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Abstract

The energy sector is subjected to an increase in power demand year after year. This increase
in energy demand will continue due to the need for energy for modern societies. The ser-
vice providers should face this situation smartly using renewable energy sources to avoid
the intermittent nature of these sources and the fluctuations in the demand. Demand
response programs (DRP) can play a vital role in increasing the correlation between the
loads and the available generation from renewable energy sources (RES). Modern power
systems recommend the use of distributed generation (DG) sources to reduce the transmis-
sion losses, contingency, and cost of energy and to increase the system reliability, efficiency,
and power system loadability. Optimal DR use in the DG can further improve its perfor-
mance which is the main focus of this paper. Here, a novel DRP-DG strategy is introduced
to size and allocate the DG units for minimum congestion in IEEE 33-bus benchmark
power system and real Indian power system having 17 buses. The active involvement of the
consumers in the DRP facilitates the ultimate objective of maximized total social welfare
(TSW) with minimized generation costs. To justify the above multi-objective optimization,
two stages of heuristic optimization are introduced in which the rules are fired in the pri-
mary stage for determining the optimal size of DG. Implementation of DRP for achieving
comprehensive objective function is vindicated in the secondary stage. A real-time Indian
utility network is considered and a trade-off output is realized using heuristic fuzzy logic
(FL) and genetic algorithm (GA). The results obtained from using the proposed strategy
proved its superiority in achieving substantial cost reduction and maximum TSW compared
to other soft computing techniques.

1 INTRODUCTION

The electricity demand continues to rise along with the eco-
nomic growth. In recent years, there has been a growing
interest in integrating DGs in the distribution system due
to their numerous technical, environmental, and economic
benefits [1]. Meanwhile, the grid infrastructure is not keeping
pace with power generation additions. Usage of the right mix
of renewable sources can optimize the total generation and
enable stable grid operation [2]. Integration of DGs improves
the reliability of energy supply, reduces power loss, lowers
operation costs, enhances the voltage profile of the distribution
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network, and increases the existing power system loadability [3].
The emphasis of Indian power sector is towards consumption
of more solar and wind power generation units in coordination
with DR. Computational technique for the proper management
of DGs that helps in peak load management and reduction in
network losses is proposed in [4]. However, high DGs penetra-
tion could be counterproductive if they are not optimally placed
[5]. A hybrid technique is introduced in [6] to simultaneously
optimize the DG parameters for maximizing the customer
benefit. An efficient analytical method for allocating optimal
mix of different DG types is proposed in [7] to minimize
power loss in distribution systems. A bi-level programming
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technique is implemented for coordinated planning of DGs and
energy storage during uncertainties of DG outputs [8]. Also,
the influence of integrated energy storage with DG has been
found to boost the output power performance of renewable
DGs significantly [9]. Besides reducing the energy loss and
improving the network performance, the challenges due to the
high penetration of DGs can be mitigated by implementing
DR strategy. Optimal resource planning in the presence of DR
ensures the flexibility and reliability of wind energy-integrated
power system [10]. Implementation of DR has greatly reduced
the DG capacity which is followed by the surplus generation
serving the short-term peak loads [11]. A day-ahead load
shifting technique is proposed for residential, commercial, and
industrial customers to make informed decisions regarding
their energy consumption to achieve significant savings [12].
A price variation in DR is introduced based on the type of
the consumer’s load reduction and a real-time pricing strategy
is implemented to maximize the retailer’s profit [13]. The
incentive-based demand-side management model increases the
benefits of retailers by proactively adjusting the incentives to the
customers based on their behaviour during both peak and valley
periods [14]. Genetic Algorithm was implemented in [15] and
scheduling of appliances was done to satisfy the peak demand. A
DR strategy presented in [16] divides the load into two different
categories based on the supply priorities of loads. Part of these
loads is called high priority loads which should be supplied at
any operating situation of the power system and the other part is
the low priority loads in which it can be shifted from the deficit
generation periods to the surplus generation ones. The DR inte-
gration makes the grid more flexible with proper coordination
among DG devices in the distribution networks [17]. During
unpredictability in renewable energy and network contingen-
cies, improved flexibility is achieved through synchronised
generation and demand side management [18]. A combined
MOPSO and fuzzy decision-making algorithm facilitates better
planning of DSM to optimize the economic and environmen-
tal indices [19]. Application of Fuzzy Logic (FL), Artificial
Neural Network (ANN), and Evolutionary Computation (EC)
techniques in minimizing energy consumption and scheduling
problems are discussed in [20]. The comparative study made
between energy optimization and scheduling shows significant
improvement in the demand and supply-side efficiency. A game
theory algorithm is developed to implement real-time pricing
(RTP) strategy in a residential area to reduce the cost involved in
electricity pricing [21]. The participation of customers in energy
management strategies greatly helps in reducing the maximum
peak demand [22]. Load priority is employed to fix the dynamic
load scheduling in a residential smart grid environment [23].
The time of use (TOU) strategy introduced in [24] reduces the
peak of the load curve and thus aids in cost saving. In [25],
storage system and DRP are combined into a reliability test sys-
tem for improving the generation cost and reliability. However,
technical issues such as power losses, voltage deviations are
not explored in [25, 26]. Under static and dynamic conditions,
the responsive load scheduling strategies suggested in [27] pro-
vide an optimal trade-off solution with the greatest peak load
reduction.

TABLE 1 Categorization used for DRP–DG optimization

DG DRP

Concurrent

optimization

Comprehensive

case analysis

Feasible

optimized

solution

[1, 2, 4] Y N N N N

[12, 13] N Y N N N

[5, 15] Y N Y N N

[18, 20, 22] N Y N Y N

[7, 8, 9] Y Y N N Y

Proposed Y Y Y Y Y

YES (Y)/ NO (N).

From the literature review, it is observed that integration
of DRP with DG may provide techno- economic benefits to
the distribution network. However proper coordination is an
important issue to achieve the tradeoff benefit. It is evident that
simultaneous optimization is needed for removing the stiffness
of the grid; thereby the utility for the customer can be benefited
by proper tuning of DG parameters which is explored in this
research as shown in Table 1.

The main objective of this research is to integrate DRP–
DG to provide an energy management solution. Also, peak load
reduction is ensured by adapting different consumption habits
thereby both utility and user are benefitted under all possible
comprehensive cases. To enhance the performance multi objec-
tive investigation is formulated by taking Bus Voltage (BV) and
Congestion Index (CI) as rule-based parameters. Prioritization
of multi-objective optimization is implemented with concur-
rent optimization of DG parameters. The same is integrated
for different load patterns with diverse customers which is not
possible by conventional computational technique. Therefore,
heuristic computation is performed: To begin with, base case
optimization of DG units is simulated by FL. Secondly, multiple
case study with DRP is simulated using FL-GA in IEEE 33 bus
and in the real Indian utility system. Moreover, the proposed
results are compared with individual optimization algorithms.
The standard deviation with min-max significance is tabulated
for the proposed technique.

The major contributions of this paper are as follows:

1. Rule based selection of DG parameters with DRP is per-
formed for maximizing the TSW with minimum congestion
thereby enhancing the performance of the distribution
network.

2. Multiple cases are framed and tested on standard 33-bus and
in a real Indian 17-bus distribution system.

3. Base case and comprehensive case study evaluation is per-
formed and concurrent optimization of DG parameters is
simulated.

4. Heuristic FL-GA is developed for the proposed multiple
cases to solve the operation problem of distribution network.

The rest of this paper is designed to show the modelling
of the DG with DRP in Section 2. The problem formulation
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and optimal placement and sizing of the DG with DRP are
shown in Section 3. The hybridization of fuzzy logic and genetic
algorithm (FL-GA) for optimization of DG parameters are
introduced in Section 4. The simulation results of the proposed
strategy are shown in Section 5. The conclusions are introduced
in Section 6.

2 MODELLING OF THE DG WITH DRP

A coordinated control strategy for optimal tuning of DGs with
DRP to achieve techno-economic benefits is proposed in this
section. The model of the proposed strategy is shown in the
following subsections:

2.1 DG modelling

The demand response program is integrated with the distri-
bution system in the presence of multi-DG and DRP. The
modelling of different DG types is shown in the following
points:

Type 1-DG: DG capable of delivering only real power that
is supplied at unity power factors such as photovoltaic, micro-
turbines, fuel cells, and bio-gas. The power output of the solar
PV depends on the hourly irradiance and ambient temperature
at that point as shown in Equation (1).

Ppv(t ) = Pstc

Gt

Gstc

[
1 + (Ki (Tt ) − Tstc )] (1)

Type 2-DG: DG is capable of supplying real power but
consumes reactive power such as wind turbines. The power
extracted from the wind turbine is shown in Equation (2)
[24].

Pwt =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

0 0 ≤ va ≤ vcin

Pr ∗
(va − vci )
(vr − vci )

vci ≤ va ≤ vr

Pr vr ≤ va ≤ vco f f

0 vco f f ≤ va

(2)

Type 3-DG: DG capable of supplying only reactive power
such as the synchronous condenser. The reactive power
injection is measured using the following equation:

Qdgm = Qdm +
1

Amm

[
BmmPdm −

N∑
n = 1,n≠m

(AmnQn + BmnPn )

]
(3)

Amn =
rmn

VmVn
cos (𝛿m − 𝛿n ) (4)

Bmn =
rmn

VmVn
sin (𝛿m − 𝛿n ) (5)

rmn + j xmn = Zmn (6)

2.2 DRP modelling

Demand response program is one of the strategies used for
modifying the demand curve of customers to be more corre-
lated with the available generation from RES [28]. This strategy
can substantially reduce the size of the energy storage sys-
tems and other components of the power system which can
be translated into a substantial reduction in the cost of energy.
Moreover, DRP can substantially improve the reliability of the
power system where it allows the customers to contribute the
responsibility of maintaining the stability of the power system
by reducing their loads during the critical situation or deficit of
the generation. The optimal determination of the tariff with the
use of the DRP will substantially improve the performance of
the power system as will be shown in the results of this study.

The network under study and the data on DRP capability
is gathered and the levelling in load profile is established by
formulating the following mathematical problem.

Minimize: ∑
t

(
Pt

loadactive
− Pmean

loadactive

)2
(7)

Subject to:

Pt
load active

= Pt
load , NR

+ Pt
load ,R

+ Pt
load

(8)

Pt
load

=
∑
load

Pt
T ,load

(9)

Pt−t ′

d , total
≤ Plevel ∗ Pt

T ,load
(10)

After performing DRP, power flow analysis is carried out and
the outcomes for all comprehensive cases are simulated.

2.2.1 Total generation cost index

The generation of electricity in the power system under study
is obtained from two different sources, the DG and from the
utility grid. The following equation is used to show the total of
energy during one day:

CIGen = Cdg +Cgrid (11)

Cdg =

24∑
t=1

[
nDG∑
j=1

(
Pj (t ) ∗ Cj (t )

)]
(12)

Cgrid =

24∑
t=1

[
Pgrid (t ) ∗ Mp(t )

]
(13)
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SHARMILA ET AL. 3095

Hence, the fitness function for cost minimization with DRP
is summarized in Equation (14).

MinimizeF1 =

{
ND∑
m=1

NG∑
m=1

NDG∑
m=1

∈
(
CIGen,m

)}
(14)

3 OPTIMAL PLACEMENT AND SIZING
OF DG WITH DRP

The penetration of DG with DRP ensures the quality of power
supply to the consumer, without overloading the line and also
at acceptable voltage levels. The optimal values of the DG
device maximize the TSW and minimize the power loss in
the network as much as possible thereby increasing the load-
ability. Hence, the objective function is to maximize the TSW
with minimum power loss and generation cost in the power
system.

3.1 Formulation of the objective function

TSW is the difference between the monetary assessment of
electricity to the customer and the income of selling electricity.
These two parameters are indicated in monetary terms. Here,
the cost and income are expressed in terms of the dollar. Since
the supplier receives what the consumer pays, electricity cost
and sales revenue are similar and those two parameters get can-
celed which results in Equation (14). The objective function
TSW is a quadratic function with the demand and the generation
as shown in Equation (15).

Max TSW =

ND∑
m=1

(
xdm P2

dm
+ ydmPdm + zdm

)
−

NG∑
m = 1

(
xgmP2

gm + ygmPgm + zgm

)
−

NDG∑
m = 1

(
xdgmP2

dgm
+ ydgmPdgm + zdgm

)
+Cost(i,t )

(15)

Thus, the objective function can be used on all the buses
that have DG with the loading capability of λ, as shown in the
Equation (16)

Maximize F 2 =

N∑
m=1

Max𝜆
TSW

(16)

The system considers the demand of ith customer and there-
fore, Equation (15) maximizes the difference between total

income and total cost. Quadratic and cubic cost functions are
considered normally to model the actual response of the entire
generator and load bus system. The total real power loss for
a kth transmission line connected between mth and nth bus is
considered as shown in Equation (17):

PL =

N∑
m=1

N∑
n=1

[Amn(Pdm Pdn + QdmQdn ) + Bmn (QdmPdn − PdmQdn )]

(17)

The minimization of the total real power loss of the system
can be stated as shown in Equation (18).

Minimize F 3 =
Nl∑

k=1

PLRk (18)

The goal of the optimization is to find the best location of
DG devices in accordance with a defined criterion.

3.1.1 Equality constraints

Equality constraints are based on the power flow equation.

Pn = Pgn + Pdgn + PL − Pdn

Qn = Qgn + Qdgn + QL − Qdn

}
(19)

3.1.2 Inequality constraints

Generation limits
Real power generation limits of each generator connected to the
bus n:

Pmin
gn ≤ Pgn ≤ Pmax

gn

Line flow limits between buses m and n are shown in the
following:

Smn ≤ S max
mn

Snm ≤ S max
nm

Bus voltage limits are shown in the following:

V min
n ≤ Vn ≤ V max

n

For the base case, OPF, which does not contain DG units
connected to it, the net power from the DG units is set to zero
as shown in the following equation:

Pdgn = 0
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TABLE 2 Fuzzy rules

Bus voltage (BV)��������������Congestionindex (CI) Low

Medium

low

(ML)

Medium

(MD)

Medium

high

(MH) High

Low ML ML LOW LOW LOW

Medium low (ML) MD ML ML LOW LOW

Medium (MD) MD MD ML LOW LOW

Medium high (MH) MH MH MD ML LOW

High HIGH MH MD ML ML

Similarly, the generated power from the load buses is set to
zero as shown in the following equation:

Pgn = 0

The purpose of this research is to optimally schedule the
DRP to achieve the minimized generation cost and peak
load reduction with maximized TSW. Therefore, the objective
function is given as:

F (Max) = {W1∗ (1∕F1) +W2 ∗ F2 +W3 ∗ (1∕F3)}

where W1, W2, and W3 are the weight value of functions F1,
F2, and F3, respectively. The values of these weight values are
subjected to the constraint:

3∑
s = 1

Ws = 1,

where Ws ranges between [0,1].

4 HYBRIDISATION OF FL-GA FOR
OPTIMISATION OF DG PARAMETERS

This hybrid algorithm aims to get the best trade-off solution,
which is not possible by an individual method. The setback in
solving this type of problem by conventional technique is that
they mainly depend on the derivatives of the objective func-
tion. A dual step approach is performed in which FL is applied
to identify the control strategy and the optimized outputs are
passed on to the GA. In both steps, DRP is embedded to solve
the dynamic objective function and to reach the global opti-
mum. Also, the optimum solution is guaranteed and the solution
does not diverge under all possible conditions.

For optimal control problems, fuzzy logic techniques are pri-
marily applied since a quick control strategy is needed and a
qualitative definition of action plans is available. The two pri-
mary activities performed are shown in the following points:

1. Finding optimal membership functions for control and
action variable.

2. Finding an optimal set of rules between control and action
variable.

The rules are established in Table 2, by considering the BV
and the CI as variables. These variables are used to ascertain
the group of fuzzy rules and it is used to determine the buses
where DG devices installation has a greater or minor benefit
improvement effect. The fuzzy variable membership relation-
ship function is shown in Figures 1 and 2. The fuzzy variables
have five choices: Low, Medium-Low (ML), Medium (MD),
Medium-High (MH), and High. The maximum membership
function value of these choices is always one. The fuzzy mem-
bership functions are developed from known inputs such as
BV, CI, and the output membership functions are determined.
According to the membership function, the fuzzy rules are
established.

The two extreme situations are shown in the following points
and shown clearly in the rules table:

∙ DG essential at low BV and High CI.
∙ DG less essential at High BV and low CI.

The fuzzy variables indicate the lack of DG devices in the
power system network and determine the allocation sensibility
degree of each bus, as shown in Figure 2.

GA is a population-based search approach that works on the
principle of natural evolution to solve the given problem. The
foundation behind GA is the continued existence and imitation
of the fittest and it develops new and better results without any
initial guess.

Each type of load has different consumption patterns and dif-
ferent lengths of operation time. Therefore, the design scheme
should be able to tackle all these involutions which is less pos-
sible by other intelligent techniques. Therefore, the equation
below is used to find maximum number of possible time steps
N. This algorithm uses 24 number of hourly time intervals

Length of chromosomes = N

Considering above all constraints, the maximum value of
feasible time steps N is given by the following equation:

N =

{
(24 − md ) ∗ md +

md−1∑
n = 1

n

}
∗ Kdt (20)

The role of mutation in GA is to restore lost or unexpected
genetic material into a population to prevent the premature
convergence of GA to sub-optimal solutions. It ensures that
the probability of reaching any point in the search space never

 17521424, 2022, 14, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/rpg2.12560, W

iley O
nline L

ibrary on [13/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SHARMILA ET AL. 3097

FIGURE 1 Input relationship function for (a) bus voltage (b) congestion index

FIGURE 2 Relationship function of bus allocation sensibility

becomes zero and polynomial mutation is adopted in this
research.

The mutated solution of X
(1,t+1)

i at generation (t+1) after
mutation is given as:

Y
(1,t+1)

i = X
(1,t+1)

i +
(
X U

i − X L
i

)
𝛿i (21)

where 𝛿i is the scaling factor and it is expressed by:

𝛿i =

⎧⎪⎨⎪⎩
2r

(
1

𝛾m+1

)
i − 1ri ≤ 0.5

1 − (2 (1 − ri ))
1

𝛾m+1 ri ≥ 0.5

(22)

The abscissa can be treated as variables in GA and an opti-
mization problem can be posed to find these variables for
maximizing a control strategy. The fuzzy logic is applied for DG
devices location problem by the following steps and shown in
detail in Figure 3:

1. Assign the values of input variables CI, BV from the load
flow data.

2. Partition the universe of discourse of each variable into
several sets, assigning each linguistic label such as low,
medium-low, medium, medium-high, and high.

3. Determine a membership function for each fuzzy set.
4. Assign the fuzzy relationships between BV, CI, and output

thus forming the rule base.
5. Choose the appropriate scaling factor such as CI [0 1], BV

[0.9 1.1] and output [0 1].
6. Fuzzify the CI and BV to the output function.
7. Use fuzzy approximate reasoning (Fuzzy rules) to infer the

output from each rule.
8. Aggregate the fuzzy outputs given by each rule and apply

defuzzification to form a crisp output.

5 SIMULATION RESULTS

Using VC++ software package, the computational power flow
studies are simulated. The reliability of the proposed distribu-
tion system is tested in the Indian utility 17 bus as shown in
Figure 4.

All the parameters taken into consideration, that is, the type,
location and rating of the DGs are chosen in a random way. The
optimized selection values help to achieve the maximum benefit
to the customers with minimized losses.

The following computational parameters are included in the
manuscript:

Population size = 150
Number of generations = 200
Mutation constant = 0.01
Crossover constant = 0.7 (Two-point crossover)

To execute the efficiency of the hybrid approach, a compre-
hensive trade-off solution is performed to arrive at a suitable
optimized output which is not possible using the individual
heuristic technique. The optimal DG size, type, and rating for
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3098 SHARMILA ET AL.

FIGURE 3 Working methodology of hybrid combination

each case is determined by considering DRP in the simulation.
To extend the study, the loadability limit was also executed to its
corresponding maximum limit and the convergence ability was
also checked. The convergence characteristics which converge
linearly show the efficiency of the proposed algorithm. The vari-
ation of the customers’ benefits along with the iteration number
is shown in Figure 5. The fitness value along with the iterations
is shown in Figure 6. It is clear from Figures 5 and 6 that the
optimization algorithm captured the optimal solution within ten
iterations which shows the fast convergence performance of the
proposed optimization algorithm.

The base case optimization of DG placement is shown in
Table 3. The buses that are eligible for DG allocation as well as
the number of distinct feasible combinations are investigated.
The optimal DG site combination is found, and it is clear that
DG penetration at the specified buses keeps the system volt-
age within acceptable ranges. The real powers at all buses with
and without the DG are shown in Figure 7. It is clear from
this figure that the terminal voltage at most of the busbars is
increased which shows the superiority of using the DG with
DRP in improving the voltage at the busbars of the power sys-

TABLE 3 Impact of DG on voltage

Range of

voltage

(p.u)

Available buses

(Absence of

DG)

Available buses

(Presence of

DG)

0.47–0.64 5 NIL

0.64–0.72 4 NIL

0.73–0.84 5 NIL

0.85–0.94 1 5

0.94–1.05 1 9

1.05–1.1 NIL 2

tem. Moreover, the powers at all buses of the Indian power
system are shown in Figure 8. It is clear from this figure that,
the power limits at all busbars are increased which proves the
increase of the loadability of the power system when using a
DG with optimal DRP.

Further, the proposed algorithm clusters the load into
peak, medium and low load and assigns a priority to the
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FIGURE 4 The 17-bus Indian power system

FIGURE 5 Customer benefit along with iterations

FIGURE 6 Fitness along with iterations

responsive and non-responsive loads. In addition, the research
also provides the targeted, forecasted and optimized load
distribution pattern to the residential, commercial and indus-
trial consumers. This proves the scalability of the presented
approach Y

(1,t+1)
i

= X
(1,t+1)

i
+ (X U

i
− X L

i
)𝛿i . The scalabil-

ity of the proposed approach as indicated in Figure 9 and
Figure 10 is justified by checking the laodability limit. Therefore,
a compromise tradeoff between DRP-DG penetration and the

FIGURE 7 Normal loading conditions with and without DG

TABLE 4 Power loss under various loading conditions

Load type

Location

of bus

Optimal

DG Size

(p.u.)

PLR with

DG(%)

PLR

without

DG (%)

Peak load 12 1.43 12.34 23.34

Medium
load

5 0.67 5.63 12.64

Low load 15 0.34 4.23 16.86

achievement of desired objective are developed by taking the
loadability limit as the scalable parameter.

Table 4 shows the power loss under different loading condi-
tions and different allocations of the DG. With load variations,
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3100 SHARMILA ET AL.

FIGURE 8 Double the loading conditions

FIGURE 9 Standard test system—Scalability

it is possible to come up with a different ideal solution for the
optimal siting and sizing of DG units. Table 4 demonstrates
the impact of these changes and the findings show a trade-off
in terms of power losses in the transmission lines (PLR) irre-
spective of the load variation in the distribution network. Also,
Figure 11 shows the substantial reduction in system power loss

FIGURE 10 Real time Indian utility system—Scalability

by the best possible DG placement at the buses with different
load levels. The PLR is reduced substantially with the use of the
DG with an optimal DRP which proves the superiority of the
proposed methodology introduced.

The size, type, and the rated values for various DGs are cho-
sen and the optimized value is used for the maximization in
social welfare and in the minimization of losses are tabulated
in Table 5.

The increase in the PLR and TSW caused by the placement
of DGs is illustrated in Table 5a. To prove the effectiveness
of the optimization program, the results are investigated for
individual optimization of DG parameters using the proposed
GA and MGA techniques. It is worthwhile to note that signifi-
cant locations are identified but, in some cases, it reaches local
optima.

The proposed hybrid optimization approach is comprehen-
sively compared taking into account the constraints set forth
to obtain maximum TSW by incorporating DRP strategy along
with optimal DG planning. Table 5b illustrates the benefits
accrued from their installation. It is observed that the high-
est PLR of 82.89% and TSW of 31.32% are obtained with the

FIGURE 11 Power loss reduction with DG size
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TABLE 5 Optimization of DG parameters

5(a) Individual optimization

GA MGA

Line Device

Rated value

(MW)

MAX TSW

(%)

PLR

(%) Line Device

Rated value

(MW)

MAX TSW

(%)

PLR

(%)

2 2 5.43 2.43 2.47 2 1 2.93 2.34 3.76

3 1 0.74 6.13 3.94 4 1 1.79 3.23 7.38

4 3 1.83 4.51 4.17 7 2 0.69 16.38 23.59

5 1 1.93 11.47 1.04 8 1 3.29 18.37 14.04

7 3 2.91 13.06 11.65 11 3 2.79 22.41 17.48

9 2 3.51 17.36 8.38 13 3 3.14 4.23 7.99

11 1 1.42 12.37 9.29 17 1 2.63 18.43 12.63

13 3 4.29 19.83 17.27 19 2 1.97 9.82 20.67

17 2 2.58 21.03 28.94

18 2 2.69 9.17 29.37

19 1 2.14 20.53 15.78

20 2 1.68 10.82 21.32

21 3 3.02 9.64 6.87

5(b) Proposed hybrid optimization

FL-GA

Line Device

Rated value

(MW)

MAX TSW

(%)

PLR

(%)

1 3 4.67 3.5 10.57

3 2 3.21 2.4 9.38

4 2 5.83 11.23 21.58

5 3 3.59 14.56 6.59

7 2 0.27 13.33 13.85

8 2 3.59 21.34 15.80

9 3 2.48 6.23 6.37

10 2 3.14 22.34 3.70

12 1 2.87 13.56 12.83

14 3 2.1 17.43 15.94

15 1 3.76 3.21 2.97

16 1 3.12 31.32 32.78

17 3 3.1 24.23 82.89

18 2 3.24 7.86 11.52

19 1 3.09 19.34 23.74

20 3 2.52 22.03 52.21

21 3 3.68 20.13 41.43

suggested hybrid method. However, when the cost of gen-
eration is taken into consideration there may be a point of
diminishing welfare and hence trade-off considerations will then
be applied. Heuristic comparison with respect to generation
cost minimization with and without the use of the optimal DG
is shown in Figure 12.

DR plays a major role in generation cost minimization. The
benefit of DG scheduling based on DR in lowering the gener-

ation costs is larger. The effectiveness of the hybrid algorithm
compared to the individual optimization algorithm is revealed
in Figures 12 and 13.

The efficacy of DRP in reducing the peak load demands
is analysed using various computational techniques as shown
in Figure 13. Demand reduction has a significant impact on
optimization parameters, resulting in maximum benefit to both
the end-users and the utility. Reduced peak load demand also
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3102 SHARMILA ET AL.

FIGURE 12 Heuristic comparison for generation cost minimization

FIGURE 13 Heuristic comparison for peak load reduction

enhances grid sustainability by lowering total costs and carbon
emissions.

The consumption pattern is rescheduled using DRP that per-
forms load shifting from peak to off-peak periods. Figures 14
depicts the optimized load distribution pattern of residential,
commercial, and industrial consumers to meet the targeted
load. Such optimization facilitated proper DG planning which
resulted in minimization of generation cost with an increase in
TSW. It is observed that the hourly load pattern is optimized
to meet the targeted load after shifting the peak loads using
the hybrid algorithm (FL-GA). The findings show that gener-
ated power is considerably reduced during peak hours, lowering
generation costs while increasing overall social welfare. To effec-
tively use the DRP with DG optimization, comprehensive case
studies are taken for simulation and a trade-off solution is pro-
posed for all the cases in the IEEE real-time Indian utility
network.

Case (i) Rescheduling of generation (140↑)
Case (ii) Rescheduling of generation with DG devices

(150↑)
Case (iii) Rescheduling of generation with load shedding

(155↑)
Case (iv) Rescheduling of generation with DG devices and

load shedding (155↑)

The DRP–DG methodology simulated above is based on a
day-ahead load scheduling and can be applied to large distribu-
tion system. The limitation is that forecasted hourly loads and
device pattern of consumption should be known in advance so
that the next day desired load curve can be obtained by running
DRP that may reduce peak load and cost to utilities. Therefore,
this research has advantages of simulating the objective func-
tion, considering the practical deployment of the distribution
system. The results given under base case and comprehensive
case prove that prioritization of multi-objective optimization
is attained without fully compromising the other objectives.
The heuristic rule-based FL-GA algorithm comes very handy
in providing this flexibility. Therefore, the proposed DRP-DG
strategy can help utilities and consumers to attain a desired
optimized result.

The below-simulated results indicate the cost of Generation
and reduction in power loss for the above four test cases and
the comparison is done with GA and hybrid algorithm which is
tabulated in Table 6.

Tables 7–15 shows the approach in identifying a plan
for optimal distribution network operation with generation
rescheduling along with DG and load shedding during peak load
conditions. Several test cases are used to evaluate the hybrid
algorithm’s effectiveness. These strategies are expected to aid
in effective operational planning and load dispatch.

5.1 Comprehensive test results for IEEE 33
and Indian utility 17 bus system

Comprehensive case analysis is performed for the real-time and
for the IEEE 33 bus system. These outstanding results prove
the superiority of the proposed DG with the optimal determi-
nation of the DRP on the improvement of any existing power
system. Moreover, these results showed a substantial reduction
of contingency when using the DG compared to the system that
operates without the use of the DG.

In order to obtain reliable results for an optimization
algorithm, the optimized solution is chosen based upon the
performance over multiple independent runs with random
initialization.

The best solution for maximizing the welfare objective is
treated as maximum goal (F2max,2) and the worst solution is
treated as the minimum goal (F2min,2). The best solution for
minimizing the total real power loss and minimizing the over-
all cost of the system are treated as (F3min,3) (F1min,1) and the
worst solutions are treated as (F3max,3) (F1max,1). Thus, the
Table 16 gives the best and worst solution obtained for the
two-test systems along with their standard deviation.

The results tabulated in Table 17 reveal that hybrid combina-
tion overcomes individual computational performance in terms
of all aspects. The heuristic optimization comparison was done
by taking the time for computation as the measurable parameter
and the same is shown in Figure 15. Optimization of DG with
DRP places a crucial role in achieving the maximum TSW. The
evaluated functions were obtained using the real-time system
are presented in Table 18. It indicates the increase in loading
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FIGURE 14 Peak load reduction using DRP for residential, industrial, and commercial consumers

TABLE 6 Generation cost and power loss reduction under different test cases- standard IEEE 33 bus system

Generation cost in ($/h) Power loss reduction (%)

Case studies Load increased GA MGA FL-GA GA MGA FL-GA

Case (i) 140% 997.56 957.78 843.56 16.78 21.23 21.49

Case (ii) 150% 995.67 945.33 865.78 23.89 17.78 19.44

Case (iii) 155% 999.23 912.99 872.41 19.27 20.45 25.23

Caase (iv) 155% 1000.23 922.35 843.34 28.11 27.56 24.89
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3104 SHARMILA ET AL.

TABLE 7 Generation cost and power loss reduction under different test cases -Indian utility system

Generation cost in ($/h) Power loss reduction (%)

Case studies Load increased GA MGA FL-GA GA MGA FL-GA

Case (i) 140% 983.67 1000.23 898.35 16.78 21.49 32.34

Case (ii) 150% 985.23 995.67 863.56 23.89 19.44 28.34

Case (iii) 155% 984.89 999.23 874.23 19.27 25.23 24.21

Case (iv) 155% 988.78 983.45 824.67 28.11 24.89 22.31

FIGURE 15 Simulation time taken by various case studies

TABLE 8 Comparative analysis of Case (i)—Generation
rescheduling-standard IEEE 33 bus system

Bus no. GA MGA FL-GA

Total gen (MW) 237.73 225.78 232.95

Total load (MW) 212.21 201.14 222.73

Objective function 874.32 865.13 1087.99

TABLE 9 Comparative analysis of Case (i)—Generation rescheduling-real
time Indian utility system

Bus no. GA MGA FL-GA

Total gen (MW) 268.88 286.77 294.45

Total load (MW) 263.84 281.23 263.82

Objective function 985.56 981.56 1056.74

TABLE 10 Comparative analysis of Case (ii)—Generation rescheduling
with DG devices—Standard IEEE 33 bus system

Bus no. GA MGA FL-GA

Total gen (MW) 234.67 224.52 283.42

Total load (MW) 229.34 221.17 278.67

Objective function 982.07 985.45 1012.73

TABLE 11 Comparative analysis of Case (ii)—Generation rescheduling
with DG devices—Real time Indian utility system

Bus No GA MGA FL-GA

Total gen (MW) 286.75 268.87 267.73

Total load (MW) 281.23 258.84 261.21

Objective function 985.34 973.10 1002.34

TABLE 12 Comparative analysis of Case (iii)—Generation rescheduling
with load shedding—Standard IEEE 33 bus system

Bus no. GA MGA FL-GA

Total gen (MW) 225.67 278.67 276.56

Total load (MW) 213.39 268.42 253.82

Objective function 912.07 996.45 1032.43

TABLE 13 Comparative analysis of Case (iii)—Generation rescheduling
with load shedding-real time Indian utility system

Bus no. GA MGA FL-GA

Total gen (MW) 283.62 281.36 272.78

Total load (MW) 277.73 269.32 269.65

Objective Function 978.45 975.34 948.88

TABLE 14 Comparative analysis of Case (iv)—Generation rescheduling
with DG devices and load Shedding-standard IEEE 33 bus system

Bus No GA MGA FL-GA

Total gen (MW) 247.83 298.67 269.97

Total load (MW) 245.67 278.90 263.53

Objective function 952.07

1044.879

2018.99

capability limits with the achievement of all fitness functions
with load and generation being variable parameters. Generation
rescheduling with load shedding can be taken as the last case for
maintaining the reliability of the network.

TABLE 15 Comparative analysis of Case (iv)—Generation rescheduling
with DG devices and load shedding-real time Indian utility system

Bus no. GA MGA FL-GA

Total gen (MW) 287.72 285.67 293.46

Total load (MW) 283.74 283.74 295.54

Objective function 989.76 982.21 998.77
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SHARMILA ET AL. 3105

TABLE 16 Scalability evaluation for the IEEE and real time system

F1 (US$/h) F2 (US$/h) F3 (%)

Scenario MinF1m1 MaxF1n1

Standard

deviation MinF2m2 MaxF2n2

Standard

deviation MinF3m3 MaxF3n3

Standard

deviation

33 bus system-
IEEE

635 879 23.57 894 1034 11.2 32 56 5.32

Indian utility system 529 971 19.34 709 1023 9.32 29 48 13.27

TABLE 17 Computational performance

Objective functions (With DRP integration)

Method Cost minimization (%) Loss minimization (%) TSW maximization (%) Average CPU time (s)

FL-GA 9.34 22.13 23.768 1.45

Genetic algorithm 5.56 17.56 18.546 3.12

Micro genetic algorithm 2.15 6.34 11.03 3.26

TABLE 18 Evaluated functions for 4 cases

Case(i) Case(ii) Case(iii) Case(iv)

Evaluated functions

⇩

Avg of discrete

optimization FL-GA

Avg of discrete

optimization FL-GA

Avg of discrete

optimization FL-GA

Avg of discrete

optimization FL-GA

Total generation (MW) 223.54 262.46 223.47 267.65 284.63 291.24 248.63 267.25

Total load (MW) 246.26 226.37 243.84 268.63 299.85 292.57 286.15 283.73

Power loss reduction (%) 12.45 7.45 36.34 26.54 18.43 13.44 21.33 18.43

Generation cost reduction
(%)

4.26 9.58 5.245 7.455 8.24 16.73 7.46 15.435

Computational time (s) 0.18 0.04 0.63 0.02 0.43 0.04 0.56 0.03

Objective function ($/h) 1045.32 1267.67 1329.01 1845.33 1039.87 1045.76 2016.44 2053.42

6 CONCLUSION

The proposed strategy shown in this study is introduced to eval-
uate the performance of the power system with an optimal DG
system considering the demand response concepts. Four differ-
ent case studies were simulated ranging from basic planning to
optimal planning.

The following summarizes the research work conducted:

1. The TSW maximization with CIGen and Ploss minimization
are taken as objective functions. Also, the proposed opti-
mization algorithm has been performed using three different
optimization algorithms to choose the fastest and the most
accurate one.

2. The research outcomes give the best location, type and rat-
ing of DG devices with DRP for power system problems.
The research starts with the analysis of load flow solution by
Newton–Raphson method.

3. Power injection model was used in three types of DG devices
(PV, Wind and Gas Turbine) under steady state condition.

4. The scheduling pattern of DRP is done at low, medium, and
peak load levels with residential, industrial, and commercial
consumers.

5. All the test scenarios are first tested with standard IEEE 33
bus system and then implemented in a practical Indian util-
ity system. Critical buses are identified and optimal control
parameter settings for DG is determined that enhances the
performance of the test systems.

6. The results illustrate the main benefits of DG with DRP and
the dominant algorithms are compared with the other algo-
rithms. Also, the extension of the objective function with
loading capability is simulated by Generation Reschedul-
ing with and without DG devices and finally by load
curtailment.

7. It is concluded that in FL-GA the total number of locations
were larger when compared to other algorithms. In Particular
this algorithm dominates the other computational methods
as each population is given a probability to participate.

8. It is proved that the combination methods will be more effi-
cient when specialized knowledge about the problem was
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3106 SHARMILA ET AL.

familiar. Thus, the search space and computational time was
reduced and thus the global optimal solution was achieved.

9. All the possible solutions have been assured to achieve the
customer benefit and by that the desired trade off solution
has been achieved.
The results reveal the achievement of the objective function

under all possible scenarios and the overall efficiency and the
system performance are proved to be the best. The hybrid DRP-
DG optimization is a reliable method for the proper planning of
distribution networks.

NOMENCLATURE

Pdgm,Qdgm Real and Reactive power injection at mth
bus

Cdg DG power generation cost
Cgrid Grid power generation cost
Cj (t ) Operating cost of jth DG at time t

Gstc Solar insolation at standard test condition
Mp(t ) Market price at time t

Pt
T ,load

Total load at tth interval

Pt−t ′

d , total
Total load that is shifted from t to t’

Pdm,Pdn Real power demand at mth and nth bus
Pmin

gn &Pmax
gn Minimum and maximum real power genera-

tion limits from the generator n

Pj (t )&Pgrid (t ) Powers of jth DG and grid at time t

Plevel Penetration level
Pt

load active
Active loads at time t

Pt
load , NR

Active non responsive load at time t

Pt
load ,R

Active responsive load shifted to time t

Pn,Qn Real and Reactive power injection at nth

bus.
Ppv(t ) Power generation from solar at time t.

Pr Rated power of wind turbine
Pstc Solar power at standard test condition.
Pwt Power extracted from the wind turbine

Qdm,Qdn Reactive power demand at mth and nth bus
Qmin

gn &Qmax
gn Minimum and maximum reactive power gen-

eration limits from the generator n

S max
mn and S max

nm Maximum line flow limits between buses m

and n and between buses n and m,
Tstc Temperature at standard test condition.

Vm∠𝛿m Complex voltage at mth bus
V min

n and V max
n Minimum and maximum allowable limits of

nth bus voltages
nDG Total number of DG units

va Hourly wind speed
vcin Cut-in wind speed

vco f f Cut-off wind speed
vr Rated wind speed of wind turbine

xdgm,ydgm, zdgm Scheduled power cost coefficients of DG.
xdm,ydm, zdm Demand cost coefficients.
xgm,ygm, zgm Generator cost coefficients.

𝛾m Distribution index
kdt Number of different device types
md Maximum allowable delay
mn Elements of impedance matrix, between m

and n buses.

N Total number of power system buses.
ND Number of load buses

NDG Number of buses containing loads and DG
units.

NG Number of generation buses.
Nl Total number of lines

PLR Total power loss reduction in the lines
r Random number between 0 to 1
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