarm optimization and a gravitational
search algorithm, called PPSO-GSA for optimal allocation of renewable energy-
based distributed generators (OA-RE-DGs), particularly wind and solar power
generators, in distribution networks. The main objective is to maximize the
techno-economic benefits in the distribution system by optimal allocation and
integration of RE-DGs into distribution system. The proposed PPSO-GSA is
implemented and validated on 94-bus practical distribution system located in
Portuguese considering single and multiple scenarios of RE-DGs installation.
The results reveal that optimizing the location and size of RE-DGs results in a
substantial reduction in active power loss and yearly economic loss as well as
improving system voltage profile and stability. Moreover, the convergence
characteristics, computational efficiency and applicability of the proposed arti-
ficial intelligence technique is evaluated by comparative analysis and compar-
ison with other optimization techniques.

Keywords: Artificial intelligence technique - Renewable energy - Distributed
generators * Phasor particle swarm optimization - Gravitational search algorithm

1 Introduction

Worldwide, increasing electricity demands enabled a significant escalation in electric
power production and such a load expansion that causes to influence the economies of
developed countries to be motivated towards optimal planning of electric power gen-
eration sources and its utilization. Recently, a major part around 75% of electrical
power is producing via fossil fuel-based energy sources [1] and it is directly related to
natural reserves which is expected to be reduced day by day [2] also increase in the
prices [3]. The production of electricity using conventional methods are causes to
produce carbon emission [4]. Moreover, the large power plants are commonly located
at long distance from the load centers which lost about 15% of power in transmission
lines which affect the system performance and customers appliances [5].
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Hence, it is worth mentioning that the optimal planning and utilization of renewable
energy sources (RE-DGs) such as wind turbine, solar photovoltaic has been considered
globally to tackle and meet the high electricity demands at reasonable price [6]. The
integration of RE-DGs units in distribution system plays an important role in term of
active loss minimization, but still it has a challenge of optimal planning that needs to be
addressed thoroughly [7, 8]. The optimal planning and integration of RE-DGs assist to
maximize the technical and economic benefits of the power system. Generally, the
objectives of optimal planning and integration of RE-DGs in distribution networks
include power loss minimization, improving voltage profile, system stability, and
operational cost minimization [9-14].

Recently, optimal planning and integration of RES-DGs in distribution networks
are addressed and proposed the solution by using different optimization techniques that
have been reviewed in [15-18], where different distribution systems are considered
along with objective functions. Furthermore the objective functions are formulated for
optimal allocation and sizing of RE-DG units and the work done is focused on
strengthening the technical and economic implications in the distribution networks in
terms of key objectives; power loss minimization, voltage profile improvement, energy
loss, and smoothing buses voltages.

In this paper, a novel artificial intelligence technique namely PPSO-GSA is
developed to solve the problem of OA-RE-DGs in distribution networks. The PPSO-
GSA algorithm is employed to enhance the techno-economic benefits in distribution
system by employing RE-DGs integration into the distribution system. Techno-
economic benefits include, minimizing active power loss, improving buses voltage,
voltage stability and yearly economic loss. Different scenarios of PV and WT inte-
gration, considering single and multiple DG units are examined on practical Por-
tuguese RDS and results are compared with the existing literature.

The rest of the paper is organized as follows: Sect. 2 defines the problem formu-
lation of the OA-RE-DGs. Proposed PPSO-GSA approach, and its implementation
procedure is described in Sect. 3. Section 4 presents the simulation results and com-
parison with literature; finally, the conclusions are given in Sect. 5.

2 Problem Formulation

The problem of optimal placement and sizing of renewable energy based DG units
(OA-RE-DGs) can be considered as a constrained, non-linear, discrete optimization
problem [19]. The problem is formulated as an optimal power flow model [20], which
has a single or multi-objective optimization function. The considered objectives should
be properly optimized while satisfying the system operational constraints.

2.1 Objective Function

The key objective of this study is to maximize the techno-economic benefits in the
distribution system by integration of RE-DG units into distribution networks. Several
performance indicators should be taken into account while solving the problem of OA-
RE-DGs. Therefore, minimizing active power losses, optimizing the annual profit as
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well as improving voltage and voltage stability index of system buses are considered as
objectives of this study. This multi-objective function can be expressed using a
weighted sum method [5, 21, 22].

ObjF = min (w1 X Pjog; + @, X VD + w3 x (1/OVSI) + w4 x TAES) (1)

where, P, VD7, OVSI, and TAES represents the reduction of the total active power
losses, improvement of buses voltage, strengthening of buses stability, and saving in
yearly economic loss, respectively. In addition, ®;, ®;,®3 and o4 are weighting fac-
tors, in which the total sum of absolute values of the weights associated with each
objective should equal to 1.0.

The four objectives studied in this work can be expressed mathematically as:

NBR

Progs = Zploss.b (2)
b=1

Pioss s = i X Vi +V? =2 x Vi x V; x cos (0; — 0;)] (3)

where, Py is the active power loss of branch bth, g;;, is the conductance of branch
b connecting the ith and jth buses, V;, V;, 0;, and 0; are the voltage magnitudes and
voltage angles at bus i and j, respectively.

NB
VD=3 |[Vi— v/ 4)
i=1

where, V; is the magnitude of the voltage of the bus number i, while vfef denoting the
magnitude of the reference voltage at the same bus, which is usually equal to 1 p.u.

OVSI = f: |VSI(j)| (5)
=2

VSI(j) = [V(i)|* =4 X [Pyp X xijp — Qiip X rijp)” — 4 X [Pijp X rijp + Qiip X Xij)
x [V(i)|?

(6)

where, OVSI is the overall voltage stability index of the whole power network, while
VSI(j) is the stability index of jth bus connected with the ith bus through a branch bth of
a resistance r;;; and reactance x;;. Also, P, and Q) respectively are the active and
reactive power flow from ith bus to jzk bus. Where the bus with least VSI, corresponds
to the most sensitive bus.

TAES = AEL7 op6 — AEL7 p (7)
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where, TAES is the total annual economic saving gained when RES is integrated into
the power network. AEL7 ,,pG and AEL7 p¢ are the total annual economic loss without
and with DG and can be expressed as follows:

AELT‘noDG = PlOSSnoDG X CE x 8760 (8)
NDG

AEL;7 pg = Plosspg x C x 8760 + (cDG x> PDG,,,,> /Toe (9)
m=1

where, Cg is the average cost of energy loss per kWh. Cpg and Tpg are the cost of
injected power via DGs per kW and the total DG lifetime in years, respectively.
2.2 Equality Constraints

The power balance in the distribution network has considered as equality constraints.

NDG NBR

NB
Pslak + Z PDG‘m = ZPDGJ + ZPLoss,b (10)
i=1 b=1

m=1

NDG NBR

NB
Ogiak + Z OpGm = Z Opg,i + Z OlLoss,b (11)
=1 -1 =1

where, Py, Quak, Ppc,i, and Qpg,; are the active and reactive power injected by the
slack (i.e. swing) bus and ith DG, respectively. Ppg,» and Qpg are the active and
reactive power demand, where Pr 5, and Qp, 5 are the active and reactive power loss
of bth branch.

2.3 Inequality Constraints
e The voltage limits must be as follow:
Vmin < Vi < max iVNB (12)
e The apparent power flow limits need to be as below:
Sp < S bVYNBR (13)

e The DG capacity constraints; i.e. DG penetration level (x) and the maximum size of
individual units. Also, the DG power factor (PFpg ) should be within safe limits as
expressed below:

NDG NB

ZSDG.m <u ZSD,i (14)
m=1 i=1
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SDG,m S Sgg,m mVNDG (15)
PF;)“in{m < PFpgm < PFRe, (16)

SDG«,"T = \/ P12)G,m - Q12)G,r71 (17)
SI),i =/ P%)#f - Q%)‘,i (18)

3 Proposed Method

In this study the artificial intelligence technique based on combined metaheuristic
optimization approach PPSO and GSA algorithm, namely PPSO-GSA algorithm is
proposed [23]. The proposed model is able to optimally allocate the RES-DG units in
distribution networks which has extensive properties of PPSO [24] and GSA [25]. In
particular the PPSO-GSA considering the phase angle (0) and being represented by
trigonometric functions (i.e., sine and cosine) associated with phase angle 0 [26].
Furthermore, it uses the stochastic search method and search agents are considered as
vectors with control variables (x;) in n dimension. Utilizing stochastic search operators
on the current population, the proposed Al technique create a new population using a
successive iterative correction scheme [27]. The following equations have been con-
sidered while program problem optimization.

vi(iter + 1) = r| x v;(iter) + ry x Cy(iter) x a;(iter) + r3 x Cy(iter)

x (gbest(iter) — x;(iter)) (19)
Ci(iter) = |cos O (iter) " ) (20)
Gy (iter) = [sin 0 (iter) [ ") (21)

x;(iter + 1) = x,(iter) + v;(iter + 1) (22)

where, the acceleration of agent a;, being modified utilizing the equations given in [25]
and ry, rp, and r3 are random numbers in the range of [0, 1].

0;(iter + 1) = 0;(iter) + |cos 0;(iter) + sin 0;(iter)| x 2x (23)

The program execution of the proposed PPSO-GSA technique follows many steps
and procedures as per given flow chart illustrated in Fig. 1.
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Read the input data including the power system
configuration, lines data, loads data, RE
resources data, and RES units data (e.g. no. of
units and type).

[

Define:
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[
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Fig. 1. Flow diagram of PPSO-GSA implementation for OA-RE-DGs

4 Simulation Results and Discussion

4.1 Simulation Strategies

In this paper, PPSO-GSA is implemented on practical distribution system of 94 bus
located in Portuguese, the proposed model considering the allocation of renewable
energy sources particularly, PV and WT, with different generation capacities. The input
data and study parameters are shown in Table 1. Moreover, two cases, including single
and multiple installation of PV and WT units are examined to evaluate the performance
of the proposed methodology and its positive impacts on system indices.
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Table 1. Input parameters for simulation

Description ‘ Set value(s)

PPSO-GSA parameters:

Niter.max 100

Npop 50

Nyuns 50

System inequality constraints:

Bus voltage limits (p.u.) +10%

RE-DG size limits (MVA) 0 < 8y <5

RE-DG PF limits [28] 1 < PFpy < 1&0.65 < PFyp < 1

Max. No of RE-DG units/bus |2
Cost data [21]:

Cpc ($/kW) 30
Tpg (years) 10
Cg ($/kWh) 0.05

*PV inject active power only
*WT inject active and reactive power
*Each bus can integrate one DG only

4.2 Practical Portuguese 94-Bus RDS

In order to evaluate the effectiveness of the artificial intelligence technique the pro-
posed PPSO-GSA has implemented on Practical 94-bus shown in Fig. 2. The line and
load data of considered system has obtained from [29], and the load model of the
distribution system is assumed as a constant power load [30]. Using the base case
without DGs integration and 100% loading conditions the results are presented in the
Table 2. It interprets the system specifications and initial power flow results without
any RE-DG unit contribution. Moreover, employing the proposed model considering
RE-DG units integration along with different scenarios (i.e. single and multiple RE-DG
units) the results obtained are shown in Table 3. It can be seen that integrating the PV
and WT generators into the system at optimal locations, the voltage profile has sig-
nificantly improved and the stability index increased dramatically as compared to the
base case without RE-DGs as presented in Figs. 3 and 4, respectively.

Fig. 2. Single line diagram of practical 94-bus distribution system located in Portuguese
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Table 2. Test System results without RE-DGs

Description Portuguese 94-bus system
System specifications:
NB 94
Nbr 93
Vsys (kV) 15
Base MVA 100
Initial power flow results:
Sioaa MVA) 4.797 +j 2.323
Pyss (kW) 362.86
Qjoss (KVAr) 504.04
VoninsbUS (p.u.) 0.5183,92
Vimaxsbus (p.u.) (without slack bus) | 0.9804,2
VD7 (p.u)* 9.126
ovsi 62.265
AELz0p6 ($) 158932.68
CPU time (s) 6.831223
1.05
0.95
085 S -
E’ 075 ot
é 065 ——1PV
-
0.55 :‘ig‘g‘-’r
——3WT
0.45 N

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93
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Fig. 3. Voltage profile without and with RE-DG unit’s integration
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Fig. 4. Bus VSI profile without and with RE-DG unit’s integration.
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Table 3. Results obtained by proposed PPSO-GSA for optimal allocation of RE-DGs

Description Single RE-DG (DGs Multiple RE-DGs (DGs No/Type)

No/Type)

1/PV I/WT 2/PV 2/WT 3/PV 3/WT
Poss (KW) 132.395 81.269 79.255 21.719 72.932 14.856
Vomin/bus (p.u.) | 0.9301/66 | 0.9522/66 0.9332/92 | 0.9802/92 0.9442/92 | 0.9892/42
Vima/bus (p.u.) | 0.9968/2 | 0.9981/19 0.9974/2 | 0.9997/20 0.9974/2 | 0.9993/19
DG_MVA/PF, | 2.636/1,19 | 2.9683/0.893,19 | 1.978/1,20 | 2.189/0.898,20 | 1.467/1,19 | 1.62/0.899,19
Bus No 1.726/1,58 | 1.905/0.898,58 | 0.557/1,25 | 0.61/0.899,25

1.6987/1,58 1.87/0.895,58

OVSI 76.384 86.372 78.814 90.445 79.558 91.286
VDr (p.u) 4.491 1.712 3.790 0.636 3.570 0.420
AEL7pg ($) 57996.939 | 35603.76 34719.53 |9519.01 31949.47 | 6508.49
TAES ($) 34412.301 | 56805.48 57689.70 | 82890.22 60459.76 | 85900.74
CPU time (s) | 13.96653 | 13.906 20.25375 | 16.241 23.038 17.982

In the first scenario, considering single RE-DG unit integration, the optimal loca-
tion has identified as bus number 6 for PV and WT installation. Also optimized the
sizes of PV and WT at power factor of 0.8239. The proposed optimization reduces the
high power loss to 132.95 kW and 81.269 kW by suggesting the PV and WT,
respectively. Moreover, Fig. 5 shows the branch power loss variation with and base
case without the integration of PV and WT units, where the current flow and power loss
in branches 1 to 19 is decreased drastically after PV or WT unit’s penetration. This
optimal planning reduces the yearly economic loss to 57996.939 $ and 35603.761 $
from 158932.68 $ for the base case without RESs.

BRANCH POWER LOSSES

BRANCH POWER LOSSES (KW)

—+—NoDG
—s—1PV
——AWT
—w—2PV
= 2WT
3PV
——3WT

=
1

4 7

10 13 16
BRANCH NUMBER

Ay

adi,

BRANCH NUMBER

10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91

Fig. 5. Branch active power loss without and with RE-DG units
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Furthermore, the minimum voltage magnitude has improved to 0.9301 p.u and
0.9522 p.u using PV and WT respectively, together with increasing the VSI of all
system buses. Thus, strengthening system power quality and stability. It should be
mentioned that the optimal planning of RE-DGs in active distribution network has off-
line implementation nature; thus, the time of processing is not considered a concern
[30]. Nevertheless, the PPSO-GSA consumes a small value of 13.966 s and 13.906 s of
CPU time with PV and WT, respectively.

In the second scenario, the integration of multiple RE-DG units (i.e., two and three
units) is considered, and its implications are investigated. For the case of two PVs,
buses 20 and 58 are selected as optimal locations for PV unit integration with a
capacity of 1.9785 MW and 1.7267 MW, respectively. On the other hand, the optimal
locations for three PV units are the buses 19, 25 and 58 and the PVs capacities are
1.4679, 0.5571 and 1.6987 MW, respectively. It is worth mentioning that the active
power loss has significantly reduced to 79.255 kW and 72.932 kW by two PV and
three PV units, respectively. On the same line, the yearly savings enhanced to
57689.709 $ and 60459.762 $ are achieved with two PV and three PV units,
respectively.

Furthermore, while optimal planning of two WT units, buses 20 and 58 are also
designated as optimal locations with optimal WTs power capacities of 2.1898 MVA,
1.9054 MVA with power factors equals 0.8985 and 0.8983, respectively. As a result,
the network losses are minified to 21.719 kW. Also, the optimal integration of three
WT units at buses 19, 25 and 58 intensively decreased the power loss to only
14.856 kW. Moreover, the obtained results also show that the annual economic savings
are increased to 82890.229 $ and 85900.741 $, respectively.

In general, due to the capability of WTs to supply reactive power, it gives better
voltage profile and noticeably enhances system stability compared to PV (realize
Figs. 5 and 6), where the minimum voltage magnitudes are achieved 0.9802 p.u. at bus
20 and 0.9892 p.u at bus 42, together with a considerable increase in the OVSI of
90.445 and 91.286 by the contribution of 2 and 3 WTs, respectively.

Clearly, it can be seen from Table 3 that whenever the number of PVs and WTs
(i.e., the penetration level of RESs) is increased, a considerable improvement in the
techno-economic performance is achieved, which is presented by the bar graph given in
Fig. 6.

Table 4 arranges the numerical results of the proposed PPSO-GSA method and
comparison with other existing techniques reported in the literature for 94-bus RDS.
The fair comparison shows that the proposed algorithm provides global optimal
solutions and better results than other methods and verify the capability of PPSO-GSA
to solve the planning problem and improve the system performance.
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Table 4. Comparison of PPSO-GSA results with other methodologies

DGs Methodology | Pjgss Vmin Vmax RE-DG data CPU
No/Type (kW) (p-u.) (p-u.) (kVA/PF, bus) time (s)
1/PV BSOA [28] 153.56 0.9276 | 0.9967 |2398.5/1,21 118.00
KHA [31] 132.3957 10.9301 [0.9968 | 2636.0175/1,19 22.570
SKHA [31] 132.3957 |0.9301 |0.9968 |2636.018/1,19 21.170
PPSO-GSA 132.395 0.9301 | 0.9968 |2636/1,19 13.966
1/WT BSOA [28] 85.13 0.9519 | 0.998 2398.5/0.532,18 |234.01
PPSO-GSA 81.269 0.9522 | 0.9981 |2968.3/0.894,19 13.906
2/PV KHA [31] 86.6475 10.9284 |0.9974 |1.940/1,56 20.626
1.752/1,83
SKHA [31] 79.2549 10.9301 |0.9968 1.7260/1,58 20.298
1.978/1,20
PPSO-GSA 79.25 0.9332  10.9974 | 1978.5/1,20 20.253
1726.7/1,58
3/PV KHA [31] 74.4907 10.934 0.9976 | 0.955/1,10 19.249
1.833/1,20
1.285/1,58
SKHA [31] 73.1022  10.9437 | 0.9974 |0.498/1,25 19.046
1.575/1,19
1.638/1,58
PPSO-GSA 72.932 0.9442 109974 | 1.4679/1,19 23.038
0.5571/1,25
1.6987/1,58

o Loss reduction (%) ®TVD improvement (%) = OVSlincrease (%) m Costsaving (%)

1PV 1WT 2 PV 2WT 3P

4.01
3.03
94.01
95.40
95.90

77.60
81.24
78.15

I 78.16
I 58 47

I 26,58

| 6351
5079
—T
63.51
——1
CC—

I 45.26

I—— 79.90
I 0 88

< B 2777
| 79.90
—— 05 1
I 46,61

3IWT

Fig. 6. Techno-economic indices achieved by RE-DG units integration in 94-bus RDS
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4.3 Performance Evaluation of the Proposed Algorithm

In general, the meta-heuristic algorithms are characterized by its randomness. There-
fore, many trials have been made to prove the robustness of the proposed PPSO-GSA
with 20 independent runs. Samples of the optimization objective convergences of the
Ploss is given in Fig. 7. The results elucidate that the PPSO-GSA accelerates to the
near-optimal solution smoothly, robust, and having steady convergence characteristics.

1/PV
e 1 WT
2/PV

0.1 2/WT
= 3PV
3/WT

0.05

Active Power Losses (kW)

0

0 20 40 60 80 100 120 140 160 180 200
Iteration

Fig. 7. Convergence rate of PPSO-GSA algorithm

5 Conclusions

In this paper, the artificial intelligence technique based on PPSO and GSA, namely
PPSO-GSA has utilized for the RE-DG unit’s allocation in the distribution system. The
developed model optimizes the sizing and locations of RE-DG units with the main
objective of techno-economic binifit maximation in distribution system, The key
highlights from the obtained results are:

e The PPSO-GSA provides better solution to the planning problem of RE-DGs either
in single or multiple scenarios of DGs integration.

e The contribution of PV and WT power generators in the distribution system and its
optimal allocation enhances the system performance and power quality in term of
power loss reduction and voltage profile improvement.

e The more increase in the penetration of RE-DGs, the more melioration in technical
and financial indices of the distribution system, especially with the case of WTs.

e In comparison with the literature, thank to the artificial intelligence technique that
provides better results and high-quality solutions in all cases.
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