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a b s t r a c t

This paper presents a Genetic Algorithms (GAs) for integration of various types of Distributed Genera-
tions (DGs), Static Synchronous Compensator (STATCOM) and Plug-in-Hybrid Electric Vehicle (PHEVs)
with different static load models (DSLMs) such as LM-1, LM-2, LM-3, LM-4 and LM-5, respectively in
distribution systems fromminimization of total real power loss of the system viewpoint. In this analysis,
the system power factor taken as power system performances in various cases such as without DGs,
with various types of DGs, integration of DGs and STATCOM, integration of DGs, STATCOM and PHEVs in
distribution systemwith DSLMs. The proposed methodology has been tested for IEEE-37 bus distribution
test system. This research work is very much useful for researchers, scientific, industrial, academicians
and practitioners for whose are working in the fields of integration of renewable energy sources, FACTS
controllers and PHEVs in distribution systems with DSLMs from minimization of total real power loss
of the system viewpoint. This research work also is useful for practical implementations of integration
of renewable energy sources, FACTS controllers and PHEVs in distribution systems with DSLMs for
enhancement of different power system performances from minimization of total real power loss of the
system viewpoint.

© 2018 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The open literature review is, strongly, focused on the need for
the integration of DGs with the power system highlighting both
technical as well as economical benefits arisen out of such venture.
The impacts of DGs on power system are, mainly, oriented towards
the enhancement of various power system operational indices. As
the concept of DGs involves many technologies and their proper
applications, different countries use different terms for the same
like ‘‘embedded generation’’ or ‘‘dispersed generation’’ or ‘‘de-
centralized generation’’ or ‘‘distributed energy resources (DERs)’’.
According to Keane and O’malley (2005), Darabian and Jalilvand
(2018), Keane et al. (2009), Zhang et al. (2008) and Senjyu et al.
(2008), the definition of DGs goes like DGs is an electric power
source connected directly to the distribution network or on the
customer site. In Senjyu et al. (2008), DGs is defined as a generator
with small capacity close to its load that is not part of a centralized
generation system.
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1.1. Literature review

GA and an improved Hereford ranch algorithm (variant of GA)
are proposed by Kim et al. (1998) for optimal sizing and placement
of DGs in distribution systems from different objective function
viewpoints. GA is applied in Borges and Falcao (2006) to solve an
optimal DG planning (ODGP) problem with reliability constraints
in Ref. Borges and Falcao (2006). GA is used to solve anODGP (Singh
and Goswami, 2009; Shukla et al., 2010) that considers variable
power concentrated load models, distributed loads and constant
power concentrated loads. GA is employed to solve ODGP that
maximizes the profit of the distribution network operator (DNO)
by the way of optimal placement of DG (Singh and Goswami,
2010b). A GA methodology is implemented to optimally allocate
renewable DGunits in distribution network tomaximize theworth
of the connection to the local distribution company as well as the
customers connected to the system (Shaaban et al., 2014). A value-
based approach, taking into account the benefits and costs of DGs,
is developed and solved by GA that computes the optimal number,
type, location and size of DGs (Teng et al., 2007). GA based method
allocates, simultaneously, DGs and remote controllable switches
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Nomenclature

Abbreviation

DGs Distribution generations
DSs Distribution systems
DG1, DG2, DG3 and DG4 Various types of distributed generations, respectively
DSLM Different static load models
FACTS Flexible alternating current transmission system
GAs Genetic algorithms
LM-1, LM-2, LM-3, LM-4 and LM-5 Constant (CON), industrial (INS), residential (RES), commercial (COM), reference (REF)

static load models, respectively
lg and ld Lagging and leading operating power factors of DGs, respectively
PHEVs Plug in hybrid electric vehicles
STATCOM Static synchronous compensator
WODGs and WDGs Without DGs and with DGs, respectively

Symbols

PG(p.u.) and QG(p.u.) Real and reactive power delivered to the system by substation generator, respectively
Cos θWODGs System power factor without DGs
PDG1(p.u.), PDG2(p.u.) and PDG4(p.u.) Real power delivered/absorbed by DG1, DG2 and DG4, respectively
Cos θWDGs System power factors with DGs
Cos θWDG1, Cos θWDG2, Cos θWDG3 andCos θWDG4 System power factor with DG1, DG2, DG3 and DG4, respectively
QDG2(p.u.), QDG3(p.u.) and QDG4(p.u.) Reactive power delivered/absorbed by DG2, DG3 and DG4, respectively
QSTAT Reactive power delivered by STATCOM
Cos θWDG1+STAT , Cos θWDG2+STAT ,
Cos θWDG3+STAT and Cos θWDG4+STAT

System power factor with various types of DGs (DG1, DG2, DG3 and DG4) and
STATCOM, respectively

SSYS_WODGs(p.u.) System MVA intake of main substation without DGs
PPHEVs(p.u.) Real power delivered by PHEVs
Cos θWDG1+STAT+PHEVs, Cos θWDG2+STAT+PHEVs,
Cos θWDG3+STAT+PHEVs and Cos θWDG4+STAT+PHEVs

System power factor with integration of various types of DGs (DG1, DG2, DG3 and
DG4), STATCOM and PHEVs, respectively

SSYS_WDG1(p.u.), SSYS_WDG2(p.u.),
SSYS_WDG3(p.u.) and SSYS_WDG4(p.u.)

Total MVA intake of main substation with DG1, DG2, DG3 and DG4, respectively

SSYS_WDG1+STAT (p.u.), SSYS_WDG2+STAT (p.u.),
SSYS_WDG3+STAT (p.u.) and SSYS_WDG4+STAT (p.u.)

Total MVA intake of main substation with various types of DGs (DG1, DG2, DG3 and
DG4) and STATCOM, respectively

SSYS_WDG1+STAT+PHEVs(p.u.),
SSYS_WDG2+STAT+PHEVs(p.u.),
SSYS_WDG3+STAT+PHEVs(p.u.) and
SSYS_WDG4+STAT+PHEVs(p.u.)

Total MVA intake of main substation with various types of DGs (DG1, DG2, DG3 and
DG4), STATCOM and PHEVs, respectively

LOCDG Location of DGs
Ssystem(p.u.) Total MVA of system
SPFs System power factors
Vmax(p.u.) Maximum value of bus voltage (1.03)
Vmin(p.u.) Minimum value of bus voltage (0.95)
T1, T2, T3 and T4 Various types of DGs such as DG-1, DG-2, DG-3 and DG-4, respectively
α, β Real and reactive power exponent values, respectively
f Supply frequency (50 Hz)

in the distribution networks (Raoofat, 2011). The Chu–Beasley
GA solves a nonlinear bi-level ODGP problem that maximizes the
profits of DGs owner subject to the minimization of payments
procured by the DNO (López et al., 2012). Goal programming trans-
forms a multi-objective ODGP into a single objective one which
is solved by GA in Ref. Vinothkumar and Selvan (2012). GA and
decision theory are applied to solve an ODGP problem under un-
certainty including power quality issues (Caprinelli et al., 2003).
GA and optimal power flow are combined to solve the ODGP in
Ref. Harrison et al. (2008). A fuzzy based GA is used in an ODGP
model (Kim et al., 2002) that minimizes the real power loss cost
taken as objective function. A fuzzy embedded GA is employed
to solve weighted multi-objective ODGP model (Akorede et al.,
2011; Vinothkumar and Selvan, 2011). A hybrid GA and fuzzy logic

based goal programming ODGP is proposed by Kim et al. (2008). A
combined GA and Tabu Searchwere suggested by Gandomkar et al.
(2005). A hybrid immune GA algorithm is used in Ref. Soroudi and
Ehsan (2011) to solve an ODGP that maximizes the profit of the
DNO. GA is used by Ela et al. (2010) to solve a weighted multi-
objective ODGP model. Multi-objective ODGP is formulated and
solved by employing GA in Refs. Singh et al. (2016b), Singh et al.
(2007) and Singh et al. (2016a).

The four broad categories of DGs on the basis of real and reactive
delivered/absorbed to the systems are as explained in Refs. Singh
et al. (2016b), Singh et al. (2007), Singh et al. (2016a), Singh et al.
(2009), Bansal (2017), Singh et al. (2017), Morteza and Shakarami
(2018), Ibrahim et al. (2018) and Xinkai et al. (2018).
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Morteza and Shakarami (2018), presented an analytical and
probabilistic method to determine wind DGs penetration for dis-
tribution networks based on time-dependent loads. Ibrahim et al.
(2018), suggested a comprehensive battery energy storage optimal
sizing model for micro-grid applications. Xinkai et al. (2018), dis-
cussed the coordinated control of DC grid and offshore wind farms
to improve rotor-angle stability.

The custom power devices such as Static Var Compensator
(SVC), STATCOM, distributed-STATCOM, dynamic voltage restorer
(DVR), unified power quality conditioner (UPQC), unified dynamic
quality conditioner (UDQC), hybrid power flow controller (HPFC),
generalized unified power flow controller (GUPFC) etc. are useful
for enhancement of power quality parameters point of view (Singh
et al., 2015).

STATCOM is based on a power electronics voltage-source con-
verter and can act as either a source or sink of reactive alternating
current power to an electricity network. If connected to a source of
power it can also provide active alternating currentpower. Usually
a STATCOM is installed to support electricity networks that have
a poor power factor and often poor voltage regulation. The most
common use is for voltage stability (Singh et al., 2015).

PHEVs are a hybrid electric vehicle whose battery can be
recharged by plugging it in to an external source of electric power
as well by its on-board engine and generator. PHEVs have the
potential to reduce fossil fuel use, decrease pollution, and allow
renewable energy sources for transportation, but their lithium ion
battery subsystems are presently too expensive (Luo et al., 2013).
PHEVs configurations are classified in two basic categories such as
series and parallel or blended PHEVs (Luo et al., 2013; ElNozahy
and Salama, 2015; Roy et al., 2014; Amjadi and Williamson, 2014;
Shojaabadi et al., 2016; Mohsen et al., 2018; Kang et al., 2017;
Han et al., 2008; Hossain et al., 2012; Li et al., 2017; Tahboub
et al., 2018; Darabian and Jalilv, 2018; Liu et al., 2018). The series
PHEVs (Luo et al., 2013; ElNozahy and Salama, 2015) also called
Extended Range Electric Vehicles (EREVs). Only the electric motor
turns the wheels; the gasoline engine only generates electricity.
The series PHEVs can run solely on electricity until the battery
needs recharging. The gasoline engine will then generate the
electricity needed to power the electric motor. For shorter trips,
these vehicles might use no gasoline at all. The parallel or blended
PHEVs (Roy et al., 2014) both the engine and electric motor are
mechanically connected to the wheels and both propel the vehicle
under most driving conditions. Electric-only operation usually
occurs only at low speeds. The benefits and challenges of PHEVs
are as follows: minimum petroleum required for operations of
PHEVs (Amjadi and Williamson, 2014), minimum greenhouse gas
(GHG) emissions by PHEVs (Mohsen et al., 2018; Kang et al., 2017;
Han et al., 2008; Hossain et al., 2012), higher PHEVs costs but lower
fuel costs for PHEVs operations (Li et al., 2017; Tahboub et al.,
2018), PHEVs charging take time (Darabian and Jalilv, 2018) and
PHEVs measuring fuel economy (Liu et al., 2018).

Daud et al. (2016), presented a comparison of heuristic op-
timization techniques for optimal placement and sizing of pho-
tovoltaic based distributed generation in a distribution system.
Chaurasia et al. (2017), suggested a meta-heuristic firefly algo-
rithmbased smart control strategy and analysis of a grid connected
hybrid photovoltaic/winddistributed generation system. Babacan
et al. (2017), presented a novel techniques for siting and sizing of
distributed energy storage to mitigate voltage impact by solar PV
in distribution systems. Parvez et al. (2016), suggested a current
control techniques for three-phase grid interconnection of renew-
able powergenerationsystems: A review.Mohammadi et al. (2012),
addressed an optimization of hybrid solar energy sources/wind
turbine systems integrated to utility grids as micro-grid (MG) un-
der pool/bilateral/hybrid electricity market using PSO]. Wafa et al.
(2018), presented themodeling and optimization of a solar system
based on concentrating photovoltaic/thermal collector.

Ali et al. (2016), presented ant lion optimization algorithm
for renewable distributed generations. Abd-Elazim and Ali (2016),
suggested the imperialist competitive algorithm for optimal STAT-
COM design in a multi-machine power system. Shahrzad et al.
(2017), suggested a grasshopper optimization algorithm: The-
ory and application. Seyedali and Andrew (2016), addressed the
whale optimization algorithm for different engineering problems.
Seyedali and Andrew (2014), suggested a novel approach such as
grey wolf optimizer for different engineering problems. Seyedali
et al. (2017), suggested the salp swarm algorithm: A bio-inspired
optimizer for engineering design problems. Maziar and Fariborz
(2016) addressed the lion optimization algorithm (LOA): A nature-
inspired meta-heuristic algorithm for engineering applications.

1.2. Motivation of the present work

Refs. Keane and O’malley (2005), Darabian and Jalilvand (2018),
Keane et al. (2009), Zhang et al. (2008), Senjyu et al. (2008), Kim
et al. (1998), Borges and Falcao (2006), Singh and Goswami (2009),
Shukla et al. (2010), Singh and Goswami (2010b), Shaaban et al.
(2014), Teng et al. (2007), Raoofat (2011), López et al. (2012),
Vinothkumar and Selvan (2012), Caprinelli et al. (2003), Harrison
et al. (2008), Kim et al. (2002), Akorede et al. (2011), Vinothkumar
and Selvan (2011), Kim et al. (2008), Gandomkar et al. (2005),
Soroudi and Ehsan (2011), Ela et al. (2010), Celli et al. (2005b),
Caprinelli et al. (2005), Singh and Goswami (2011), Gallego et al.
(2001), Lee and Park (2009), Carvalho et al. (2008), Singh and
Sharma (2017), Singh et al. (2016b), Singh et al. (2007), Singh et al.
(2016a), Akorede et al. (2011a), Singh et al. (2015), Chiradeja and
Ramakumar (2004), Singh et al. (2009), IEEE (2010), Al Abri et al.
(2013), Varma et al. (2009), Bahram et al. (2016), Arash andMoradi
(2015), Othman et al. (2015), Gregorio et al. (2015), Celli et al.
(2005a), Singh and Goswami (2010a), Ackermann et al. (2001),
Hegazy et al. (2003), Injeti and Kumar (2013), Sheng et al. (2015),
Singh et al. (2010), Ochoa et al. (2006), Hong and Ho (2005), Luo
et al. (2013), ElNozahy and Salama (2015), Roy et al. (2014), Amjadi
and Williamson (2014), Shojaabadi et al. (2016), Mohsen et al.
(2018), Kang et al. (2017), Han et al. (2008), Hossain et al. (2012),
Li et al. (2017), Tahboub et al. (2018), Darabian and Jalilv (2018),
Liu et al. (2018), Bansal (2017), Singh et al. (2017), Morteza and
Shakarami (2018), Ibrahim et al. (2018), Xinkai et al. (2018), Daud
et al. (2016), Chaurasia et al. (2017), Babacan et al. (2017), Parvez
et al. (2016), Mohammadi et al. (2012), Wafa et al. (2018), Ali et al.
(2016), Abd-Elazim and Ali (2016), Shahrzad et al. (2017), Seyedali
and Andrew (2016), Seyedali and Andrew (2014), Seyedali et al.
(2017) andMaziar and Fariborz (2016), discussed about the impact
assessment of distribution power systemperformance such as sys-
tem power factor with single type of DG having different loading
conditions such as static load models by applying different novel
approaches such as GA in Senjyu et al. (2008), Kim et al. (1998),
Borges and Falcao (2006), Singh and Goswami (2009), Shukla et al.
(2010), Singh and Goswami (2010b), Shaaban et al. (2014), Teng
et al. (2007), Raoofat (2011), López et al. (2012), Vinothkumar and
Selvan (2012), Caprinelli et al. (2003), Harrison et al. (2008), Kim
et al. (2002), Akorede et al. (2011), Vinothkumar and Selvan (2011),
Kim et al. (2008), Gandomkar et al. (2005), Soroudi and Ehsan
(2011), Ela et al. (2010), Celli et al. (2005b), Caprinelli et al. (2005),
Singh andGoswami (2011) andGallego et al. (2001) and exhaustive
search approach such as deterministic approach in Gallego et al.
(2001). Literature review reveals that the investigation of the dis-
tribution power system performance such as system power factor
having integration of different types of DGs (such as T1, T2, T3 and
T4) with DLMs and FACTS controller like STATCOM has not been
used in the open literature.
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1.3. Contribution of paper

Literature review reveals that the investigation of the power
system performances of distribution power systems having in-
tegration of different types of DGs (such as DG1, DG2, DG3 and
DG4), STATCOM and PHEVs in distribution system with DLMs has
not been used in the open literatures (Keane and O’malley, 2005;
Darabian and Jalilvand, 2018; Keane et al., 2009; Zhang et al.,
2008; Senjyu et al., 2008; Kim et al., 1998; Borges and Falcao,
2006; Singh and Goswami, 2009; Shukla et al., 2010; Singh and
Goswami, 2010b; Shaaban et al., 2014; Teng et al., 2007; Raoofat,
2011; López et al., 2012; Vinothkumar and Selvan, 2012; Caprinelli
et al., 2003; Harrison et al., 2008; Kim et al., 2002; Akorede et al.,
2011; Vinothkumar and Selvan, 2011; Kim et al., 2008; Gandomkar
et al., 2005; Soroudi and Ehsan, 2011; Ela et al., 2010; Celli et al.,
2005b; Caprinelli et al., 2005; Singh and Goswami, 2011; Gallego
et al., 2001; Lee and Park, 2009; Carvalho et al., 2008; Singh and
Sharma, 2017; Singh et al., 2016b, 2007, 2016a; Akorede et al.,
2011a; Singh et al., 2015; Chiradeja and Ramakumar, 2004; Singh
et al., 2009; IEEE, 2010; Al Abri et al., 2013; Varma et al., 2009;
Bahram et al., 2016; Arash and Moradi, 2015; Othman et al., 2015;
Gregorio et al., 2015; Celli et al., 2005a; Singh andGoswami, 2010a;
Ackermann et al., 2001; Hegazy et al., 2003; Injeti and Kumar,
2013; Sheng et al., 2015; Singh et al., 2010; Ochoa et al., 2006;
Hong and Ho, 2005; Luo et al., 2013; ElNozahy and Salama, 2015;
Roy et al., 2014; Amjadi and Williamson, 2014; Shojaabadi et al.,
2016; Mohsen et al., 2018; Kang et al., 2017; Han et al., 2008;
Hossain et al., 2012; Li et al., 2017; Tahboub et al., 2018; Darabian
and Jalilv, 2018; Liu et al., 2018; Bansal, 2017; Singh et al., 2017;
Morteza and Shakarami, 2018; Ibrahim et al., 2018; Xinkai et al.,
2018; Daud et al., 2016; Chaurasia et al., 2017; Babacan et al., 2017;
Parvez et al., 2016; Mohammadi et al., 2012; Wafa et al., 2018;
Ali et al., 2016; Abd-Elazim and Ali, 2016; Shahrzad et al., 2017;
Seyedali and Andrew, 2016, 2014; Seyedali et al., 2017;Maziar and
Fariborz, 2016). To the best knowledge of the authors of the present
work, this type of work is yet to be published. This paper considers
integration of all possible types of DGs (such as DG1, DG2, DG3
and DG4), STATCOM and PHEVs in distribution systemwith DSLMs
for impact assessment of distribution systems performances from
minimum real power loss of the system viewpoint by using GA.

1.4. Organization of paper

The organization of the rest of the paper is as follows: The next
Section discusses about the mathematical problem formulations of
the present work. Section 3 discusses about the proposed algo-
rithms. In Section 4, simulation results and discussions are focused.
Finally, the conclusions of the paper and future research scopes are
presented in Section 5.

2. Mathematical problem formulations

The different types of DGs and mathematical problem formula-
tions are presented in Sections 2.1 and 2.2, subsequently.

2.1. Different types of DGs

(i) DG-1 (termed as T1): This type of DGs is capable of delivering
only the real power to the system such as photovoltaic, mi-
cro turbines, fuel cells, bio-gas, which are integrated to the
main grid with the help of converters/inverters. However,
according to current situation and grid codes, the photo-
voltaic can be (and in sometimes is) require to provide the
reactive power aswell so that only the real power is supplied
at unity operating power factor (Singh et al., 2016b, 2007,
2016a, 2009; Bansal, 2017; Singh et al., 2017; Morteza and
Shakarami, 2018; Ibrahim et al., 2018; Xinkai et al., 2018).

(ii) DG-2 (termed as T2): This type of DGs is capable of deliv-
ering both the real and reactive power to the system. DG
units based on diesel engines as diesel generators and syn-
chronousmachines (cogeneration and gas turbine etc.) come
under this type of DGs. For it, both the real and reactive
power are supplied at various operating power factors (e.g.
0.80–0.99 leading) (Singh et al., 2016b, 2007, 2016a, 2009;
Bansal, 2017; Singh et al., 2017; Morteza and Shakarami,
2018; Ibrahim et al., 2018; Xinkai et al., 2018).

(iii) DG-3 (termed as T3): This type of DGs is capable of deliv-
ering only the reactive power to the system. Synchronous
compensators, capacitor bank, inductor bank, on-line tap
changing transformers, FACTS controllers and gas turbines
are examples of this type of DGs and operate at zero power
factor. So, only the reactive power is supplied at zero oper-
ating power factors for this type of DGs (Singh et al., 2016b,
2007, 2016a, 2009; Bansal, 2017; Singh et al., 2017;Morteza
and Shakarami, 2018; Ibrahim et al., 2018; Xinkai et al.,
2018).

(iv) DG-4 (termed as T 4): This type of DGs is capable of delivering
the real power to the systems but consumes the reactive
power from the system.Mainly, induction generators which
are used in wind farms come under this category. However,
doubly fed induction generators (DFIG) may consume or
produce reactive power i.e. operates similar to synchronous
generators. Here, only the real power is supplied and the
reactive power is drawn from the system at different op-
erating power factors (e.g. 0.80–0.99 lagging) (Singh et al.,
2016b, 2007, 2016a, 2009; Bansal, 2017; Singh et al., 2017;
Morteza and Shakarami, 2018; Ibrahim et al., 2018; Xinkai
et al., 2018).

2.2. Mathematical problem formulation

Total MVA intake of main substation without DGs, STATCOM
and PHEVs can be expressed as Eq. (1):

SSYS_WODGs =

√
P2
G + Q 2

G (1)

Total MVA intake of main substation with various types of DGs (i.e.
DG1, DG2, DG3 and DG4, respectively) are expressed as Eqs. (2)–
(5):

SSYS_WDG1 =

√
(PG + PDG1)2 + Q 2

G (2)

SSYS_WDG2 =

√
(PG + PDG2)2 + (QG − QDG2)

2 (3)

SSYS_WDG3 =

√
P2
G + (QG − QDG3)

2 (4)

SSYS_WDG4 =

√
(PG + PDG4)2 + (QG + QDG4)

2 (5)

Total system MVA intake of main substation with integration of
various types of DGs (DG1, DG2, DG3 and DG4, respectively) and
STATCOM in distribution systems are expressed as Eqs. (6)–(9):

SSYS_WDG1+STAT =

√
(PG + PDG1)2 + (QG ± QSTAT )2 (6)

SSYS_WDG2+STAT =

√
(PG + PDG2)2 + (QG − QDG2 ± QSTAT )

2 (7)

SSYS_WDG3+STAT =

√
P2
G + (QG − QDG3 ± QSTAT )

2 (8)

SSYS_WDG4+STAT =

√
(PG + PDG4)2 + (QG + QDG4 ± QSTAT )

2 (9)

The system MVA intake powers of main substation with integra-
tion of various types of DGs (DG1, DG2, DG3 andDG4, respectively),
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STATCOM and PHEVs in distribution systems are expressed as Eqs.
(10)–(13):

SSYS_WDG1+STAT+PHEVs =

√
(PG + PDG1 + PPHEVs)2 + (QG ± QSTAT )2 (10)

SSYS_WDG2+STAT+PHEVs =

√
(PG + PDG2 + PPHEVs)2 + (QG − QDG2 ± QSTAT )

2

(11)

SSYS_WDG3+STAT+PHEVs =

√
(PG + PPHEVs)2 + (QG − QDG3 ± QSTAT )

2 (12)

SSYS_WDG4+STAT+PHEVs =

√
(PG + PDG4 + PPHEVs)2 + (QG + QDG4 ± QSTAT )

2

(13)

The SPF without various types of DGs (i.e. DG1, DG2, DG3 and DG4,
respectively) can be expressed as Eq. (14):

Cos θWODGs =
PG√

P2
G + Q 2

G

(14)

The SPFs with various types of DGs (i.e. DG1, DG2, DG3 and DG4,
respectively) are expressed as Eqs. (15)–(18):

Cos θWDG1 =
PG + PDG1√

(PG + PDG1)2 + Q 2
G

(15)

Cos θWDG2 =
PG + PDG2√

(PG + PDG2)2 + (QG − QDG2)
2

(16)

Cos θWDG3 =
PG√

P2
G + (QG − QDG3)

2
(17)

Cos θWDG4 =
PG + PDG4√

(PG + PDG4)2 + (QG + QDG4)
2

(18)

The SPFs with integration of various types of DGs (DG1, DG2, DG3
and DG4, respectively) and STATCOM in distribution systems are
expressed as Eqs. (19)–(22):

Cos θWDG1+STAT =
PG + PDG1√

(PG + PDG1)2 + (QG ± QSTAT )2
(19)

Cos θWDG2+STAT =
PG + PDG2√

(PG + PDG2)2 + (QG − QDG2 ± QSTAT )
2

(20)

Cos θWDG3+STAT =
PG√

P2
G + (QG − QDG3 ± QSTAT )

2
(21)

Cos θWDG4+STAT =
PG + PDG4√

(PG + PDG4)2 + (QG + QDG4 ± QSTAT )
2

(22)

The SPFs with integration of various types of DGs (DG1, DG2,
DG3 and DG4, respectively), STATCOM and PHEVs in distribution
systems are expressed as Eqs. (23)–(26):

Cos θWDG1+STAT+PHEVs =
PG + PDG1 + PPHEVs√

(PG + PDG1 + PPHEVs)2 + (QG ± QSTAT )2
(23)

Cos θWDG2+STAT+PHEVs =
PG + PDG2 + PPHEVs√

(PG + PDG2 + PPHEVs)2 + (QG − QDG2 ± QSTAT )
2

(24)

Cos θWDG3+STAT+PHEVs =
PG + PPHEVs√

(PG + PPHEVs)2 + (QG − QDG3 ± QSTAT )
2

(25)

Cos θWDG4+STAT+PHEVs =
PG + PDG4 + PPHEVs√

(PG + PDG4 + PPHEVs)2 + (QG + QDG4 ± QSTAT )
2

(26)

The real and reactive power exponential values for DSLMs (Singh
and Goswami, 2011; Singh et al., 2007) such as LM-1, LM-2, LM-3,
LM-4 and LM-5, respectively are given in Table 1.

Table 1
The real and reactive power exponential values for DSLMs.
DSLMs α β

LM-1 0.00 0.00
LM-2 0.18 6.00
LM-3 0.92 4.04
LM-4 1.51 3.40
LM-5 0.91 1.00

3. Proposed algorithm

GA is one of the most popular types of evolutionary algorithms
for engineering optimization problems. To be more precise, it
constitutes a computing model for simulating natural and genetic
selection that is related to the biological evolution described in
Darwin’s theory (Singh et al., 2015; Chiradeja and Ramakumar,
2004). In this computing model, a population of abstract repre-
sentations (called as chromosomes) or the genome of candidate
solutions (called as individuals to an optimization problem) could
result in better solutions which are, traditionally, represented in
binary form as strings comprises of 0s and 1swith fixed length. But
other kinds of encoding are also possible which include real values
and order chromosomes. The program then assigns proper number
of bits and coding (Singh et al., 2009). Being a member of the evo-
lutionary computation family, the first step in GA is population ini-
tializationwhich is, usually, done stochastically. Generally, GAuses
three basic operators called as selection, recombination or crossover
and mutation for engineering optimization problems (Singh et al.,
2009). The GA flowchart for impact assessment of integration of
DGs, STATCOM and PHEVs in distribution system with DSLMs
(such as LM-1, LM-2, LM-3, LM-4 and LM-5 respectively) from
minimization of total real power loss of the system viewpoint is
shown in Fig. 1.

The various steps for GA based optimization for integration of
DGs, STATCOM and PHEVs in distribution systemwith DSLMs from
minimization of total real power loss of the system viewpoint

1. [Read the data]: Read the IEEE 37-bus distribution system
data, different static loadmodels data (i.e. LM-1, LM-2, LM-3,
LM-4 and LM-5), and different types of DGs data (i.e. DG-1,
DG-2, DG-3 and DG-4, respectively), STATCOM and PHEVs
data.

2. [Run load flow for base case (initial fitness solution)]: Run
load flow for base case (initial solution fitness) and calculate
the SPF for base case. Registry the base case (initial fitness
solution) characteristic.

3. [Binary coding]: Binary coding of the IEEE 37-bus distribu-
tion system data, different loadmodels data (select one load
model at a time i.e. LM-1, LM-2, LM-3, LM-4 and LM-5), and
different types of DGs data (select one DGs at a time i.e. DG-
1, DG-2, DG-3 and DG-4, respectively), STATCOM and PHEVs
data.

4. [Initialization] Create the initial population and fitness
function value: Generate the random population of n chro-
mosomes (suitable solutions for the problem): randomly
generate size-placement pairs of different types of DGs (i.e.
select one DGs at a time i.e. DG-1, DG-2, DG-3 and DG-4,
respectively) with DSLMs (i.e. select one load model at a
time i.e. LM-1, LM-2, LM-3, LM-4 and LM-5) in a predefined
range of size-placement of various types of DGs, STATCOM
and PHEVs.

5. [Fitness function value] Evaluate the fitness function value
[f(x)] of each size-placement of various types of DGs (chro-
mosome), STATCOM (chromosome) and PHEVs (chromo-
some) x in the population: run load flow and calculate the
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system power factor for each size-placement pairs under
uniform loading condition. Record the SPF and its corre-
sponding size-placement pairs.

6. [New population] Create a new population by repeating
following steps until the new population is complete:

(a) [Selection] Select two parent chromosomes from a
population according to their fitness (better the fit-
ness, bigger is the chance to be selected).

(b) [Crossover] With a crossover probability the parents
crossover to form a new offspring (children). If no
crossover is performed, offspring would be an exact
copy of parents.

(c) [Mutation] With a mutation probability method new
offspringmutates (children) at each locus (position in
chromosome).

(d) [Accepting] Place new offspring in a new population.
It satisfies the constraints such as power flow conser-
vation limits, distribution line thermal capacity limit
and voltage deviation limit? Otherwise go to step 6.

7. [Replacement] Use new generated population for a further
run of algorithm. Run load flow and calculate the new fitness
solution for each size-placement pairs of different types of
DGs, STATCOM and PHEVs (chromosome). Also calculate the
corresponding system power factor. Compare new fitness
solution with base case (initial fitness solution) character-
istic

8. [Test] If one of the stopping criteria is satisfied then stop, and
retain the best solution in current population.

9. [Loop] Use the new generated population size i.e. offspring
and parents as new generation. It satisfies the objective
function (OF) should be minimized? Otherwise, set gener-
ation Gen = Gen+1. Go to step 6.

The flowchart for proposed methodology for GA based optimiza-
tion for integration of DGs, STATCOM and PHEVs in distribution
system with DSLMs from minimization of total real power loss of
the system viewpoint is shown in Fig. 1.

4. Simulation results and discussions

The IEEE-37 bus distribution test system and data are given in
Fig. 2 and Table 2.

4.1. Analysis of SPFs with various types of DGs with DSLMs

The analyses of SPFs with various types of DGs results are
presented in this sub-section are as follows:

Table 3, shows that the SPFs profile with various types of DGs
(i.e. DG1, DG2, DG3 and DG4, respectively) with DSLMs in distribu-
tion systems.

Fig. 3, shows that the SPFs having different values with integra-
tion of various typesDGs (i.e.DG1,DG2,DG3andDG4, respectively)
withDSLMs (i.e. LM-1, LM-2, LM-3, LM-4 and LM-5, respectively) in
distribution systems from minimization of total real power loss of
the system point of view. The best SPFswith DSLMs are achieved in
case of DG2 whereas the poorest SPFs with DSLMs are achieved in
case DG3. The descending order of SPFswith DSLMs are as follows:
DG2 > DG1 > DG4 > DG3.

4.2. Analysis of SPFs with integration of various types of DGs and
STATCOM (as generating mode operation)

The analyses of SPFswith integration of various types of DGs and
STATCOM (as generating mode operation) results are presented in
this sub-section are as follows:

Table 2
IEEE-37 bus distribution test system data.
From To Line impedance in p. u. Load on to node (p. u.)

Rp.u. Xp.u. L SL PL QL LT
1 2 0.000574 0.000293 1 4.6 0.1 0.06 R
2 3 0.00307 0.001564 6 4.1 0.09 0.04 I
3 4 0.002279 0.001161 11 2.9 0.12 0.08 C
4 5 0.002373 0.001209 12 2.9 0.06 0.03 R
5 6 0.0051 0.004402 13 2.9 0.06 0.02 I
6 7 0.001166 0.003853 22 1.5 0.2 0.1 C
7 8 0.00443 0.001464 23 1.05 0.2 0.1 C
8 9 0.006413 0.004608 25 1.05 0.06 0.02 I
9 10 0.006501 0.004608 27 1.05 0.06 0.02 C

10 11 0.001224 0.000405 28 1.05 0.045 0.03 C
11 12 0.002331 0.000771 29 1.05 0.06 0.035 R
12 13 0.009141 0.007192 31 0.5 0.06 0.035 C
13 14 0.003372 0.004439 32 0.45 0.12 0.08 R
14 15 0.00368 0.003275 33 0.3 0.06 0.01 C
15 16 0.004647 0.003394 34 0.25 0.06 0.02 I
16 17 0.008026 0.010716 35 0.25 0.06 0.02 C
17 18 0.004558 0.003574 36 0.1 0.09 0.04 I
2 19 0.001021 0.000974 2 0.5 0.09 0.04 R

19 20 0.009366 0.00844 3 0.5 0.09 0.04 C
20 21 0.00255 0.002979 4 0.21 0.09 0.04 I
21 22 0.004414 0.005836 5 0.11 0.09 0.04 R
3 23 0.002809 0.00192 7 1.05 0.09 0.04 C

23 24 0.005592 0.004415 8 1.05 0.42 0.2 C
24 25 0.005579 0.004366 9 0.5 0.42 0.2 C
6 26 0.001264 0.000644 14 1.5 0.06 0.025 C

26 27 0.00177 0.000901 15 1.5 0.06 0.025 I
27 28 0.006594 0.005814 16 1.5 0.06 0.02 C
28 29 0.005007 0.004362 17 1.5 0.12 0.07 C
29 30 0.00316 0.00161 18 1.5 0.2 0.6 C
30 31 0.006067 0.005996 19 0.5 0.15 0.07 R
31 32 0.001933 0.002253 20 0.5 0.21 0.1 R
32 33 0.002123 0.003301 21 0.1 0.06 0.04 C
8 34 0.012453 0.012453 24 0.5 0 0
9 35 0.012453 0.012453 26 0.5 0 0

12 36 0.012453 0.012453 30 0.5 0 0
18 37 0.003113 0.003113 37 0.5 0 0
25 38 0.00313 0.003113 10 0.1 0 0

L=Line number, SL=Line MVA limit in p. u., PL=Real MW load in p. u., QL=Reactive
MVAr load in p. u., LT=Load type, R=Residential, I=Industrial, C=Commercial.

Table 4, shows that the SPF profiles with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STAT-
COM (−0.30 p. u.) with DSLMs in distribution systems.

Fig. 4, shows that the SPFs profile having different values with
integration of various types DGs (i.e. DG1, DG2, DG3 and DG4,
respectively) and STATCOM (−0.30 p. u.) with DSLMs such as
LM-1, LM-2, LM-3, LM-4 and LM-5 respectively in distribution
systems from minimization of total real power loss of the system
point of view. The best SPFs with DSLMs are achieved in case of
DG2+STATCOM(−0.30p. u.)whereas the poorest SPFswithDSLMs
are achieved in case DG3+STATCOM (−0.30 p. u.). The descending
orders of SPFswith DSLMs are as follows:

DG2 + STATCOM(−0.30 p.u.) > DG1 + STATCOM(−0.30 p.u.)
> DG4 + STATCOM(−0.30 p.u.)
> DG3 + STATCOM(−0.30 p.u.)

Table 5, shows that the SPF profiles with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STAT-
COM (−0.40 p. u.) with DSLMs in distribution systems.

Fig. 5, shows that the SPF profiles having different values with
integration of various types DGs (i.e. DG1, DG2, DG3 and DG4,
respectively) with DSLMs (i.e. LM-1, LM-2, LM-3, LM-4 and LM-5,
respectively) in distribution systems from minimization of total
real power loss of the system point of view. The best SPFs with
DSLMs are achieved in case of DG2 and STATCOM (−0.40 p. u.)
whereas the poorest SPFswith DSLMs are achieved in case DG3 and



90 B. Singh and S. Singh / Energy Reports 5 (2019) 84–103

Fig. 1. The GA flowchart for integration of DGs, STATCOM and PHEVs in distribution system with DSLMs.
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Fig. 2. Single-line diagram of IEEE-37 bus (38-node) distribution test system (Singh and Goswami, 2011; Singh et al., 2007; Singh and Goswami, 2010a).

Fig. 3. SPF profiles with various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) with DSLMs.

Fig. 4. SPF profiles with integration of various types of DGs (such as DG1, DG2, DG3 and DG4) and STATCOM (−0.30 p. u.) with DSLMs.
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Table 3
SPF profiles with various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) with DSLMs.
DSLMs Cos θWDG1

with DG1 (1.00)
Cos θWDG2
with DG2 (0.80ld)

Cos θWDG3
with DG3 (0.00)

Cos θWDG4
with DG4 (0.80lg)

LM-1 0.7406
(0.1014; 2.0083; 6)

0.7569
(0.0924; 1.4018; 26)

0.5896
(0.1342; 1.2131; 30)

0.5988
(0.0924; 1.4018; 26)

LM-2 0.6283
(0.1098; 0.9324; 10)

0.6521
(0.1047; 0.6852; 30)

0.5568
(0.1316; 1.1189; 30)

0.5675
(0.1047; 0.6852; 30)

LM-3 0.6221
(0.1190; 0.6765; 13)

0.6228
(0.1179; 0.5334; 29)

0.5443
(0.1291; 1.1014; 30)

0.5596
(0.1179; 0.53334; 29)

LM-4 0.5813
(0.1340; 0.3631; 15)

0.7824
(0.1272; 1.5950; 24)

0.6058
(0.1313; 0.7391; 30)

0.6084
(0.1272; 1.5950; 24)

LM-5 0.7368
(0.1010; 1.8290; 7)

0.7465
(0.0900; 1.3266; 27)

0.5852
(0.1300; 1.1812; 30)

0.5959
(0.0900; 1.3266; 27)

Table 4
SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STATCOM (−0.30 p. u.) with DSLMs.
DSLMs Cos θWDG1+STAT

with DG1 (1.00)
+STATCOM
(−0.30 p. u.)

Cos θWDG2+STAT
with DG2 (0.80ld)
+STATCOM
(−0.30 p. u.)

Cos θWDG3+STAT
with DG3 (0.00)
+STATCOM
(−0.30 p. u.)

Cos θWDG4+STAT
with DG4 (0.80lg)
+STATCOM
(−0.30 p. u.)

LM-1 0.7506
(0.1014; 2.0083; 6)

0.7669
(0.0924; 1.4018; 26)

0.5896
(0.1342; 1.2131; 30)

0.6088
(0.0924; 1.4018; 26)

LM-2 0.6493
(0.1098; 0.9324; 10)

0.6591
(0.1047; 0.6852; 30)

0.5498
(0.1316; 1.1189; 30)

0.5695
(0.1047; 0.6852; 30)

LM-3 0.6321
(0.1190; 0.6765; 13)

0.6428
(0.1179; 0.5334; 29)

0.5543
(0.1291; 1.1014; 30)

0.5696
(0.1179; 0.53334; 29)

LM-4 0.5913
(0.1340; 0.3631; 15)

0.7924
(0.1272; 1.5950; 24)

0.6018
(0.1313; 0.7391; 30)

0.6284
(0.1272; 1.5950; 24)

LM-5 0.7368
(0.1010; 1.8290; 7)

0.7565
(0.0900; 1.3266; 27)

0.5852
(0.1300; 1.1812; 30)

0.6059
(0.0900; 1.3266; 27)

Table 5
SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STATCOM (−0.40 p. u.) with DSLMs.
DSLMs Cos θWDG1+STAT

with DG1 (1.00)
+STATCOM
(−0.40 p. u.)

Cos θWDG2+STAT
with DG2 (0.80ld)
+STATCOM
(−0.40 p .u.)

Cos θWDG3+STAT
with DG3 (0.00)
+STATCOM
(−0.40 p .u.)

Cos θWDG4+STAT
with DG4 (0.80lg)
+STATCOM
(−0.40 p .u.)

LM-1 0.7596
(0.1014; 2.0083; 6)

0.7769
(0.0924; 1.4018; 26)

0.5996
(0.1342; 1.2131; 30)

0.6188
(0.0924; 1.4018; 26)

LM-2 0.6483
(0.1098; 0.9324; 10)

0.6621
(0.1047; 0.6852; 30)

0.5568
(0.1316; 1.1189; 30)

0.5775
(0.1047; 0.6852; 30)

LM-3 0.6321
(0.1190; 0.6765; 13)

0.6498
(0.1179; 0.5334; 29)

0.5443
(0.1291; 1.1014; 30)

0.5796
(0.1179; 0.53334; 29)

LM-4 0.5993
(0.1340; 0.3631; 15)

0.7994
(0.1272; 1.5950; 24)

0.6048
(0.1313; 0.7391; 30)

0.6294
(0.1272; 1.5950; 24)

LM-5 0.7468
(0.1010; 1.8290; 7)

0.7665
(0.0900; 1.3266; 27)

0.6052
(0.1300; 1.1812; 30)

0.6159
(0.0900; 1.3266; 27)

Fig. 5. SPF with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STATCOM (−0.40 p. u.) with DSLMs.
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Table 6
SPF with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STATCOM (−0.50 p. u.)
DSLMs Cos θWDG1+STAT

with DG1 (1.00)
+STATCOM
(−0.50 p .u.)

Cos θWDG2+STAT
with DG2 (0.80ld)
+STATCOM
(−0.50 p .u.)

Cos θWDG3+STAT
with DG3 (0.00)
+STATCOM
(−0.50 p .u.)

Cos θWDG4+STAT
with DG4 (0.80lg)
+STATCOM
(−0.50 p .u.)

LM-1 0.7706
(0.1014; 2.0083; 6)

0.7769
(0.0924; 1.4018; 26)

0.6126
(0.1342; 1.2131; 30)

0.6228
(0.0924; 1.4018; 26)

LM-2 0.6683
(0.1098; 0.9324; 10)

0.6691
(0.1047; 0.6852; 30)

0.5768
(0.1316; 1.1189; 30)

0.5795
(0.1047; 0.6852; 30)

LM-3 0.6491
(0.1190; 0.6765; 13)

0.6528
(0.1179; 0.5334; 29)

0.5743
(0.1291; 1.1014; 30)

0.5896
(0.1179; 0.53334; 29)

LM-4 0.6013
(0.1340; 0.3631; 15)

0.8024
(0.1272; 1.5950; 24)

0.6138
(0.1313; 0.7391; 30)

0.6284
(0.1272; 1.5950; 24)

LM-5 0.7598
(0.1010; 1.8290; 7)

0.7765
(0.0900; 1.3266; 27)

0.6152
(0.1300; 1.1812; 30)

0.6239
(0.0900; 1.3266; 27)

Fig. 6. SPF profiles with integration of various types of DGs (such as DG1, DG2, DG3 and DG4) and STATCOM (−0.50 p. u.) with DSLMs.

STATCOM (−0.40 p. u.). The descending orders of SPFswith DSLMs
are as follows:

DG2 + STATCOM(−0.40 p.u.) > DG1 + STATCOM(−0.40 p.u.)
> DG4 + STATCOM(−0.40 p.u.)
> DG3 + STATCOM(−0.40 p.u.)

Table 6, shows that the SPF profiles with integration of various
types of DGs (i.e.DG1, DG2, DG3 and DG4) and STATCOM (−0.50 p.
u.) with DSLMs in distribution systems.

Fig. 6, shows that the SPF having different values with integra-
tion of various typesDGs (i.e.DG1,DG2,DG3andDG4, respectively)
withDSLMs (i.e. LM-1, LM-2, LM-3, LM-4 and LM-5, respectively) in
distribution systems from minimization of total real power loss of
the system point of view. The best SPFswith DSLMs are achieved in
case of DG2 and STATCOM (−0.50 p. u.) whereas the poorest SPFs
with DSLMs are achieved in case DG3 and STATCOM (−0.50 p. u.).
The descending orders of SPFs with DSLMs are as follows:

DG2 + STATCOM(−0.50 p.u.) > DG1 + STATCOM(−0.50 p.u.)
> DG4 + STATCOM(−0.50 p.u.)
> DG3 + STATCOM(−0.50 p.u.)

4.3. Analysis of SPF with integration of various types of DGs and
STATCOM (as load mode operation)

The analyses of SPF with integration of various types of DGs and
STATCOM (as load mode operation) results are presented in this
sub-section are as follows:

Table 7, shows that the SPF profiles with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STAT-
COM (+0.30 p. u.) with DSLMs in distribution systems.

Fig. 7, shows that SPF profiles having different values with
integration of various types DGs (i.e. DG1, DG2, DG3 and DG4,
respectively) and STATCOM (+0.30 p. u.) with DSLMs ( i.e. LM-1,
LM-2, LM-3, LM-4 and LM-5, respectively) in distribution systems
from minimization of total real power loss of the system point of
view. The best SPFswith DSLMs are achieved in case of integration
of DG2 and STATCOM (+0.30 p. u.) whereas the poorest SPFs with
DSLMs are achieved in case integration of DG3 and STATCOM
(+0.30 p. u.). The descending orders of SPFs with DSLMs are as
follows:

DG2 + STATCOM(+0.30 p.u.) > DG1 + STATCOM(+0.30 p.u.)
> DG4 + STATCOM(+0.30 p.u.)
> DG3 + STATCOM(+0.30 p.u.)

Table 8, shows that the SPF profile with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STAT-
COM (+0.40 p. u.) with DSLMs in distribution systems.

Fig. 8, shows that SPFs having different values with integration
of various types DGs (DG1, DG2, DG3 and DG4) and STATCOM
(+0.40 p. u.)withDSLMs such as LM-1, LM-2, LM-3, LM-4 and LM-5
respectively in distribution systems fromminimization of total real
power loss of the system point of view. The best SPFs with DSLMs
are achieved in case of integration of DG2 and STATCOM (+0.40
p. u.) whereas the poorest SPFs with DSLMs are achieved in case
integration of DG3 and STATCOM (+0.40 p. u.). The descending
orders of SPFs with DSLMs are as follows:

DG2 + STATCOM(+0.40 p.u.) > DG1 + STATCOM(+0.40 p.u.)
> DG4 + STATCOM(+0.40 p.u.)
> DG3 + STATCOM(+0.40 p.u.)
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Fig. 7. SPF profile with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STATCOM (+0.30 p. u.) with DSLMs.

Table 7
SPF with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STATCOM (+0.30 p. u.) with DSLMs.
DSLMs Cos θWDG1+STAT

with DG1 (1.00)
+STATCOM
(+0.30 p. u.)

Cos θWDG2+STAT
with DG2 (0.80ld)
+STATCOM
(+0.30 p. u.)

Cos θWDG3+STAT
with DG3 (0.00)
+STATCOM
(+0.30 p. u.)

Cos θWDG4+STAT
with DG4 (0.80lg)
+STATCOM
(+0.30 p. u.)

LM-1 0.7316
(0.1014; 2.0083; 6)

0.7459
(0.0924; 1.4018; 26)

0.5706
(0.1342; 1.2131; 30)

0.5788
(0.0924; 1.4018; 26)

LM-2 0.6313
(0.1098; 0.9324; 10)

0.6421
(0.1047; 0.6852; 30)

0.5468
(0.1316; 1.1189; 30)

0.5575
(0.1047; 0.6852; 30)

LM-3 0.6021
(0.1190; 0.6765; 13)

0.6198
(0.1179; 0.5334; 29)

0.5343
(0.1291; 1.1014; 30)

0.5496
(0.1179; 0.53334; 29)

LM-4 0.5713
(0.1340; 0.3631; 15)

0.7724
(0.1272; 1.5950; 24)

0.5858
(0.1313; 0.7391; 30)

0.5984
(0.1272; 1.5950; 24)

LM-5 0.7228
(0.1010; 1.8290; 7)

0.7365
(0.0900; 1.3266; 27)

0.5752
(0.1300; 1.1812; 30)

0.5819
(0.0900; 1.3266; 27)

Table 8
SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STATCOM (+0.40 p. u.) with DSLMs.
DSLMs Cos θWDG1+STAT

with DG1 (1.00)
+STATCOM
(+0.40 p. u.)

Cos θWDG2+STAT
with DG2 (0.80ld)
+STATCOM
(+0.40 p. u.)

Cos θWDG3+STAT
with DG3 (0.00)
+STATCOM
(+0.40 p. u.)

Cos θWDG4+STAT
with DG4 (0.80lg)
+STATCOM
(+0.40 p. u.)

LM-1 0.7206
(0.1014; 2.0083; 6)

0.7349
(0.0924; 1.4018; 26)

0.5596
(0.1342; 1.2131; 30)

0.5648
(0.0924; 1.4018; 26)

LM-2 0.6243
(0.1098; 0.9324; 10)

0.6341
(0.1047; 0.6852; 30)

0.5378
(0.1316; 1.1189; 30)

0.5445
(0.1047; 0.6852; 30)

LM-3 0.6011
(0.1190; 0.6765; 13)

0.6198
(0.1179; 0.5334; 29)

0.5293
(0.1291; 1.1014; 30)

0.5336
(0.1179; 0.53334; 29)

LM-4 0.5923
(0.1340; 0.3631; 15)

0.7614
(0.1272; 1.5950; 24)

0.5718
(0.1313; 0.7391; 30)

0.5854
(0.1272; 1.5950; 24)

LM-5 0.7178
(0.1010; 1.8290; 7)

0.7295
(0.0900; 1.3266; 27)

0.5692
(0.1300; 1.1812; 30)

0.5759
(0.0900; 1.3266; 27)

Table 9, shows that the SPF profile with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STAT-
COM (+0.50 p. u.) with DSLMs in distribution systems.

Fig. 9, shows that the SPFs having different values with integra-
tion of various typesDGs (i.e.DG1,DG2,DG3andDG4, respectively)
and STATCOM (+0.50 p. u.) with DSLMs (i.e. LM-1, LM-2, LM-3, LM-
4 and LM-5 respectively) in distribution systems from minimiza-
tion of total real power loss of the system point of view. The best
SPFs with DSLMs are achieved in case of integration of DG2 and
STATCOM (+0.50 p. u.) whereas the poorest SPFs with DSLMs are
achieved in case DG3 and STATCOM (+0.50 p. u.). The descending
orders of SPFs with DSLMs are as follows:

DG2 + STATCOM(+0.50 p.u.) > DG1 + STATCOM(+0.50 p.u.)
> DG4 + STATCOM(+0.50 p.u.)

> DG3 + STATCOM(+0.50 p.u.)

4.4. Analysis of SPFwith integration of various types of DGs, STATCOM
(as generating mode operation) and PHEVs

The analysis of SPFs with integration of various types of DGs,
STATCOM (as generating mode operation) and PHEVs results are
presented in this sub-section are as follows:

Table 10, shows that the SPF profile with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM
(−0.30 p. u.) and PHEVs (−0.10 p. u.) with DSLMs in distribution
systems.

Fig. 10, shows that SPFs having different values with integration
of various types DGs (i.e. DG1, DG2, DG3 and DG4, respectively),
STATCOM (−0.30 p. u.) and PHEVs (−0.10 p. u.) with DSLMs (i.e.
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Fig. 8. SPF profiles with integration of various types of DGs (such as DG1, DG2, DG3 and DG4) and STATCOM (+0.40 p. u.) with DSLMs.

Fig. 9. SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STATCOM (+0.50 p. u.) with DSLMs.

Table 9
SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively) and STATCOM (+0.50 p. u.) with DSLMs.
DSLMs Cos θWDG1+STAT

with DG1 (1.00)
+STATCOM
(+0.50 p. u.)

Cos θWDG2+STAT
with DG2 (0.80ld)
+STATCOM
(+0.50 p. u.)

Cos θWDG3+STAT
with DG3 (0.00)
+STATCOM
(+0.50 p. u.)

Cos θWDG4+STAT
with DG4 (0.80lg)
+STATCOM
(+0.50 p. u.)

LM-1 0.7116
(0.1014; 2.0083; 6)

0.7259
(0.0924; 1.4018; 26)

0.5446
(0.1342; 1.2131; 30)

0.5528
(0.0924; 1.4018; 26)

LM-2 0.6083
(0.1098; 0.9324; 10)

0.6221
(0.1047; 0.6852; 30)

0.5268
(0.1316; 1.1189; 30)

0.5385
(0.1047; 0.6852; 30)

LM-3 0.5821
(0.1190; 0.6765; 13)

0.5918
(0.1179; 0.5334; 29)

0.5143
(0.1291; 1.1014; 30)

0.5296
(0.1179; 0.53334; 29)

LM-4 0.5743
(0.1340; 0.3631; 15)

0.7524
(0.1272; 1.5950; 24)

0.5558
(0.1313; 0.7391; 30)

0.5684
(0.1272; 1.5950; 24)

LM-5 0.7068
(0.1010; 1.8290; 7)

0.7165
(0.0900; 1.3266; 27)

0.5552
(0.1300; 1.1812; 30)

0.5659
(0.0900; 1.3266; 27)

LM-1, LM-2, LM-3, LM-4 and LM-5, respectively) in distribution
systems from minimization of total real power loss of the sys-
tem point of view. The best SPFs with DSLMs are achieved in
case of integration of DG2, STATCOM (−0.30 p. u.) and PHEVs
(−0.10 p. u.) whereas the poorest SPFs with DSLMs are achieved
in case of integration of DG3, STATCOM (−0.30 p. u.) and PHEVs
(−0.10 p. u.) The descending orders of SPFs with DSLMs are as
follows:

DG2 + STATCOM(−0.30 p.u.) + PHEVs(−0.10 p.u.)
> DG1 + STATCOM(−0.30 p.u.) + PHEVs(−0.10 p.u.)
> DG4 + STATCOM(−0.30 p.u.) + PHEVs(−0.10 p.u.)
> DG3 + STATCOM(−0.30 p.u.) + PHEVs(−0.10 p.u.)

Table 11, shows that the SPF profile with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM
(−0.40 p. u.) and PHEVs (−0.10 p. u.) with DSLMs in distribution
systems.

Fig. 11, shows that the SPFs having different values with in-
tegration of various types DGs (i.e. DG1, DG2, DG3 and DG4, re-
spectively), STATCOM (−0.40 p. u.) and PHEVs (−0.10 p. u.) with
DSLMs (i.e. LM-1, LM-2, LM-3, LM-4 and LM-5, respectively) in
distribution systems from minimization of total real power loss of
the system point of view. The best SPFs with DSLMs are achieved
in case of integration of DG2, STATCOM (−0.40 p. u.) and PHEVs
(−0.10 p. u.) whereas the poorest SPFswith DSLMs are achieved in



96 B. Singh and S. Singh / Energy Reports 5 (2019) 84–103

Fig. 10. SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM (−0.30 p. u.) and PHEVs (−0.10 p. u.) with DSLMs.

Table 10
SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM (−0.30 p.u.) and PHEVs (−0.10
p.u.) with DSLMs.
DSLMs Cos θWDG1+STAT

with DG1 (1.00)
+STATCOM (−0.30 p. u.)
+PHEVs (−0.10 p. u.)

Cos θWDG2+STAT
with DG2 (0.80ld)
+STATCOM (−0.30 p. u.)
+PHEVs (−0.10 p. u.)

Cos θWDG3+STAT
with DG3 (0.00)
+STATCOM (−0.30 p. u.)
+PHEVs (−0.10 p.u.)

Cos θWDG4+STAT+PHEVs
with DG4 (0.80lg)
+STATCOM (−0.30 p. u.)
+PHEVs (−0.10 p. u.)

LM-1 0.7219
(0.1014; 2.0083; 6)

0.7369
(0.0924; 1.4018; 26)

0.5596
(0.1342; 1.2131; 30)

0.5678
(0.0924; 1.4018; 26)

LM-2 0.6253
(0.1098; 0.9324; 10)

0.6321
(0.1047; 0.6852; 30)

0.5368
(0.1316; 1.1189; 30)

0.5485
(0.1047; 0.6852; 30)

LM-3 0.5921
(0.1190; 0.6765; 13)

0.6048
(0.1179; 0.5334; 29)

0.5243
(0.1291; 1.1014; 30)

0.5396
(0.1179; 0.53334; 29)

LM-4 0.5883
(0.1340; 0.3631; 15)

0.7634
(0.1272; 1.5950; 24)

0.5658
(0.1313; 0.7391; 30)

0.5784
(0.1272; 1.5950; 24)

LM-5 0.7148
(0.1010; 1.8290; 7)

0.7225
(0.0900; 1.3266; 27)

0.5642
(0.1300; 1.1812; 30)

0.5767
(0.0900; 1.3266; 27)

Table 11
SPF profiles with integration of various types of DGs (such as DG1, DG2, DG3 and DG4), STATCOM (−0.40 p. u.) and PHEVs (−0.10 p. u.)
with DSLMs.
DSLMs Cos θWDG1+STAT+PHEVs

with DG1 (1.00)
+STATCOM (−0.40 p. u.)
+PHEVs (−0.10 p. u.)

Cos θWDG2+STAT+PHEVs
with DG2 (0.80ld)
+ STATCOM (−0.40 p. u.)
+PHEVs (−0.10 p. u.)

Cos θWDG3+STAT+PHEVs
with DG3 (0.00)
+ STATCOM (−0.40 p. u.)
+PHEVs (−0.10 p. u.)

Cos θWDG4+STAT+PHEVs
with DG4 (0.80lg)
+ STATCOM (−0.40 p. u.)
+PHEVs (−0.10 p. u.)

LM-1 0.7326
(0.1014; 2.0083; 6)

0.7449
(0.0924; 1.4018; 26)

0.5686
(0.1342; 1.2131; 30)

0.5748
(0.0924; 1.4018; 26)

LM-2 0.6383
(0.1098; 0.9324; 10)

0.6451
(0.1047; 0.6852; 30)

0.5478
(0.1316; 1.1189; 30)

0.5535
(0.1047; 0.6852; 30)

LM-3 0.6041
(0.1190; 0.6765; 13)

0.6128
(0.1179; 0.5334; 29)

0.5383
(0.1291; 1.1014; 30)

0.5489
(0.1179; 0.53334; 29)

LM-4 0.5723
(0.1340; 0.3631; 15)

0.7724
(0.1272; 1.5950; 24)

0.5578
(0.1313; 0.7391; 30)

0.5694
(0.1272; 1.5950; 24)

LM-5 0.7218
(0.1010; 1.8290; 7)

0.7384
(0.0900; 1.3266; 27)

0.5752
(0.1300; 1.1812; 30)

0.5869
(0.0900; 1.3266; 27)

case integration of DG3, STATCOM (−0.40 p. u.) and PHEVs (−0.10
p. u.). The descending orders of SPFs with DSLMs are as follows:

DG2 + STATCOM(−0.40 p.u.) + PHEVs(−0.10 p.u.)
> DG1 + STATCOM(−0.40 p.u.) + PHEVs(−0.10 p.u.)
> DG4 + STATCOM(−0.40 p.u.) + PHEVs(−0.10 p.u.)
> DG3 + STATCOM(−0.40 p.u.) + PHEVs(−0.10 p.u.)

Table 12, shows that the SPF profile with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4), STATCOM (−0.50 p. u.)
and PHEVs (−0.10 p. u.) with DSLMs in distribution systems.

Fig. 12, shows that the SPFs having different values with inte-
gration of various types DGs (DG1, DG2, DG3 and DG4), STATCOM

(−0.50 p. u.) and PHEVs (−0.10 p. u.) with DSLMs (i.e. LM-1, LM-2,
LM-3, LM-4 and LM-5 respectively) in distribution systems from
minimization of total real power loss of the system point of view.
The best SPFs with DSLMs are achieved in case of integration of
DG2, STATCOM (−0.50 p. u.) and PHEVs (−0.10 p. u.) whereas the
poorest SPFs with DSLMs are achieved in case integration of DG3,
STATCOM (−0.50 p. u.) and PHEVs (−0.10 p. u.) The descending
orders of SPFs with DSLMs are as follows:

DG2 + STATCOM(−0.50 p.u.) + PHEVs(−0.10 p.u.)
> DG1 + STATCOM(−0.50 p.u.) + PHEVs(−0.10 p.u.)
> DG4 + STATCOM(−0.50 p.u.) + PHEVs(−0.10 p.u.)
> DG3 + STATCOM(−0.50 p.u.) + PHEVs(−0.10 p.u.)
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Fig. 11. SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4), STATCOM (−0.40 p. u.) and PHEVs (−0.10 p. u.) with DSLMs.

Fig. 12. SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4), STATCOM (−0.50 p. u.) and PHEVs (−0.10 p. u.) with DSLMs.

Table 12
SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4), STATCOM (−0.50 p. u.) and PHEVs (−0.10 p. u.) with
DSLMs.
DSLMs Cos θWDG1+STAT+PHEVs

with DG1 (1.00)
+STATCOM (−0.50 p. u.)
+PHEVs (−0.10 p. u.)

Cos θWDG2+STAT+PHEVs
with DG2 (0.80ld)
+ STATCOM (−0.50 p. u.)
+PHEVs (−0.10 p. u.)

Cos θWDG3+STAT+PHEVs
with DG3 (0.00)
+ STATCOM (−0.50 p. u.)
+PHEVs (−0.10 p. u.)

Cos θWDG4+STAT+PHEVs
with DG4 (0.80lg)
+ STATCOM (−0.50 p. u.)
+PHEVs (−0.10 p. u.)

LM-1 0.7406
(0.1014; 2.0083; 6)

0.7569
(0.0924; 1.4018; 26)

0.5716
(0.1342; 1.2131; 30)

0.5828
(0.0924; 1.4018; 26)

LM-2 0.6453
(0.1098; 0.9324; 10)

0.6521
(0.1047; 0.6852; 30)

0.5548
(0.1316; 1.1189; 30)

0.5675
(0.1047; 0.6852; 30)

LM-3 0.6121
(0.1190; 0.6765; 13)

0.6228
(0.1179; 0.5334; 29)

0.5433
(0.1291; 1.1014; 30)

0.5596
(0.1179; 0.53334; 29)

LM-4 0.5813
(0.1340; 0.3631; 15)

0.7842
(0.1272; 1.5950; 24)

0.6058
(0.1313; 0.7391; 30)

0.6184
(0.1272; 1.5950; 24)

LM-5 0.7316
(0.1010; 1.8290; 7)

0.7465
(0.0900; 1.3266; 27)

0.5842
(0.1300; 1.1812; 30)

0.5959
(0.0900; 1.3266; 27)

Table 13, shows that the SPF profile with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM
(−0.30 p. u.) and PHEVs (−0.20 p. u.) with DSLMs in distribution
systems.

Fig. 13, shows that SPFs having different values with integration
of various types DGs (i.e. DG1, DG2, DG3 and DG4, respectively),
STATCOM (−0.30 p. u.) and PHEVs (−0.20 p. u.) with DSLMs (i.e.
LM-1, LM-2, LM-3, LM-4 and LM-5, respectively) in distribution
systems from minimization of total real power loss of the system
point of view. The best SPFs with DSLMs are achieved in case of
integration of DG2, STATCOM (−0.30 p. u.) and PHEVs (−0.20 p.

u.) whereas the poorest SPFs with DSLMs are achieved in case
integration of DG3, STATCOM (−0.30 p. u.) and PHEVs (−0.20 p.
u.) The descending orders of SPFs with DSLMs are as follows:

DG2 + STATCOM(−0.30 p.u.) + PHEVs(−0.20 p.u.)
> DG1 + STATCOM(−0.30 p.u.) + PHEVs(−0.20 p.u.)
> DG4 + STATCOM(−0.30 p.u.) + PHEVs(−0.20 p.u.)
> DG3 + STATCOM(−0.30 p.u.) + PHEVs(−0.20 p.u.)

Table 14, shows that the SPFs profile with various types of DGs
(i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM (−0.40 p. u.)
and PHEVs (−0.20 p. u.) with DSLMs in distribution systems.
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Table 13
SPF profiles with various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM (−0.30 p. u.) and PHEVs (−0.20 p. u.) with
DSLMs.
DSLMs Cos θWDG1+STAT+PHEVs

with DG1 (1.00)
+STATCOM (−0.30 p. u.)
+PHEVs (−0.20 p. u.)

Cos θWDG2+STAT+PHEVs
with DG2 (0.80ld)
+ STATCOM (−0.30 p. u.)
+PHEVs (−0.20 p. u.)

Cos θWDG3+STAT+PHEVs
with DG3 (0.00)
+ STATCOM (−0.30 p. u.)
+PHEVs (−0.20 p. u.)

Cos θWDG4+STAT+PHEVs
with DG4 (0.80lg)
+ STATCOM (−0.30 p. u.)
+PHEVs (−0.20 p. u.)

LM-1 0.7516
(0.1014; 2.0083; 6)

0.7649
(0.0924; 1.4018; 26)

0.5894
(0.1342; 1.2131; 30)

0.5998
(0.0924; 1.4018; 26)

LM-2 0.6543
(0.1098; 0.9324; 10)

0.6621
(0.1047; 0.6852; 30)

0.5668
(0.1316; 1.1189; 30)

0.5795
(0.1047; 0.6852; 30)

LM-3 0.6221
(0.1190; 0.6765; 13)

0.6348
(0.1179; 0.5334; 29)

0.5543
(0.1291; 1.1014; 30)

0.5696
(0.1179; 0.53334; 29)

LM-4 0.5913
(0.1340; 0.3631; 15)

0.7924
(0.1272; 1.5950; 24)

0.6188
(0.1313; 0.7391; 30)

0.6294
(0.1272; 1.5950; 24)

LM-5 0.7468
(0.1010; 1.8290; 7)

0.7595
(0.0900; 1.3266; 27)

0.5942
(0.1300; 1.1812; 30)

0.6049
(0.0900; 1.3266; 27)

Table 14
SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4), STATCOM (−0.40 p. u.) and PHEVs (−0.20 p. u.) with
DSLMs.
DSLMs Cos θWDG1+STAT+PHEVs

with DG1 (1.00)
+STATCOM (−0.40 p. u.)
+PHEVs (−0.20 p. u.)

Cos θWDG2+STAT+PHEVs
with DG2 (0.80ld)
+ STATCOM (−0.40 p. u.)
+PHEVs (−0.20 p. u.)

Cos θWDG3+STAT+PHEVs
with DG3 (0.00)
+ STATCOM (−0.40 p. u.)
+PHEVs (−0.20 p. u.)

Cos θWDG4+STAT+PHEVs
with DG4 (0.80lg)
+ STATCOM (−0.40 p. u.)
+PHEVs (−0.20 p. u.)

LM-1 0.7626
(0.1014; 2.0083; 6)

0.7769
(0.0924; 1.4018; 26)

0.5916
(0.1342; 1.2131; 30)

0.6098
(0.0924; 1.4018; 26)

LM-2 0.6623
(0.1098; 0.9324; 10)

0.6761
(0.1047; 0.6852; 30)

0.5748
(0.1316; 1.1189; 30)

0.5875
(0.1047; 0.6852; 30)

LM-3 0.6341
(0.1190; 0.6765; 13)

0.6458
(0.1179; 0.5334; 29)

0.5663
(0.1291; 1.1014; 30)

0.5796
(0.1179; 0.53334; 29)

LM-4 0.6019
(0.1340; 0.3631; 15)

0.8064
(0.1272; 1.5950; 24)

0.6258
(0.1313; 0.7391; 30)

0.6384
(0.1272; 1.5950; 24)

LM-5 0.7523
(0.1010; 1.8290; 7)

0.7685
(0.0900; 1.3266; 27)

0.6052
(0.1300; 1.1812; 30)

0.6169
(0.0900; 1.3266; 27)

Fig. 13. SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4), STATCOM (−0.30 p. u.) and PHEVs (−0.20 p. u.) with DSLMs.

Fig. 14, shows that the SPFs having different values with in-
tegration of various types DGs (i.e. DG1, DG2, DG3 and DG4, re-
spectively), STATCOM (−0.40 p. u.) and PHEVs (−0.20 p. u.) with
DSLMs (i.e. LM-1, LM-2, LM-3, LM-4 and LM-5, respectively) in
distribution systems from minimization of total real power loss of
the system point of view. The best SPFs with DSLMs are achieved
in case of integration of DG2, STATCOM (−0.40 p. u.) and PHEVs
(−0.20 p. u.) whereas the poorest SPFswith DSLMs are achieved in
case integration of DG3, STATCOM (−0.40 p. u.) and PHEVs (−0.20

p. u.) The descending orders of SPFs with DSLMs are as follows:

DG2 + STATCOM(−0.40 p.u.) + PHEVs(−0.20 p.u.)
> DG1 + STATCOM(−0.40 p.u.) + PHEVs(−0.20 p.u.)
> DG4 + STATCOM(−0.40 p.u.) + PHEVs(−0.20 p.u.)
> DG3 + STATCOM(−0.40 p.u.) + PHEVs(−0.20 p.u.)

Table 15, shows that the SPF profile with integration of various
types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM
(−0.50 p.u.) and PHEVs (−0.20 p.u.) with DSLMs in distribution
systems.
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Fig. 14. SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4), STATCOM (−0.40 p. u.) and PHEVs (−0.20 p. u.) with DSLMs.

Table 15
SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM (−0.50 p. u.) and PHEVs (−0.20
p. u.) with DSLMs.
DSLMs Cos θWDG1+STAT+PHEVs

with DG1 (1.00)
+STATCOM (−0.50 p. u.)
+PHEVs (−0.20 p. u.)

Cos θWDG2+STAT+PHEVs
with DG2 (0.80ld)
+ STATCOM (−0.50 p. u.)
+PHEVs (−0.20 p. u.)

Cos θWDG3+STAT+PHEVs
with DG3 (0.00)
+ STATCOM (−0.50 p. u.)
+PHEVs (−0.20 p. u.)

Cos θWDG4+STAT+PHEVs
with DG4 (0.80lg)
+ STATCOM (−0.50 p. u.)
+PHEVs (−0.20 p. u.)

LM-1 0.7626
(0.1014; 2.0083; 6)

0.7799
(0.0924; 1.4018; 26)

0.5916
(0.1342; 1.2131; 30)

0.6098
(0.0924; 1.4018; 26)

LM-2 0.6623
(0.1098; 0.9324; 10)

0.6761
(0.1047; 0.6852; 30)

0.5748
(0.1316; 1.1189; 30)

0.5875
(0.1047; 0.6852; 30)

LM-3 0.6341
(0.1190; 0.6765; 13)

0.6458
(0.1179; 0.5334; 29)

0.5663
(0.1291; 1.1014; 30)

0.5796
(0.1179; 0.53334; 29)

LM-4 0.6019
(0.1340; 0.3631; 15)

0.8064
(0.1272; 1.5950; 24)

0.6258
(0.1313; 0.7391; 30)

0.6384
(0.1272; 1.5950; 24)

LM-5 0.7523
(0.1010; 1.8290; 7)

0.7695
(0.0900; 1.3266; 27)

0.6052
(0.1300; 1.1812; 30)

0.6199
(0.0900; 1.3266; 27)

Fig. 15, shows that the SPFs having different values with in-
tegration of various types DGs (i.e. DG1, DG2, DG3 and DG4, re-
spectively), STATCOM (−0.50 p. u.) and PHEVs (−0.20 p. u.) with
DSLMs (i.e. LM-1, LM-2, LM-3, LM-4 and LM-5, respectively) in
distribution systems from minimization of total real power loss of
the system point of view. The best SPFs with DSLMs are achieved
in case of integration of DG2, STATCOM (−0.50 p. u.) and PHEVs
(−0.20 p. u.) whereas the poorest SPFswith DSLMs are achieved in
case integration of DG3, STATCOM (−0.50 p. u.) and PHEVs (−0.20
p. u.) The descending orders of SPFs with DSLMs are as follows:

DG2 + STATCOM(−0.50 p.u.) + PHEVs(−0.20 p.u.)
> DG1 + STATCOM(−0.50 p.u.) + PHEVs(−0.20 p.u.)
> DG4 + STATCOM(−0.50 p.u.) + PHEVs(−0.20 p.u.)
> DG3 + STATCOM(−0.50 p.u.) + PHEVs(−0.20 p.u.)

4.5. Comparisons of results

The comparisons of results are presented in this sub-section are
as follows:

Table 16, shows the comparisons of the SPF for integration of
DG1 (operating at 1.00 p. f.) and STATCOM vs. SPF for integration
of DGs, STACOM and PHEVS with DSLMs. Table 16, it is concluded
that:

• Integration of DG1 and STATCOM in generating mode opera-
tion (i.e. STATCOM provide the reactive power support to the
system) achieved the better SPF compared to when DG1 is
used only.

• Integration of DG1 and STATCOM in load mode operation
(i.e. STATCOM absorb the reactive power from the system)
achieved the poor SPF compared to when DG1 is used only.

• Integration of DG1 and STATCOM in generating mode oper-
ation achieved the better SPF compared to when integration
of DG1 and STATCOM in load mode operation.

• Integration of DG1, STATCOM and PHEVs achieved the better
SPF compared to integration of DG1 and STATCOM. After
increasing the value of active power support (in p. u.) by
PHEVs gives the best SPF compared to previous condition.

Table 17, shows the comparisons of the SPF for DG2 (operating
at 0.80 leading p. f.) and STATCOM vs. SPF for integration of DG2,
STACOM and PHEVs in distribution systems with DSLMs. Table 17,
it is concluded that integration of DG2 and STATCOM in generating
mode (i.e. STATCOM provide the reactive power support to the
system) achieved better power factor compared to when DG2 is
used only.

• Integration of DG2 and STATCOM in loadmode (i.e. STATCOM
absorb the reactive power from the system) achieved less SPF
compared to when DG1 is used only.

• Integration of DG2 and STATCOM in generating mode
achieved the better SPF compared to when DG2 incorporated
STATCOM in load mode.

• Integration of DG2, STATCOM and PHEVs achieved better SPF
compared to DG2 incorporated STATCOM. After increasing
the value of active power support (in p. u.) of PHEVs gives
best SPF compared to previous condition.

Table 18, shows comparison of the SPF of DG3 (operating at
0.00 p. f.) and STATCOM vs. SPF for integration of DG3, STACOM
and PHEVs with DSLMs. Table 18, it is concluded that integration
DG3 and STATCOM in generating mode (i.e. STATCOM provide
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Fig. 15. SPF profiles with integration of various types of DGs (i.e. DG1, DG2, DG3 and DG4, respectively), STATCOM (−0.50 p. u.) and PHEVs (−0.20 p. u.) with DSLMs.

Table 16
The comparisons of the SPF for integration of DG1 (operating at 1.00 p. f.) and STATCOM vs. SPF for integration of DGs, STACOM and PHEVS
with DSLMs.
SPF for integration of DG1 and STATCOM

Operating state of STATCOM and PHEVs DSLMs

LM-1 LM-2 LM-3 LM-4 LM-5

WDG 0.7406 0.6283 0.6221 0.5821 0.7368
WDG+STAT(−0.30) 0.7506 0.6493 0.6321 0.5913 0.7368
WDG+STAT(−0.40) 0.7596 0.6483 0.6331 0.5993 0.7468
WDG+STAT(−50) 0.7706 0.6683 0.6491 0.6013 0.7598
WDG+STAT(+0.30) 0.7316 0.6263 0.6021 0.5713 0.7228
WDG+STAT(+0.40) 0.7206 0.6243 0.6011 0.5923 0.7178
WDG+STAT(+50) 0.7116 0.6083 0.5821 0.5743 0.7068

SPF for integration of DG1, STATCOM and PHEVs

WDG+STAT(−0.30)+PHEVs(−0.10) 0.7519 0.6553 0.6351 0.6093 0.7394
WDG+STAT(−0.40) +PHEVs(−0.10) 0.7621 0.6495 0.6371 0.6124 0.7498
WDG+STAT(−0.50)+ PHEVs(−0.10) 0.7795 0.6692 0.6520 0.6245 0.7623
WDG+STAT(−0.30)+PHEVs(−0.20) 0.7548 0.6577 0.6372 0.6121 0.7423
WDG+STAT(−0.40) +PHEVs(−0.20) 0.7645 0.6521 0.6399 0.6256 0.7523
WDG+STAT(−0.50)+ PHEVs(−0.20) 0.7813 0.6734 0.6556 0.6376 0.7667

Table 17
The comparisons of the SPF for integration of DG2 (operating at 0.80 leading p. f.) and STATCOM vs. SPF for integration of DGs, STACOM
and PHEVs with DSLMs.
SPF for integration of DG2 and STATCOM

Operating state of STATCOM and PHEVs DSLMs

LM-1 LM-2 LM-3 LM-4 LM-5

WDG 0.7569 0.6521 0.6228 0.7824 0.7465
WDG+STAT(−0.30) 0.7669 0.6591 0.6428 0.7924 0.7565
WDG+STAT(−0.40) 0.7769 0.6621 0.6498 0.7994 0.7665
WDG+STAT(−50) 0.7779 0.6691 0.6528 0.8024 0.7765
WDG+STAT(+0.30) 0.7459 0.6421 0.6198 0.7724 0.7365
WDG+STAT(+0.40) 0.7349 0.6341 0.6198 0.7614 0.7295
WDG+STAT(+50) 0.7259 0.6221 0.5918 0.7524 0.7165

SPF for integration of DG2, STATCOM and PHEVs

WDG+STAT(−0.30)+PHEVs(−0.10) 0.7699 0.6632 0.6487 0.7967 0.7589
WDG+STAT(−0.40) +PHEVs(−0.10) 0.7798 0.6673 0.6526 0.8014 0.7695
WDG+STAT(−0.50)+ PHEVs(−0.10) 0.7813 0.6734 0.6247 0.8127 0.7799
WDG+STAT(−0.30)+PHEVs(−0.20) 0.7721 0.6667 0.6521 0.7999 0.7614
WDG+STAT(−0.40) +PHEVs(−0.20) 0.7815 0.6698 0.6567 0.8076 0.7721
WDG+STAT(−0.50)+ PHEVs(−0.20) 0.7845 0.6788 0.6298 0.8149 0.7831

the reactive power support to the system) achieved better SPF
compared to when DG3 is used only.

• Integration of DG3 and STATCOM in load mode operation
(i.e. STATCOM absorb the reactive power from the system)
achieved the poor SPF compared to when DG3 is used only.

• Integration of DG3 and STATCOM in generating mode opera-
tion achieved the better SPF compared to when DG3 incorpo-
rated STATCOM in load mode operation.

• Integration of DG3, STATCOM and PHEVs achieved the better
SPF compared to DG3 and STATCOM. After increasing the
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Table 18
The comparisons of the SPF for integration of DG3 (operating at 0.00 power factor) and STATCOM vs. SPF of integration of DG3, STACOM
and PHEVs with DSLMs.
SPF for integration of DG3 and STATCOM

Operating state of STATCOM and PHEVs DSLMs

LM-1 LM-2 LM-3 LM-4 LM-5

WDG 0.5896 0.5568 0.5443 0.6058 0.5852
WDG+STAT(−0.30) 0.5926 0.5598 0.5543 0.6098 0.5883
WDG+STAT(−0.40) 0.5996 0.5668 0.5598 0.6124 0.5921
WDG+STAT(−50) 0.6126 0.5768 0.5743 0.6138 0.6152
WDG+STAT(+0.30) 0.5706 0.5468 0.5343 0.5858 0.5752
WDG+STAT(+0.40) 0.5596 0.5378 0.5293 0.5718 0.5692
WDG+STAT(+50) 0.5446 0.5268 0.5143 0.5558 0.5552

SPF for integration of DG3, STATCOM and PHEVs

WDG+STAT(−0.30)+PHEVs(−0.10) 0.6026 0.6627 0.5598 0.6134 0.5921
WDG+STAT(−0.40) +PHEVs(−0.10) 0.6035 0.5687 0.5634 0.6276 0.5978
WDG+STAT(−0.50)+ PHEVs(−0.10) 0.6178 0.5823 0.5789 0.6298 0.6192
WDG+STAT(−0.30)+PHEVs(−0.20) 0.6076 0.6677 0.5613 0.6189 0.5983
WDG+STAT(−0.40) +PHEVs(−0.20) 0.6085 0.5731 0.5683 0.6299 0.6021
WDG+STAT(−0.50)+ PHEVs(−0.20) 0.6212 0.5858 0.5824 0.6345 0.6251

Table 19
The comparisons of the SPF for integration of DG4 (operating at 0.80 lagging p. f.) and STATCOM vs. SPF of integration of DGs, STACOM
and PHEVs with DSLMs.
SPF for integration of DG4 and STATCOM

Operating state of STATCOM and PHEVs DSLMs

LM-1 LM-2 LM-3 LM-4 LM-5

WDG 0.5988 0.5675 0.5596 0.6084 0.5959
WDG+STAT(−0.30) 0.6088 0.5695 0.5696 0.6284 0.6059
WDG+STAT(−0.40) 0.6188 0.5775 0.5796 0.6294 0.6159
WDG+STAT(−50) 0.6288 0.5795 0.5896 0.6284 0.6239
WDG+STAT(+0.30) 0.5788 0.5575 0.5496 0.5984 0.5819
WDG+STAT(+0.40) 0.5648 0.5445 0.5336 0.5854 0.5759
WDG+STAT(+50) 0.5528 0.5385 0.5296 0.5684 0.5659

SPF for integration of DG4, STATCOM and PHEVs

WDG+STAT(−0.30)+PHEVs(−0.10) 0.6123 0.5732 0.5721 0.6311 0.6098
WDG+STAT(−0.40) +PHEVs(−0.10) 0.6234 0.5812 0.5834 0.6345 0.6189
WDG+STAT(−0.50)+ PHEVs(−0.10) 0.6324 0.5824 0.5928 0.6385 0.6278
WDG+STAT(−0.30)+PHEVs(−0.20) 0.6177 0.5793 0.5778 0.6356 6142
WDG+STAT(−0.40) +PHEVs(−0.20) 0.6288 0.5888 0.5896 0.6425 0.6231
WDG+STAT(−0.50)+ PHEVs(−0.20) 0.6399 0.5912 0.5987 0.6396 0.6336

value of active power support (in p. u.) by PHEVs gives best
SPF compared to previous condition.

Table 19, shows comparison of the SPF of integration of DG4
(operating at 0.80 lagging p. f.) and STATCOM vs. SPF of inte-
gration of DG4, STACOM and PHEVs with DLMs. Table 19, it is
concluded that integration of DG4 and STATCOM in generating
mode (i.e. STATCOM provide the reactive power support to the
system) achieved better SPF compared to when DG4 is used only.

• Integration of DG4 and STATCOM in load mode operation
(i.e. STATCOM absorb the reactive power from the system)
achieved poor SPF compared to when DG4 is used only.

• Integration of DG4 and STATCOM in generating mode oper-
ation achieved better SPF compared to when DG4 and STAT-
COM in load mode operation.

• Integration of DG4, STATCOM and PHEVs achieved better SPF
compare to integration of DG4 and STATCOM. After increas-
ing the value of active power support (in p. u.) of PHEVs gives
best SPF compared to previous condition.

5. Conclusions and future scopes of research work

The conclusions and future scope of research work are pre-
sented in Sections 5.1 and 5.2, subsequently.

5.1. Conclusions

The following conclusions made from this research work are as
follows:

• Enhance the system power factor depends on the sizes and
locations of DGs, incorporated STATCOM and PHEVs in distri-
bution systems with DSLMs.

• The system power factor when DGs, incorporated STATCOM
(i.e. operating in generating mode that means the reactive
power delivered to the system) and PHEVs, is better than
the system power factor when STATCOM (i.e. operating in
load mode that means the reactive power absorbed from the
system bus).

• Enhance the real and reactive power support to the system
by integration of DGs, incorporated STATCOM and PHEVs in
distribution systems with DSLMs.

• The real and reactive power losses of the system should be
minimized by optimally placed and properly coordinated of
DGs, incorporated STATCOM and PHEVs in distribution sys-
tems with DSLMs.

5.2. Future scopes of research work

The following future scopes of this research work in this direc-
tion are as follows:
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• The proposed methodology also used for other FACTS con-
trollers such as dynamic voltage restorer (DVR), unifiedpower
flow controller (UPQC), distributed-STATCOM, and hybrid
power flow controllers (HPFC) and generalized unified power
flow controllers (GUPFC) etc.

• In future, enhance the system power factor by integration
of DGs, incorporated STATCOM and PHEVs for dynamic load
models.

• In future, enhance the system power factor by integration of
DGs, incorporated D-STATCOM and PHEVs for dynamic load
models.

• In future, enhance the system power factor by integration of
DGs, incorporated DVR and PHEVs for dynamic load models.

• In future, enhance the system power factor by integration of
DGs, incorporated UPQC and PHEVs for dynamic loadmodels.

• In future, also improved other power system performances
such as power quality parameters (distortion harmonic fac-
tor, voltage sag and swell etc.) by integration of DGs, incorpo-
rated STATCOM and PHEVs in distribution systems with time
dependent load models.

• The proposed methodology also used for higher IEEE bus test
system like IEEE-57, IEEE-75 246-indian test system etc. for
validation of proposed methodology robustness.

• Practical implementations are possible for integration of re-
newable energy sources, incorporated FACTS controllers and
PHEVs in distribution systems with time dependent load
models.
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