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The smart grid paradigm has ushered in an era where modern distribution
systems are expected to be both robust and interconnected in topology. This
paper presents a techno-economic-based sustainable planning (TESP) strategy,
which can be used as a planning framework for linked distribution systems,
seeking to discover a realistic solution among competing criteria of diverse
genres. In this comparative analysis-based study, three voltage stability
assessment indices—VSA_A, VSA_B, and VSA_W—and a loss minimization
condition (LMC)-based framework are used in the initial stage to achieve
optimal distributed generation (DG)-based asset optimization for siting,
followed by sizing. The respective techniques are evaluated across two
variants of multiple load growth horizons spread across 10 years. The
suggested TESP technique is tested on two variants of a mesh-configured
microgrid (MCMG) with varied load growth scenarios. One variant considers a
65-busMGwith a fixed load growth of 2.7% across two load growth horizons. The
other variant considers a 75-bus MG with varied load growth across four load
growth horizons, encapsulating an expansion-based planning perspective. The
numerical results of the suggested TESP approach in a comparative study
demonstrate its effectiveness, and it can be used by researchers and planning
engineers as a planning framework for interconnected distribution tools across
multiple planning horizons. The proposed study would contribute to enhancing
the robustness and interconnectivity of smart grid distribution systems. This dual
focus could lead to more cost-effective and reliable power distribution systems.
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1 Introduction

To keep up with the standards of modern societies, the global demand for power has
skyrocketed. Distribution networks (DNs) are at the forefront of working at or near
operational limits, which causes a variety of techno-economic issues (Evangelopoulos et al.,
2016). Furthermore, in competitive deregulated markets, smartly addressed increasing
demands must be subjected to acceptable voltage gradients and system losses. DNs were
deterministically designed to retain unidirectional power flow with radial structure,
allowing for ease of control and minimal protection requirements (Kazmi et al., 2017a).
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Furthermore, distributed generation (DG) was not considered
during the planning phase, and any future changes to the DN
topology will be subjected to new planning tools and
considerations. The limitations of traditional grid are being
overcome with the advent of smart grids, which are expected to
be reliable and provide a variety of feasible techno-economic
solutions (Kazmi et al., 2017b). In addition, unlike radial-
structured DN, the smart distribution network has given way to
loop and meshed topology by closing certain normally open tie-
switches (RDN). The incorporation of DG assets into
interconnected topology provides a reliable and consistent
alternative, helping transform RDN into an active DN (Mallala
et al., 2023).

The optimal DG placements (ODGPs) in future smart
distribution mechanisms have paved way for interconnected
configured DNs and microgrids (MGs), which provides an
appropriate opportunity for tightly inhabited urban centers
subjected to existing infrastructure modernization (Mahmoud
et al., 2017). The techno-economic objective attributed to ODGPs
includes acceptable voltage gradients, low system losses and
affordable power along with profitability, and overall saving
incurred during operations across certain planning horizons
(Alvarez-Herault et al., 2015). In various reported research
works, researchers have made efforts to address concerned
limitations in ODGP-based planning across various distribution
mechanisms. Primarily, interconnected DNs have reviewed in terms
of index-based optimization methods aimed at the attainment of
techno-economic objectives. The prime assets considered are
renewable and traditional DGs and reactive power compensation
devices like capacitors and distribution static compensator
(D-STATCOM). The loop or meshed DN infrastructure-based
power system with ODGP-based optimization has considered tie-
switches, and the respective impact on various load levels has been
evaluated across various load growth horizons besides normal
loading conditions. The index-based methodologies have been
applied for ODGP in LDN aiming at achieving various technical
objectives (Ali et al., 2019; Mallala and Dwivedi, 2022) under normal
and load growth conditions for the attainment of techno-economic
objectives (Arshad et al., 2018; Javaid et al., 2019).

The DN modernization under SG encompasses several aspects
that necessitate the use of decision-making (DM) tools and
techniques to reach Pareto optima by considering a multitude of
constraints and objective functions. Furthermore, in addition to
technical and economic standards, the geographical spread of a new
tool necessitates an assessment of environmentally friendly and
socially acceptable solutions. As a result, many potential
alternative solutions must be assessed across various dimensions
(objectives) in order to achieve Pareto optimal solution (Javaid
et al., 2019).

Traditional asset optimization methods used in DN were aimed
to observe the lowest cost solution. However, they may lack
solutions that can be applied to all required rubrics. Furthermore,
one of the distinguishing factors of traditional RDNs has been the
radiality constraint (Das et al., 2017). According to the literature,
DN-centric asset optimization within system restriction primarily
intends to siting and sizing of individual assets (Al-Sharafi et al.,
2017; Das et al., 2022). On the one hand, the technical side intends to
reduce system active/reactive power losses, improve voltage profiles,

and maximize DG-based renewable energy penetration, short circuit
levels, system stability, acceptable bidirectional power flows, and
overall power quality (Al-Sharafi et al., 2017; Das et al., 2022). On the
other hand, it aims to improve monetary benefits tend to reduce
system loses and costs through optimal allocation of resources and
optimal plaining to minimize the maintenance cost.

According to the literature, there are many approaches to reach
optimal solutions for the objectives discussed above. These approaches
include traditional techniques, i.e., numerical methods, analytical
methods, and deterministic methods, in addition to nature-inspired
heuristic, meta-heuristic, and AI-inspired neural networks. However, in
various scenarios and cases, such algorithms are subjected to achieve
solutions which might lead to local optima (Kazmi et al., 2017a; Al-
Sharafi et al., 2017; Kazmi et al., 2017b; Das et al., 2017; Javaid et al.,
2019; Das et al., 2022; Mallala et al., 2023). However, the addition of
further objectives or constraints can potentially increase the
computational cost, and the results might not be the optimal result.
This limitation is commonly associated with algorithms created by the
hybridization of many algorithms which aim to achieve the global
optima. Furthermore, multi-criteria optimization techniques are used
to achieve Pareto optima amongst conflicting criteria/objectives (Kazmi
et al., 2019; Mallala et al., 2023). While the literature acknowledges
significant progress in the techno-economic optimization of DN under
smart grid paradigms, ongoing research is required to address the
complexities of such systems, especially considering the dynamic nature
of load growth and system expansion.

The reviewed work from the perspective of voltage stability
indices (VSIs) aiming at ODGPs has mostly focused on the RDN
and fairly less for the loop of meshed configured DNs across various
planning horizons (Kazmi et al., 2019; Paliwal, 2021). The limitation
in all of them includes the fact that the load growth is usually
considered constant across a certain large-scale horizon of 5 years,
and expansion-based planning with an increased number of nodes
are usually not catered, despite the reviewed works addressing the
concerned issues partially (Modarresi et al., 2016; Kazmi et al.,
2021). However, based on the search results, it can be inferred that
techno-economic assessments are a common approach for
evaluating distribution network planning (Gholami et al., 2022).
Additionally, the use of power electronic transformers (PETs) has
been proposed for economic dispatch in mixed AC/DC systems
(Chen et al., 2021). Furthermore, optimal asset placement in
interconnected and reliable modern distribution networks has
been considered for smart grid modernization (Khan et al., 2022).

This paper aims to address the limitations in the existing
literature by proposing a sustainable planning approach for
meshed configured distribution networks (MDNs) with load
growth and expansion across multiple planning horizons. The
proposed approach, based on optimal distributed generation
placement (ODGP) and voltage stability index (VSI), considers
two constant load growth horizons and four variable load growth
horizons. The approach evaluates techno-economic factors, rather
than evaluating only technical or economic factors, and utilizes three
VSIs, namely, VSI_A, VSI_B, and VSI_W, for ODGP, followed by
loss minimization for the optimal sizing of DGs. The proposed
approach is evaluated on an actual MDN-based campus microgrid
and offers planning engineers and researchers an efficient and
realistic solution for addressing load growth. The main
contributions of this paper are as follows:
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(i) Evaluating multiple DGs across various VSIs for siting and
loss minimization condition (LMC) for sizing.

(ii) Assessing solutions based on techno-economic indices.
(iii) Evaluating solutions across multiple load growth horizons.
(iv) Including planning for both load growth and

node expansion.
(v) Conducting numerical assessments on an actual mesh-

configured microgrid (MCMG).

The remainder of the paper is organized as follows: Section 2
presents the proposed approach with mathematical terms and
computation processes. The simulation arrangement and
performance valuation-based indices are shown in Section 3.
Section 4 illustrates the effectiveness of the approach across load
growth and expansion of node-based planning horizons. The
conclusions are reported in Section 5.

2 Proposed approach

The proposed method for optimal DG siting uses three voltage
stability assessment indices, namely, VSA_A, VSA_B, and VSA_D,
which are derived from literature sources (Kazmi et al., 2019;
Paliwal, 2021; Das et al., 2022), aiming at achieving an optimal DG
siting using load flow calculation. Load flow calculation is a
numerical method used to analyze and calculate the steady-state
behavior of an electrical power system. It determines the voltages,
currents, and power flows in a power system under different
operating conditions. VSA_A is calculated using Eq. 1, which
measures the critical value of the sum of the fourth power of
the voltage sensitivity index (V_seb) divided by the square of the
total number of buses (k) minus a term involving the sum of
squares of Vseb and a combination of coefficients (AAA, BAA, CAA,
and DAA) related to the power flow solution. The critical value of
VSA_A ranges from 0, indicating instability, to 1,
indicating stability.

Similarly, VSA_B is calculated using Eq. 2, which measures the
maximum value of the ratio of a term involving the sum of squares
of Vseb and a combination of coefficients (EBB and FBB) related to
the power flow solution divided by the sum of the fourth power of
Vseb. The critical value of VSA_B ranges from 1, indicating
instability, to 0, indicating stability. VSA_D in Eq. 3 shows the
deviation, which is positive, pointing toward critical loading
conditions of a bus in a distribution network that is close to
voltage collapse.

VSA A � ∑kl
i�1

Vseb

k
( )4

− 4
k
∑kl
i�1

Vseb

k
( )2 AAA

CAA
( ) + BAA

DAA
( )[ ]

− 4
k2

AAA

CAA
( ) − BAA

DAA
( )[ ]2

≥ 0, (1)
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CAA � abs ∑n

k≠ l
RkRl −∑n

k≠ l
XkXl{ } + 0.001[ ];

DAA � abs R1X2 + R2X1 + R1X3 + R3X1 + R2X3 + R3X2( )
� abs ∑n

k≠ l
RkXl[ ].

VSA B � 4k2
EBB∑kl

i�1
Vseb
k( )2 + FBB

k( )2[ ]
∑kl

i�1
Vsb
k( )4 ≤ 1, (2)

where

EBB � abs P2bR1r + P4bR2r + P6bR3r( ){[
+ Q2bX1x + Q4bX2x + Q6bX3x( )} + 0.001];

FBB � abs P2bX1x + P4bX2x + P6bX3x( ){[
− Q2bR1r + Q4bR2r + Q6bR3r( )} + 0.001].

VSA D � ∑kl
i�1

Vseb − Vreb( )2 ≥ 0, (3)

where Vseb is the voltage value as a reference of substation
voltage (sending end bus). Vreb represents the voltage value of
the receiving end node/bus throughout the distribution network.

The weighted VSI factor is delegated as VSI_W and is based on
weighted normalized values of VSA_Aw, VSA_Bw, and VSA_Dw, as
shown in Eq. 4:

VSAW � ωAw × VSIAw( ) + ωBw × VSIBw( ) + ωDw × VSIDw( )[ ],
(4)

where ωAw,ωBw, andωDw are the weight factors of each
individual normalized values of VSI, and their addition
should be 1.

The technique of loss minimization condition (LMC) remains
the same as mentioned in Mahmoud et al. (2017). The expressions
for LMC for PLoss and QLoss subjected to zero loop currents are
illustrated in Eqs 5, 6 as P_LMC and Q_LMC, respectively,
as follows:

PLMC � I2B( )2R2r + I1B( )2R1r + I3B( )2R3r[ ]≥ 0; (5)
Q LMC � I2B( )2X2x + I1B( )2X1x + I3B( )2X3x[ ]≥ 0, (6)

where I1B, I2B, and I3B are the individual line current across
different feeders. R1r, R2r, and R3r are the individual line
resistance across different feeders. X1x, X2x, andX3x are the
individual line reactance across different feeders.

3 The simulation arrangement and
performance valuation-based indices

Figure 1 shows the flow chart of the techno-economic-based
sustainable planning (TESP) strategy for evaluating several load
increase scenarios throughout DG placement planning periods. The
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FIGURE 1
Flow chart of the proposed techno-economic-based sustainable planning (TESP) strategy across multiple planning horizons.

FIGURE 2
Sixty-five-bus microgrid meshed configured distribution network.
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research is carried out in two scenarios: one with two horizons of
load expansion through a fixed node distribution network and the
other with four horizons of expandable load development. A test
system setup of a meshed configured microgrid is considered with
two variants in this work: the first variant with a 65-bus system for
fixed node evaluation, as shown in Figure 2, and the second variant
with a 75-bus expanded system, as shown in Figure 3. The entire
load horizon is 10 years, and both distribution network types are set
up in a meshed topology. Without any DG in the meshed design, the
normal active and reactive power loads in both networks are
3,950.505 KW and 1,913.317 KVAR, respectively, with losses of
60.51 KW and 34.63 KVAR. The load growth for 65-node MG is
2.7% in horizon 1 of 5 years (until 2025) and 2.7% in horizon 2 of
5 years (until 2030). The load growth for 75-node MG is 14.9% in
horizon 1 of 3 years (until year 2023), 2.7% in horizon 2 of 2 years
(until year 2025), 17.75% in horizon 3 of 3 years (until year 2028),

and 2.7% in horizon 4 of 2 years (until year 2030). Table 1 and
Table 2 show the technical and economic performance evaluation
factors, respectively (Kazmi et al., 2021). Table 3 presents the load
growth values for 65- and 75-bus meshed MGs in various
planning horizons.

The base case mathematical model is created in MATLAB, and
outcomes from the m-file are used to identify the weakest nodes
according to the VSI. The outcome-based numericals were collected
from the Simulink model setup and were used to perform the
simulation The loop currents across TSs will be simulated until
became nearly zero and voltages across the various buses became
identical, which corresponded to the optimal sizing of assets based
on 1% termination criteria. Finally, the obtained values from m-files
are implemented in a MATLAB 2018a program,
where the suggested multi-criteria sustainable planning technique
is assessed using various matrices.

FIGURE 3
Seventy-five-bus expanded microgrid meshed configured distribution network.

TABLE 1 Technical performance evaluation parameters (Kazmi et al., 2021).

S. no. Technical parameter Designation Relationship Objective

1 Active power loss (PLoss) (KW) PLoss ∑ml−1

i�1
PLossTDS +∑PTB

Minimize

2 Reactive power loss (QLoss) (KVAR) QLoss ∑ml−1

i�1
QLoss

TDS +∑QTB

Minimize

3 Active power loss minimization (%) PLossM [P LNo DG−P LM DG
P LNo DG

] × 100 Maximize

4 Reactive power loss minimization (%) QLossM [Q LNo DG−Q LM DG
Q LNo DG

] × 100 Maximize

5 Penetration of DG by percentage (%) PDGP (∑M
a�1

PDG/∑N
b�1

PLD) × 100
Maximize

6 Voltage level (P.U.) VL V = 1.0 (reference voltage) Maximize
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4 Results and discussion

4.1 Case 1 evaluation results

The cases with respective designations, in terms of
nomenclature, are illustrated with case (C#) that have been
evaluated across the following scenarios (C#/S#):

Case 1 (C1): DG placement in the 65-bus meshed
configured microgrid.

Scenario 1 (C1/S1): evaluation across the radial network across
two planning horizons of 5 years each of same load growth of 2.7%.

Scenario 2 (C1/S2): evaluation across the mesh network with
VSA_A across two planning horizons of 5 years each of same load
growth of 2.7%.

Scenario 3 (C1/S3): evaluation across the mesh network with
VSA_B across two planning horizons of 5 years each of same load
growth of 2.7%.

Scenario 4 (C1/S3): evaluation across the mesh network with
VSA_W across two planning horizons of 5 years each of same load
growth of 2.7%.

The two load growth horizons for C1 are shown with the
following nomenclature:

Normal load:

• 2020
• 2020 optimal reinforcement (2020_O)

Load growth 1 across 5 years with a 2.7% growth rate:

• 2025
• 2025 optimal reinforcement (2025_O)

Load growth 1 across 5 years with a 2.7% growth rate:

• 2030
• 2030 optimal reinforcement (2030_O)

The DG placement and sizing at a 0.9 lagging power factor (LPF)
in the 65-bus meshed configured MG evaluated across two planning
horizons of 5 years each with a load growth of 2.7% increase per
annum are illustrated in Tables 4–6. The 2.7% increment of power
demand was chosen to simulate a realistic load growth scenario in
the distribution system. This value was based on historical trends
and future projections of population growth, urbanization, and
industrialization in the area served by the distribution system.
The DG siting and sizing based on VSA_A–LMC, VSA_B–LMC
and VSA_W–LMC approaches across various parameters are shown
in Tables 4–6, respectively. In all those tables, DG units with their
capacities and an operating lagging power factor of 0.9 have been
illustrated across abovementioned C1 scenarios. The 0.9 power
factor was chosen as a typical value for the loads in the
distribution system. This value is not necessarily regulated, but it
is often used as a benchmark for power factor correction and
improvement efforts in distribution systems. It is also a
reasonable assumption for modeling and simulation purposes as
it represents a moderate level of reactive power demand in
the system.

TABLE 2 Cost-economic performance assessment parameters (Kazmi et al., 2021).

S. no. Technical parameter Designation Relationship Objective

1 Cost of PLoss in millions USD (M$) CPLoss [P L × EU × TY (8760 hrs)] Minimize

2 Savings of PLoss in millions USD (M$) SPLoss PLCNo DG−PLCM DG
PLCNo DG

× 100 Maximize

3 Cost of active power for DG ($/MWh) CDGP a × PDG
2 + b × PDG + c, where a = 0, b = 20, and c = 0.25 Minimize

4 Cost of reactive power for DG ($/MVAR) CDGQ [C(SDG M) − C( ���������������(SDG M
2 − PDG

2)√ )] ×k,
where SDGM � PDGM

cos θ � 1.1 × PDG
cos θ ; k � 0.5 − 1

Minimize

TABLE 3 Load growth values across 65- and 75-bus meshed MGs.

Year Active load (KW) 65 bus Reactive load (KVAR) 65 bus Apparent load (KVA) 65 bus Load growth % 65 bus

2020 3949.77 1912.97 4388.64 -

2025 4512.56 2185.54 5013.96 2.7%

2030 5155.54 2496.95 5728.3813 2.7%

Year Active load (KW) 75 bus Reactive load (KVAR) 75 bus Apparent load (KVA) 75 bus Load growth % 75 bus

2020 3949.77 1912.97 4388.64 -

2023 5988.14 2899.97 6653.39 14.9

2025 6315.96 3058.84 7017.68 2.7

2028 10305.94 4991.11 11452.28 17.75

2030 10870 5264.24 10277.63 2.7
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For the VSA_A–LMC-based approach, the normal scenario in
both cases is the same, such as the year 2020 scenario. Load has
increased linearly at 2.7 percent per year in the actual model after
3 years, as well as due to the addition of new load programs. Because
the load has changed and the DG capacity has remained the same as
in scenario 2020, DG values for scenario 2023 will need to be
adjusted for this model after 3 years. The DG capacity has been
re-optimized to meet the model’s current requirement. According to
scenario 2020, weak nodes would remain the same.

Similarly, for VSA_B–LMC- and VSA_W–LMC-based approach
variants, load has increased linearly at 2.7 percent per year in the actual
model after 3 years, aswell as due to the additionofnew loadprograms.
Because the load has changed and the DG capacity has remained the
same as in scenario 2020, DG values for scenario 2023 will need to be
optimizedforthismodelafter3 years.TheDGcapacityhasalsobeenre-
optimized tomeet themodel’s current requirement.All threeVSIswere
performed according to their respective criteria in order to increase the
voltage profile and maximize the model’s technical characteristics.

TABLE 4 DG siting and sizing for a 65-bus meshed MG at 0.9 lagging power factor based on VSA_A and LMC approaches.

DG siting and sizing
considering VSA_A- and
LMC-based parameters

Normal
case 2020

Optimal
case

2020_O

5-year non-
optimal case

2025

5-year
optimal case

2025_O

10-year non-
optimal case

2030

10-year
optimal case

2030_O

Active/reactive load (KW + jKVAR) 3949.77 +
j1912.97

3949.77 4512.64 + j2185.82 4512.64 + j2185.82 5155.65 + j2497.17 5155.65 + j2497.17

+ j1912.97

Grid active/reactive power (KW +
jKVAR)

4010.28 +
j1947.6

1084.39 + j517.6 1650.54 + j7993.66 1389.52 + j666.94 2036.89 + j982.99 1550.84 + 746.78

DG1 bus and size (KW + j KVAR) — DG_5 @ 558 +
j270.25

DG_5 @ 558 +
j270.25

DG_5 @ 558 +
j270.25

DG_5 @ 558 +
j270.25

DG_5 @ 558 +
j270.25

DG2 @ bus and size (KW + j KVAR) — DG_20 @ 441 +
j213.59

DG_20 @ 441 +
j213.59

DG_20 @ 630 +
j305.12

DG_20 @ 630 +
j305.12

DG_20 @ 720 +
j348.71

DG3 @ bus and size (KW + j KVAR) — DG_40 @ 783 +
j379.22

DG_40 @ 783 +
j379.22

DG_40 @ 855 +
j414.1

DG_40 @ 855 +
j414.1

DG_40 @ 1170 +
j566.66

DG4 @ bus and size (KW + j KVAR) — DG_52 @ 729 +
j353.07

DG_52@ 729 +
j353.07

DG_52 @ 729 +
j353.07

DG_52 @ 729 +
j353.07

DG_52 @ 810 +
j392.3

DG5 @ bus and size (KW + j KVAR) — DG_62 @ 414 +
j200.51

DG_62@ 414 +
j200.51

DG_62 @ 414 +
j200.51

DG_62 @ 414 +
j200.51

DG_62 @ 414 +
j200.51

Active power loss (KW) 60.51 59.62 62.90 62.88 67.24 67.19

Reactive power loss (KVAR) 34.63 21.27 24.48 24.17 28.87 28.04

TABLE 5 DG siting and sizing for a 65-bus meshed MG at 0.9 lagging power factor based on VSA_B and LMC approaches.

DG siting and sizing
considering VSA_B- and
LMC-based parameters

Normal
case 2020

Optimal
case

2020_O

5-year non-
optimal case

2025

5-year
optimal case

2025_O

10-year non-
optimal case

2030

10-year
optimal case

2030_O

Active/reactive load (KW + jKVAR) 3949.77 +
j1912.97

3949.77 +
j1912.97

4512.64 + j2185.82 4512.64 + j2185.82 5155.65 + j2497.17 5155.65 + j2497.17

Grid active/reactive power (KW +
jKVAR)

4010.28 +
j1947.6

922.45 + j440.09 1488.62 + j716.39 1200.61 + j576.59 1847.99 + j892.89 1442.97 + j696.25

DG1 bus and size (KW + jKVAR) — DG_5 @ 270 +
j130.77

DG_5 @ 270 +
j130.77

DG_5 @ 270 +
j130.77

DG_5 @ 270 +
j130.77

DG_5 @ 315 +
j152.56

DG2 @ bus and size (KW + jKVAR) — DG_14 @ 630 +
j305.12

DG_14 @ 630 +
j305.12

DG_14 @ 720 +
j348.71

DG_14 @ 720 +
j348.71

DG_14 @ 810 +
j392.3

DG3 @ bus and size (KW + jKVAR) — DG_17 @ 477 +
j231.02

DG_17 @ 477 +
j231.02

DG_17 @ 630 +
j305.12

DG_17 @ 630 +
j305.12

DG_17 @ 720 +
j348.71

DG4 @ bus and size (KW + jKVAR) — DG_38 @ 855 +
j414.1

DG_38 @ 855 +
j414.1

DG_38 @ 900 +
j435.89

DG_38 @ 900 +
j435.89

DG_38 @ 1080 +
j523.07

DG5 @ bus and size (KW + jKVAR) — DG_43 @ 855 +
j414.1

DG_43 @ 855 +
j414.1

DG_43 @ 855 +
j414.1

DG_43 @ 855 +
j414.1

DG_43 @ 855 +
j414.1

Active power loss (KW) 60.51 59.68 62.98 62.97 67.34 67.32

Reactive power loss (KVAR) 34.63 22.23 25.68 25.36 30.31 29.82
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In Figure 4, case 1 shows an active power loss trend across two
planning horizons (accumulatively 10 years) in the 65-bus meshed
configured MG-based distribution network. It can be observed that the
active power losses have reduced in meshed configured approaches in
C1, scenarios 2–4 compared to the radial counterpart in scenario 1.

Figure 5 and Figure 6 show that a substantial improvement is active
and prominent in reactive power lossminimization across all scenarios of
C1. The reason being that reactive power loss is high because the
distribution network is laid underground rather than overhead cables.
Figure 7 shows that each VSI enhanced the voltage profile of the network
according to its own specifications, and that all VSIs are significantly
superior to a simple interconnected network. After maximizing the value
of DG penetration in accordance with the policy, the voltage of each node
is brought to unity. For this scenario, a new optimized model has been

acquired. Figure 8 shows a phenomenal reduction in the cost of active
power losses and an increase in savings.

4.2 Case 2 evaluation results

The cases with respective designations, in terms of
nomenclature, are illustrated with case (C#) that have been
evaluated across the following scenarios (C#/S#):

Case 2 (C2): DG placement in the 75-bus meshed
configured microgrid.

Scenario 1 (C2/S1): evaluation across the radial network across
four different planning horizons of 5 years each of various load
growth levels.

TABLE 6 DG siting and sizing for a 65-bus meshed MG at 0.9 lagging power factor based on VSA_W and LMC approaches.

DG siting and sizing
considering VSA_W-LMC-

based parameters

Normal
case 2020

Optimal
case

2020_O

5-year non-
optimal case

2025

5-year
optimal case

2025_O

10-year non-
optimal case

2030

10-year
optimal case

2030_O

Active/reactive load (KW + jKVAR) 3949.77 +
j1912.97

3949.77 +
j1912.97

4512.64 + j2185.82 4512.64 + j2185.82 5155.65 + j2497.17 5155.65 + j2497.17

Grid active/reactive power (KW +
jKVAR)

4010.28 +
j1947.6

1534.42 + j736.06 2100.59 + j1012.34 1677.56 + j807 2324.93 + j1123.1 1856.9 + j895.88

DG1 bus and size (KW + jKVAR) — DG_5 @ 360 +
j174.36

DG_5 @ 360 +
j174.36

DG_5 @ 423 +
j204.87

DG_5 @ 423 +
204.87

DG_5 @ 468 +
226.66

DG2 @ bus and size (KW + jKVAR) — DG_17 @ 270 +
j130.77

DG_17 @ 270 +
j130.77

DG_17 @ 405 +
j196.15

DG_17 @ 405 +
j196.15

DG_17 @ 423 +
j204.87

DG3 @ bus and size (KW + jKVAR) — DG_38 @ 585 +
j283.33

DG_38 @ 585 +
j283.33

DG_38 @ 675 +
j326.92

DG_38 @ 675 +
j326.92

DG_38 @ 675 +
j326.92

DG4 @ bus and size (KW + jKVAR) — DG_42 @ 630 +
j305.12

DG_42 @ 630 +
j305.12

DG_42 @ 675 +
j326.92

DG_42 @ 675 +
j326.92

DG_42 @ 720 +
j348.71

DG5 @ bus and size (KW + jKVAR) — DG_62 @ 630 +
j305.12

DG_62 @ 630 +
j305.12

DG_62 @ 720 +
j348.71

DG_62 @ 720 +
j348.71

DG_62 @ 810 +
j392.3

Active power loss (KW) 60.51 59.65 62.95 62.92 67.28 67.25

Reactive power loss (KVAR) 34.63 21.79 25.22 24.75 29.5 28.93

FIGURE 4
Active power loss trend across two planning horizons in the 65-
bus meshed configured MG-based distribution network.

FIGURE 5
Reactive power loss trend across two planning horizons in the
65-bus meshed configured MG-based distribution network.
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Scenario 2 (C2/S2): evaluation across the mesh network with
VSA_A across four different planning horizons of various load
growth levels.

Scenario 3 (C2/S3): evaluation across the mesh network with
VSA_B across four different planning horizons of various load
growth levels.

Scenario 4 (C2/S3): evaluation across the mesh network with
VSA_W across four different planning horizons of various load
growth levels.

The four load growth horizons for C2 are shown with the
following nomenclature:

Normal load:

• 2020
• 2020 optimal reinforcement (2020_O)

Load growth 1 across 3 years with a 14.9% growth rate:

• 2023
• 2023 optimal reinforcement (2023_O)

Load growth 2 across 2 years with a 2.7% growth rate:

• 2025
• 2025 optimal reinforcement (2025_O)

Load growth 1 across 3 years with a 17.75% growth rate:

• 2028
• 2028 optimal reinforcement (2028_O)

Load growth 4 across 2 years with a 2.7% growth rate:

• 2030
• 2030 optimal reinforcement (2030_O)

The DG placement and sizing at 0.9 lagging power factor in the
75-bus meshed configured MG evaluated across four planning
horizons of 2–3 years each with a variable expansion-based load
growth increase per annum are illustrated in Tables 7–9. The DG
siting and sizing based on VSA_A–LMC-, VSA_B–LMC-, and
VSA_W–LMC approaches are illustrated across various
parameters in Tables 7–9, respectively. In all those tables, DG
units with their capacities and an operating lagging power factor
(LPF) of approximately 0.9 have been illustrated across
abovementioned C2 scenarios. All the data are provided in a self-
explanatory manner.

In Figure 9, case 2 shows an active power loss trend across four
planning horizons (accumulatively 10 years) in the 75-bus meshed
configured MG-based distribution network. It can be observed that
the active power losses have reduced in meshed configured
approaches in C2, scenarios 2–4 compared to the radial
counterpart in scenario 2.

Figure 10 and Figure 11 show that a substantial improvement is
active and prominent in reactive power loss minimization across all
scenarios of C2 and is quite greater than that in C1 and respective
scenarios. The reason being that reactive power loss is high because
the distribution network is laid underground rather than overhead

FIGURE 6
Active and reactive power loss minimization trends across two
planning horizons in the 65-bus meshed configured MG-based
distribution network.

FIGURE 7
Voltage profile trend across two planning horizons in the 65-bus
meshed configured MG-based distribution network.

FIGURE 8
Cost of active power losses and savings trend across two
planning horizons in the 65-bus meshed configured MG-based
distribution network.
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TABLE 7 DG siting and sizing for a 75-bus meshed MG at 0.9 lagging power factor based on VSA_A and LMC approaches.

DG place/size
considering

VSA_A–LMC-based
parameters

Normal
case
2020

Optimal
case

2020_O

3-year non-
optimal case

2023

3-year
optimal case

2023_O

5-year non-
optimal case

2025

5-year
optimal
case

2025_O

8-year non-
optimal case

2028

8-year
optimal case
2028_O

10-year
non-

optimal case
2030

10-year
optimal
case

2030_O

Active/reactive load (KW +
jKVAR)

3949.77 +
j1912.97

2196.99 +
j1065.2

3151.17 KW +
j1529.96 KVAR

2196.99 KW +
j1065.18 KVAR

3221.19 KW +
j1564.47 KVAR

2240.01 KW + j
1086.63 KVAR

7303.55 KW +
j3773.83 KVAR

2521.24 KW +
j1221.49 KVAR

7882.44 KW + j
4085.16 KVAR

2541.47 KW + j
1255.03 KVAR

Grid active/reactive power
(KW + jKVAR)

4010.28 +
j1947.6

5988.14
+j2899.97

5988.14 KW +
j2899.97 KVAR

5988.14 KW +
j2899.97 KVAR

6315.96 KW +
j3058.84 KVAR

6315.96 KW + j
3058.84 KVAR

10305.94 KW +
j4991.11 KVAR

10305.94 KW + j
4991.11 KVAR

10870 KW + j
5264.24 KVAR

10870 KW + j
5264.24 KVAR

DG1 bus and size (KW +
jKVAR)

— DG_5 @540 +
j261.53

DG_5 = 558 KW +
j270.25 KVAR

DG_5 = 540 KW
+ j261.53 KVAR

DG_5 = 558 KW +
j270.25 KVAR

DG_5 = 540 KW
+ j261.53 KVAR

DG_5 @ 558 KW
+ j 270.25 KVAR

DG_5 @ 585 KW
+ j283.33 KVAR

DG_5 @ 558 KW
+ j 270.25 KVAR

DG_5 @ 630 KW
+ j305.12 KVAR

DG2 @ bus and size (KW +
jKVAR)

— DG_22 @ 990
+ j479.48

DG_22 = 441 KW
+ j213.59 KVAR

DG_22 = 990 KW
+ j479.48 KVAR

DG_22 = 630 KW
+ j305.12 KVAR

DG_22 = 990 KW
+ j479.48 KVAR

DG_22 @ 630 KW
+ j305.12 KVAR

DG_22 @
1350 KW +

j653.84 KVAR

DG_22 @ 630 KW
+ j305.12 KVAR

DG_22 @
1350 KW +

j653.84 KVAR

DG3 @ bus and size (KW +
jKVAR)

— DG_44 @ 855
+ j414.1

DG_44 = 783 KW
+ j379.22 KVAR

DG_44 = 855 KW
+ j414.1 KVAR

DG_44 = 855 KW
+ j414.1 KVAR

DG_44 =
1008 KW +
j488.2 KVAR

DG_44 @ 855 KW
+ j414.1 KVAR

DG_44 @
1620 KW +
j784.6 KVAR

DG_44 @ 855 KW
+ j414.1 KVAR

DG_44 @
1620 KW +
j784.6 KVAR

DG4 @ bus and size (KW +
jKVAR)

— DG_57@ 1080
+j523.07

DG_57 = 729 KW
+ j353.07 KVAR

DG_57 =
1080 KW +

j523.07 KVAR

DG_57 = 729 KW
+ j353.07 KVAR

DG_57 =
1215 KW +

j588.45 KVAR

DG_57 @ 729 KW
+ j353.07 KVAR

DG_57 @
3870 KW +

j1874.3 KVAR

DG_57 @ 729 KW
+ j353.07 KVAR

DG_57 @
4293 KW +

j2079.2 KVAR

DG5 @ bus and size (KW +
jKVAR)

— DG_70 @ 414
+ j200.51

DG_70 = 414 KW
+ j.51 KVAR

DG_70 = 414 KW
+ j200.51 KVAR

DG_70 = 414 KW
+ j200.51 KVAR

DG_70 = 414 KW
+ j200.51 KVAR

DG_70 @ 414 KW
+ j200.51 KVAR

DG_70 @ 540 KW
+ j261.53 KVAR

DG_70 @ 414 KW
+ j 200.51 KVAR

DG_70 @
630 KW +

j305.12 KVAR

Active power loss (KW) 60.51 87.85 88.03 KW 87.85 KW 91.23 KW 91.05 KW 183.61 KW 180.3 KW 198.44 KW 194.47 KW

Reactive power loss (KVAR) 34.63 43.9 46.63 KVAR 43.9 KVAR 48.68 KVAR 45.96 KVAR 325.77 KVAR 87.98 KVAR 363.97 KVAR 118.67 KVAR
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TABLE 8 DG siting and sizing for a 75-bus MG at 0.9 lagging power factor based on VSA_B and LMC approaches.

DG place/size
considering
VSA_A-LMC-

based parameters

Normal
case
2020

Optimal
case

2020_O

3-year non-
optimal case

2023

3-year
optimal
case

2023_O

5-year non-
optimal case

2025

5-year
optimal
case

2025_O

8-year non-
optimal case

2028

8-year
optimal
case

2028_O

10-year
non-optimal
case 2030

10-year
optimal
case

2030_O

Active/reactive load (KW +
jKVAR)

3949.77 +
j1912.97

2989.35 KW +
j1454.05 KVAR

3320.48 KW +
j1616.58 KVAR

2116.2 KW +
j1028.77 KVAR

2447.26 KW +
j1190.52 KVAR

2195.26 KW +
j1068.28 KVAR

6277.59 KW +
j3049.41 KVAR

2865.56 KW +
j1613.34 KVAR

3444.16 KW +
j1704.39 KVAR

2832.1 KW +
j1401.92 KVAR

Grid active/reactive power
(KW + jKVAR)

4010.28 +
j1947.6

5988.14 KW +
j2899.97 KVAR

6315.96 KW + j
3058.84 KVAR

5988.14 KW + j
2899.97 KVAR

6315.96 KW + j
3058.84 KVAR

6315.96 KW + j
3058.84 KVAR

10305.94 KW + j
4991.11 KVAR

10305.94 KW +
j4991.11KVAR

10870 KW +
j5264.24 KVAR

10870 KW +
j5264.24 KVAR

DG1 bus and size (KW +
jKVAR)

— DG_5 = 270 KW
+ j130.77 KVAR

DG_5 = 270 KW
+ j130.77 KVAR

DG_5 = 270 KW
+ j130.77 KVAR

DG_5 = 270 KW
+ j130.77 KVAR

DG_5 = 270 KW
+ j 130.77 KVAR

DG_5 = 270 KW
+ j130.77 KVAR

DG_5 = 270 KW
+ j130.77 KVAR

DG_5 = 270 KW +
j130.77 KVAR

DG_5 = 315 KW
+ j152.56 KVAR

DG2 @ bus and size (KW +
jKVAR)

— DG_14 = 630 KW
+ j305.12 KVAR

DG_14 = 630 KW
+ j 305.12 KVAR

DG_14 = 765 KW
+ j370.51 KVAR

DG_14 = 765 KW
+ j370.51 KVAR

DG_14 = 792 KW
+ j383.58 KVAR

DG_14 = 792 KW
+ j 383.58 KVAR

DG_14 = 783 KW
+ j 379.22 KVAR

DG_14 = 783 KW
+ j379.22 KVAR

DG_14 = 765 KW
+ j370.51 KVAR

DG3 @ bus and size (KW +
jKVAR)

— DG_18 = 477 KW
+ j231.02 KVAR

DG_18 = 477 KW
+ j231.02 KVAR

DG_18 =
1035 KW +

j501.27 KVAR

DG_18 =
1035 KW +

j501.27 KVAR

DG_18 =
1080 KW + j
523.07 KVAR

DG_18 =
1080 KW +

j523.07 KVAR

DG_18 =
1800 KW +

j871.78 KVAR

DG_18 = 1800 KW
+ j871.78 KVAR

DG_18 =
1890 KW +

j915.37 KVAR

DG4 @ bus and size (KW +
jKVAR)

— DG_42 = 855 KW
+ j414.1 KVAR

DG_42 = 855 KW
+ j414.1 KVAR

DG_42 =
1035 KW +

j501.27 KVAR

DG_42 =
1035 KW +

j501.27 KVAR

DG_42 =
1080 KW + j
523.07 KVAR

DG_42 =
1080 KW +

j523.07 KVAR

DG_42 =
2070 KW +

j1002.5 KVAR

DG_42 = 2070 KW
+ j1002.5 KVAR

DG_42 =
2295 KW +

j1111.5 KVAR

DG5 @ bus and size (KW +
jKVAR)

— DG_47 = 855 KW
+ j414.1 KVAR

DG_47 = 855 KW
+ j414.1 KVAR

DG_47 = 855 KW
+ j 414.1 KVAR

DG_47 = 855 KW
+ j414.1 KVAR

DG_47 = 990 KW
+ j 479.48 KVAR

DG_47 = 990 KW
+ j479.48 KVAR

DG_47 =
2700 KW +

j1307.7 KVAR

DG_47 = 2700 KW
+ j1307.7 KVAR

DG_47 =
2970 KW +

j1438.4 KVAR

Active power loss (KW) 60.51 88.21 KW 91.52 KW 88.06 KW 91.30 KW 91.30 KW 183.65 KW 182.62 KW 197.16 KW 197.10 KW

Reactive power loss
(KVAR)

34.63 49.19 KVAR 52.85 KVAR 46.72 KVAR 49.60 KVAR 49.41 KVAR 98.27 KVAR 86.13 KVAR 132.12 KVAR 126.02 KVAR
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TABLE 9 DG siting and sizing for a 75-bus meshed MG at 0.9 lagging power factor based on VSA_W and LMC approaches.

DG place/size
considering
VSA_A–LMC-

based
parameters

Normal
case
2020

Optimal
case

2020_O

3-year non-
optimal

case 2023

3-year
optimal
case

2023_O

5-year non-
optimal

case 2025

5-year
optimal
case

2025_O

8-year non-
optimal case

2028

8-year
optimal
case

2028_O

10-year
non-

optimal
case 2030

10-year
optimal
case

2030_O

Active/reactive load (KW
+ jKVAR)

3949.77 +
j1912.97

3601.33 KW +
j1750.14 KVAR

3932.46 KW +
j1912.67 KVAR

2566.13 KW + j
1245.93 KVAR

2897.19 KW +
j1407.6 KVAR

2609.18 KW +
j1267.92 KVAR

6691.28 KW +
j3246.28 KVAR

4638.37 KW +
j2273.25 KVAR

5216.95 KW +
j2550.29 KVAR

4874.9 KW +
j2384.33 KVAR

Grid active/reactive
power (KW + jKVAR)

4010.28 +
j1947.6

5988.14 KW +
j2899.97 KVAR

6315.96 KW +
j3058.84 KVAR

5988.14 KW +
j2899.97 KVAR

6315.96 KW +
j3058.84 KVAR

6315.96 KW +
j3058.84 KVAR

10305.94 KW +
j4991.11 KVAR

10305.94 KW +
j4991.11 KVAR

10870 KW +
j5264.24 KVAR

10870 KW +
j5264.24 KVAR

DG1 bus and size (KW +
jKVAR)

— DG_5 = 360 KW
+ j174.36 KVAR

DG_5 = 360 KW
+ j174.36 KVAR

DG_5 = 423 KW
+ j204.87 KVAR

DG_5 = 423 KW
+ j204.87 KVAR

DG_5 = 423 KW
+ j204.87 KVAR

DG_5 = 423 KW +
j204.87 KVAR

DG_5 = 405 KW
+ j196.15 KVAR

DG_5 = 405 KW
+ j196.15 KVAR

DG_5 = 387 KW
+ j187.43 KVAR

DG2 @ bus and size (KW
+ jKVAR)

— DG_18 =
270 KW + j
130.77 KVAR

DG_18 = 270 KW
+ j130.77 KVAR

DG_18 = 540 KW
+ j261.53 KVAR

DG_18 = 540 KW
+ j 261.53 KVAR

DG_18 = 630 KW
+ j305.12 KVAR

DG_18 = 630 KW +
j305.12 KVAR

DG_18 = 837 KW
+ j405.38 KVAR

DG_18 = 837 KW
+ j405.38 KVAR

DG_18 =
855 KW +

j414.1 KVAR

DG3 @ bus and size (KW
+ jKVAR)

— DG_42 =
585 KW +

j283.33 KVAR

DG_42 = 585 KW
+ j283.33 KVAR

DG_42 = 882 KW
+ j427.17 KVAR

DG_42 = 882 KW
+ j427.17 KVAR

DG_42 = 945 KW
+ j457.68 KVAR

DG_42 = 945 KW +
j457.68 KVAR

DG_42 =
1395 KW +

j675.63 KVAR

DG_42 =
1395 KW +

j675.63 KVAR

DG_42 =
1620 KW +
j784.6 KVAR

DG4 @ bus and size (KW
+ jKVAR)

— DG_46 =
630 KW +

j305.12 KVAR

DG_46 = 630 KW
+ j305.12 KVAR

DG_46 = 720 KW
+ j348.71 KVAR

DG_46 = 720 KW
+ j348.71 KVAR

DG_46 = 810 KW
+ j392.3 KVAR

DG_46 = 810 KW +
j392.3 KVAR

DG_46 =
1350 KW +

j653.84 KVAR

DG_46 =
1350 KW +

j653.84 KVAR

DG_46 =
1395 KW +

j675.63 KVAR

DG5 @ bus and size (KW
+ jKVAR)

— DG_70 =
630 KW +

j305.12 KVAR

DG_70 = 630 KW
+ j305.12 KVAR

DG_70 = 945 KW
+ j 457.68 KVAR

DG_70 = 945 KW
+ j457.68 KVAR

DG_70 = 990 KW
+ j479.48 KVAR

DG_70 =
990 KW479.48 KVAR

DG_70 =
1863 KW +

j902.29 KVAR

DG_70 =
1863 KW +

j902.29 KVAR

DG_70 =
1935 KW +

j937.16 KVAR

Active power loss (KW) 60.51 88.19 KW 91.50 KW 87.99 KW 91.23 KW 91.22 KW 183.34 KW 182.43 KW 196.95 KW 196.90 KW

Reactive power loss
(KVAR)

34.63 48.87 KVAR 52.53 KVAR 45.92 KVAR 48.72 KVAR 48.53 KVAR 94.62 KVAR 85.02 KVAR 119.34 KVAR 119.01 KVAR
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cables. Figure 12 shows that each VSI enhanced the voltage profile of
the network according to its own specifications and all VSIs are
significantly superior to a simple interconnected network. After
maximizing the value of DG penetration in accordance with the
policy, the voltage of each node is brought to unity. For scenario, a
new optimized model has been acquired. Figure 13 shows a
phenomenal reduction in the cost of active power losses and an
increase in savings.

Further examination in Figure 10 and Figure 11 reveals that both
active and reactive power losses are considerably minimized in
C2 across all scenarios, surpassing the results of case 1 (C1). The
higher reactive power loss in the baseline scenario is attributed to the
network’s underground cabling system. In Figure 12, the
implementation of various voltage stability indices (VSIs) has
been shown to significantly improve the voltage profile over a
simple interconnected network, bringing each node’s voltage
closer to unity after the integration of maximum distributed
generation (DG) penetration according to the set policy.

The obtained results in all situations were compared with the
existing literature, and a close approximation was observed in the
results, especially in evaluating contradictory criteria with cases of
load increase over numerous planning horizons. It is also observed
that fixed load growth by percentages does not capture the realistic
pictures across medium horizons of 5 years, as evident from evaluated

case 1. It is observed from evaluated case 2 that small planning
horizons with variable load growth levels capture the requirements of
expansion-based planning efficiently with the fixed counterpart.

FIGURE 9
Active power loss trend across four planning horizons in the 75-
bus meshed configured MG-based distribution network.

FIGURE 10
Reactive power loss trend across four planning horizons in the
75-bus meshed configured MG-based distribution network.

FIGURE 11
Active and reactive power loss minimization trends across four
planning horizons in the 75-bus meshed configured MG-based
distribution network.

FIGURE 12
Voltage profile trend across four planning horizons in the 75-bus
meshed configured MG-based distribution network.

FIGURE 13
Cost of active power losses and savings trend across four
planning horizons in the 75-bus meshed configured MG-based
distribution network.
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5 Conclusion

Within the smart grid paradigm, current distribution networks aim
to enhance reliability and interconnected topology while meeting diverse
performance requirements. This study introduces a TESP (transmission
expansion planning) strategy to address grid planning challenges. The
proposed multi-stage comprehensive strategy employs voltage stability
assessment indices (VSA_A, VSA_B, and VSA_W) and a load margin
constraint (LMC) to assess and optimize the positioning and sizing of
distributed generation (DG) assets. The evaluation of potential solutions
considers technical and economic performance indicators across two load
growth scenarios spanning 10 years. The TESP technique is tested on two
variants of distribution grids (65-bus and 75-bus) with different load
growth patterns. The results are compared with the existing literature,
demonstrating close alignment, especially in assessing performance amid
conflicting standards across various planning horizons. Notably, fixed
load growth percentagesmay not accurately depict realistic scenarios over
five-year planning horizons, as evident from case 1. Conversely, smaller
planning horizons with variable load growth levels effectively address
expansion-based planning needs, reducing assessment time and
sensitivity analysis. Additionally, the TESP method offers a wide range
of trade-off options for performance indicators, making it a valuable
planning tool for academics and distribution system planners in
interconnected distribution networks.
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