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ABSTRACT

Multi-area economic load dispatch (MAELD) decides the measure of power that can be fiscally
generated in one area and transfered to another area. The goal of MAELD is to determine the most
prudent production arrangement that could deliver the nearby power requirement without violating tie-
line limits. This study presents a new swarm algorithm called as squirrel search optimization (SSO) to
solve the MAELD problems. The impacts of transmission losses, prohibited operating zones, valve point
loading and multi-fuel alternatives are additionally contemplated. SSO impersonates the searching
conduct of flying squirrels which depends on the dynamic bouncing and skimming procedures. To
demonstrate the potency of the suggested approach, it is examined on three different test systems for
solving the MAELD problems. Comparative examinations are performed to analyze the adequacy of the
suggested SSO approach with exchange market algorithm and different strategies revealed in the
literature. The experimental results show that the proposed SSO approach is equipped for acquiring
preferred quality solutions over the other existing strategies.

doi: 10.5829/ije.2021.34.01a.14

NOMENCLATURE

ajj» by Cjj Cost coefficients of generator j in area i nz, ng Total number of POZs and generating units
respectively

ejj, fij Cost coefficients of the VVPL effect of generator jinareai  Pp; Power demand in area i

Fii(Pi) Fuel cost of the generator j in area i Pap predator presence probability

nf Number of fuel alternatives Pij Real power generation of generator j in area i

M; Number of participated generators in area i Pij,mins P ijmax Minimum and maximum generation j in area i

m Index of prohibited zone Ti Tie line power stream from area i to area z

1. INTRODUCTION

are profoundly encouraging for utilizing in the power
grids.

Multi-area economic load dispatch (MAELD) is a
portion of economic load dispatch (ELD) which
concentrates on critical issues about energy management
of the modern power systems. In reality, MAELD
characterizes the amount of power which can be
monetarily delivered in one area and transferred to
another. The principle objective of MAELD is to
determine the most conservative power generation
strategy which could stream the nearby power demands
with no abusing tie-line limit limitations. As of late,
MAELD is considered as a new part of ELD issues which
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In recent years, swarm intelligence algorithms have
been broadly used to solve the MAELD problem.
Jayabarathi et al. [1] proposed a proficient technique for
multi-area  economic  dispatch  problems  using
evolutionary programming (EP) approach. The
performance of the various evolutionary algorithms, for
example as real-coded genetic algorithm (RCGA),
particle swarm optimization (PSO), differential evolution
(DE) and covariance matrix adapted evolution strategy
(CMAES) on MAELD problems with Karush-Kuhn-
Tucker optimality confirmations were examined by
Manoharan et al. [2]. The simulation results revealed that
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the CMAES algorithm offers preferred outcomes over
different algorithms considered. Sharma et al. [3]
investigated and analyzed the performance of different
DE strategies enhanced with time-varying mutation to
solve the reserve constrained MAELD problem.
Somasundaram and Jothi Swaroopan [4] introduced
another computationally efficient fuzzified particle
swarm optimization algorithm for solving the security-
constrained MAELD of an interconnected power system.
Basu proposed artificial bee colony (ABC) optimization
[5], teaching learning-based optimization (TLBO) [6]
and fast convergence evolutionary programming [7] for
solving MAELD problem with tie-line constraints,
transmission losses, multiple fuels and valve point
effects. Nguyen et al. [8] developed hybrid cuckoo search
algorithm to solve the MAELD problem. Ghasemi et al.
[9] presented hybrid DE-PSO technique for addressing
the MAELD, reserve constrained MAELD and reserve
constrained multi area ecological/economic dispatch
issues. Zhang et al. [10] introduced an improved
grasshopper optimization algorithm to take care of the
MAELD issue. The suggested approach considered the
tie-line constraints including transmission losses, POZ,
MFO and VPL impacts, and validated with different
meta-heuristics.

A new model was proposed to examine impacts of
uncertainties associated to component failures, load
demand and wind power on the generation scheduling
[11]. A dynamic optimization approach for optimal
choice of energy carriers in thermal power plants was
developed to analyse the substitution of energy carriers
in short-term planning of a power plant [12]. A hybrid
PSO and genetic operators was used for Pareto based
optimization of solar systems [13].

Recently, a new nature-inspired algorithm named red
deer algorithm (RDA) which mimicked the behaviour of
Scottish red deer was developed [14]. Furthermore, the
parameters and operators of RDA were made adaptive to
improve the performance of this optimizer [15]. The
effectiveness of improved RDA was proved on some
benchmarked functions and design optimization of
brushless motor. Fathollahi-Fard et al. developed a new
single-solution algorithm called social engineering
optimizer (SEO) which inspired the social engineering
phenomena [16]. An improved SEO was developed to
solve a truck scheduling problem in a cross-docking
system [17]. A multi-objective SEO was applied to solve
the HHC routing and scheduling problem [18] and an
integrated water supply and wastewater collection
network design problem [19].

From the review of the literature, many studies have
neglected MFO, VPL and the intertemporal constraints.
The MAELD problem with MFO and VPL effects
becomes highly non-convex and challenging. It is vital to
apply more effective heuristic approach to overcome the
curse of dimension and improve the solution accuracy.

To fill the research gap, a new approach, squirrel search
optimization is employed for solving the highly non-
convex MAELD problems with several operating
constraints. The SSO algorithm proposed by Mohit Jain
et al. [20] models the foraging activities of squirrel
individuals.

The primary contributions of this paper can be
summarized hereunder:

1. This paper models a more realistic formulation of the
MAELD problem by considering all actual
constraints and nonlinear characteristic  of
generating units including ramp rate limits, POZ,
MFO and VPL impacts.

2. The envisaged research work considers different
kinds of MAELD problems.

3. Todemonstrate the supremacy of the suggested SSO
approach, it has been examined on 2-area, 3-area and
4-area power systems, and compared with the state-
of-the-art approaches surfaced in the literature.

2. PROBLEM FORMULATION OF MAELD PROBLEM

The goal of MAELD is to endeavor the optimal set of
generation values in every zone just as shifting power
between various zones so as to minimize the objective
function subject to various imperatives.

The quadratic cost function of submitted generation
units in all zones can be detailed as follows:

Fo = 3.0, 2% Fiy(Py) @)

g «M;
2.2 22 (aij + bijPij + ciiPF) )

To display the impact of valve-points, a common
amended sinusoid commitment is added to the quadratic
function which is defined as:

F=%% 27;'1 aij + bijPyj + cijPh + ey x
sin(f;j X (Pijmin — Pij))|
Since generators are provided with multi-fuel sources,
every generator ought to be defined with a few piecewise
quadratic capacities superimposed sine terms mirroring
the impact of fuel type changes and the generator must
distinguish the most conservative fuel to consume. The

MAELD problem with VPL and MFO can be modeled
as:

®

F, = Z?fl Zy:il ijic + bijicPijic + CijiPliy + leijic %
sin(fijie X (Pijimin — Pijic))|
where k=1, ..., nf
The following equality and inequality constraints are
addressed to solve the MAELD problem.
The total power generated from a set of committed

units must fulfil the total load demand, tie line power
flow and transmission losses, and is given by:

4)
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M;
Xl Pij=Ppi+ P+ Y22 Tiz )

The real output power of thermal units ought to be in
their range between minimum and maximum limits:

Pijmin < Pij < Pijmax (6)

Because of security basis, power shifted between
various lines must not surpass their cutoff points. The
power transfer requirement between two unique regions
is characterized by

_Tiz,min < Tiz < Tiz,max (7)

The POZs are owing to the function of steam valve or
vibrations in the shaft bearings. The viable operating
sectors of unit is defined by

L
Pijmin < Pij < Pjjq
U L
Pij,k—l < PL'}' <P

-k k=2,...nzPY . < (8)
Pij < Pijmax

ijnz =

3. SYNOPSIS OF SSO

The hunt procedure starts when flying squirrels begin
scavenging. During fall, the squirrels look for
nourishment assets by skimming from one tree to the
next. At the same time, they change their area and
investigate various regions of trees. As the climatic
conditions are sufficiently hot, they can meet their every
day vitality needs more rapidly on the eating routine of
oak seeds accessible in bounty and thus they devour oak
seeds quickly after discovering them. The capacity of
hickory nuts will help them in keeping up their vitality
prerequisites in amazingly brutal climate and decrease
the expensive searching excursions and in this way
increment the likelihood of endurance.

Toward the finish of winter season, flying squirrels
again become dynamic. This is a monotonous procedure
and proceeds till the life expectancy of a flying squirrel
and structures the establishment of SSO. The SSO
refreshes the places of squirrels as indicated by the ebb
and flow season, the sort of squirrels and if chasers show
up.

Expecting that the quantity of the populace is N, the
upper and lower limits of the pursuit space are Xy and X..
N squirrels are arbitrarily created as follows:

X; =X, +rand(1,D) x (Xy — X;) 9

where, X; indicates the ith squirrel, (i=1: N); rand is an
random number somewhere in the range of 0 and 1; D is
the dimension of the problem.

SSO requires that there is just a single squirrel at each
tree, accepting the absolute number of the squirrels is N,
subsequently, there are N trees in the forests. All the N
trees contain one hickory tree and N, oak seed trees; the

others are typical trees that have no nourishment. The
hickory tree is the best nourishment asset for the squirrels
and the oak seed tree comes in just short of the win. The
squirrels are separated into three kinds: squirrels situated
at hickory trees (Wh), squirrels situated at oak seed trees
(Wa) and squirrels situated at ordinary trees (Wp).

The squirrels refresh their situations by skimming to
the hickory trees or oak seed trees as follows:
X+l — {Xlt + dch(Xéz - Xl.t) ifr = Py (10)

13

Random location otherwise
yevt = (X +dgGe(Xp —XD) if 12 2 Pay 1
= ) ) (11)
Random location otherwise

where, r1 and r; are random numbers in the range of [0,
1], Py is predator presence probability, Xh is the location
of squirrel individual which reached the hickory tree and
t indicates the current iteration. G¢ and dgy are gliding
constant and distance respectively.

Toward the start of every generation, the SSO
necessitates that the entire populace is in winter, which
implies all the squirrels are refreshed by Equations (10)
and (11). The squirrels are refreshed, regardless of
whether the season change is decided by the following
formulae.

2
Sé = \/Zg=1(xéi,k - Xﬁ,k) (12)

-6
Smin = W (13)

If Sic < Smin, Winter is finished and the season goes to
summer, or else, the season is unaltered. When the season
goes to summer, all the squirrels who float to Wy remain
at the refreshed area, and all the squirrels who skim to W,
and do not meet with chasers, move their locations as
follows:

Xinow = X, + Le'vy(x) x (Xy — X,) (14)

Le'vy is the arbitrary walk model whose progression
complies with the Le'vy appropriation and can be
determined by

axrg

Le'vy(x) = 0.01 x —3 (15)

lrplB

where, ra and r, are two randomly distributed numbers in
[0, 1], a and P are constants.

4. SUCCESSIVE PROGRESSION OF SSO FOR MAELD
PROBLEM

In this section, strategy to implement the SSO approach
for solving the MAELD problems has been depicted as
flow diagram in Figure 1.
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Read the input parameters of SSO and system data

a4
Randomly generate the real power within the
limits of all units to satisfy the constraints
v
Calculate the MAELD objective
value of each squirrel using Equation
v
Disseminate the locations of
v
Refresh the location of each
squirrel using Equations 10 and 11
w

Estimate the seasonal constraints and update the
location of each squirrel using Equations 12 and
v

.. No Yes
i+l iter = P>

A 2

Output the global location of squirrel as the optimal
generation scheduling for MAELD problem

Figure 1. Flow chart of SSO approach applied in MAELD
problems

5. NUMERICAL RESULTS

To assess the efficaciousness of the envisaged SSO
approach in solving the MAELD, computational
simulations are applied on three diverse test systems such
as two-area system with 6 generating units, three-area
system with 10-units and four-area system with 40 units.
Furthermore, to check the adequacy of the envisaged
SSO approach, the EMA approach is utilized for solving
the MAELD and compared with those of recently
published state-of-the-art approaches. The SSO and
EMA approaches are executed using MATLAB 7.1 onan
Intel core i3 processor with 4 GB RAM, and is executed
for 50 free runs for all the test systems. The
accompanying three case studies are contemplated.

Case study 1. MAELD with transmission line losses
and POZ impacts

Case study 2. MAELD with transmission losses,
VPL and MFO

Case study 3. MAELD with VPL impacts

5. 1. Parameter Tuning Taguchi method is used
to tune the parameters of the suggested SSO algorithm.
The parameters such as number of iterations, population

size, Pgp and G are chosen as independent design
variables. Each variable has three set values (level
values) as given in Table 1. Then, Ly orthogonal array is
used to determine the optimal SSO parameters. Table 2
presents the tuned SSO parameters. The parameters are
tuned at Run # 4 (a, b, ¢, d: 2, 1, 2, 3) for Case study 1,
and Run#5 (a, b, ¢, d: 2, 2, 3, 1) for Case studies 2 and
3 in the Taguchi array.

5. 2. Case Study 1 This case study considers a
two-area test system having six generating units. The
total power load is 1263 MW. The power balance,
generating unit limits, tie line limitations, transmission
losses and POZ are considered. In Ref. [5], the data of
cost coefficients, emission coefficients and POZ are
given. The power demand shared by area 1 and area 2 are
60 and 40 % of absolute load demand separately. The
power stream from area 1 to area 2 is limited to 100 MW.

The generation plan and the fuel cost procured by the
proposed SSO approach are tabulated in Table 3.
Besides, the area 1 imports power from area 2. Figure 2
shows a comparison between the fuel costs procured by
the SSO and EMA approaches, and other techniques
surfaced in the literature.

In Figure 2, it is obvious that the SSO approach has
obtained the minimum generation cost than the fuel costs
procured by the other aforementioned approaches.

5. 3. Case Study 2 In this case, 3 areas, 10-unit
test system with transmission losses, VPL and MFO is
taken into consideration. Area 1, area 2 and area 3
comprise 4, 3 and 3 generating units respectively which
are displayed in Figure 4. The power demand of this
system is 2700 MW. The power demand shared by areal,
area 2 and area 3 are 50 %, 25% and 25 % of total load

TABLE 1. Calibration of SSO

Parameters Level 1 Level 2 Level 3
a: Number of iterations 100 200 500
b: Population size 10 20 40

C: Pgo 0.05 0.1 0.15
d: G¢ 1.8 1.9 2

TABLE 2. Tuned parameters of SSO

Parameters Case study 1 Case study 2 Case study 3
Number of iterations 200 200 200
Population size 10 20 20

Pip 0.1 0.15 0.15

G 2 1.8 18
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TABLE 3. Best dispatch solution acquired by the envisaged
SSO approach for case study 1

Unit Power generation (MW)
P1,1 500

P1,2 200

P13 149.9909

P2,1 204.3295

P2,2 154.6983

P2,3 67.5957

T21 82.7642

PL1 9.4267

PL2 4.1891

Generation cost ($/h) 12255.3789

12256.65

12256.35

12256.05}

12255.75H

Generation cost ($/h)

12255.45}

12255.15
RCGA  EP DE ABC EMA SSO

Figure 2. Comparison of generation costs procured by
various approaches for Case study 1

TABLE 4. Best dispatch solution acquired by the envisaged
SSO approach for case study 2

Unit Fuel types Power generation (MW)
P11 2 225.7694
P12 1 211.5842
P13 2 491.3265
P14 3 238.5371
P21 1 252.6869
P22 3 235.7538
P23 1 264.7952
P31 3 236.4286
P32 1 330.8961
Pss 1 247.9518
Tn 17.2813
Ta 9.8161
Ts 8.6328
Generation cost ($/h) 654.4665

demand respectively. The power stream from one area to
another area is restricted to 100 MW. Table 4 presents the
simulation results acquired by the proposed SSO
approach. It can be seen that the optimal generation cost
acquired by the SSO approach is 654.4665 $/h which is

the least among the compared approaches. The Area 1
imports power from areas 2 and 3, and area 3 exports
power to area 2. The comparison between the results of
SSO approach with those of EMA, RCGA, EP, DE and
ABC approaches are illustrated in Figure 3. The results
show that the proposed strategy obtains the best
generation scheduling in comparison with different
strategies.

5. 4. Case Study 3 A four-area with forty units’
system is utilized in this case study. All the units have
VPL impacts, and thus the cost functions are non-arched.
The cost coefficients of this system are accessible in Ref.
[5]. The system has a total load equivalent to 10500 MW.
The schematic diagram of this four area test system is
shown in Figure 6. Each area consists of 10 generation
units. The distribution of power demand for area 1, area
2, area 3 and area 4 are 15, 40, 30 and 15 % of total load
demand respectively.

The power flow from area 1 to area 3, area 2 to area
3 and area 2 to area 4 are restricted to 200 MW. The tie-
line limits for area 1 to area 4, area 2 to area 4 and area 3
to area 4 is 100 MW. The optimal generation dispatch
acquired by the envisaged approach is given in Table 5.
The area 2 imports power from areas 1, 3 and 4; the area
1 imports power from areas 3 and 4, and area 4 exports
power to area 3. In this case study, the effectiveness of
the SSO approach has been compared with that of the
EMA, RCGA, EP, DE and ABC approaches.

Figure 4 outlines the results of this examination. Once
more, the SSO gave prevalent results than the previously
mentioned approaches.

5. 5. Sensitivity Analysis The sensitivity analysis
is performed for the number of food sources (Nss), and the
results are tabulated in Table 6. It is seen from the
investigation that the expansion in number of food
sources brings about upgraded precision and stability of
the approach. The expanded level of Nt prompts more
focuses in search space around which search is engaged.
Consequently, new solutions are discovered and better
investigation of search space is accomplished.

5. 6. Managerial Insights The application of SSO
to the MAELD problem demonstrates new managerial

658

657

656

655

Generation cost ($/h)

654

653
RCGA  EP DE ABC  EMA 5SSO

Figure 3. Comparison of generation costs procured by
various approaches for Case study 2
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TABLE 5. Best dispatch solution acquired by the envisaged
SSO approach for case study 3

Unit Power generation Unit Power generation

(MW) (MW)

P11 110.8909 P31 523.8627
P12 110.5472 P32 523.558
P13 97.9593 P33 523.7572
P14 178.5386 P34 523.7537
P1s 88.2575 P35 523.3404
P16 140 P36 523.5308
P.s 258.8407 [ 10
Pig 284.2543 Psg 10
Pio 2845497 [ 10
P10 130 P10 86.4694
P21 164.7045 Pa1 190
P22 168.9706 [ 153.5285
P.s 141.9572 Pus 189.7943
P24 393.5854 Pas 164.1622
P2s 393.8418 Pss 164.6892
P.s 470.9157 Pug 164.3112
P27 489.7922 P47 87.6541
P2s 489.9491 Pus 87.2630
P2g 510.9340 Pag 108.1656
P2.10 510.7577 P4.10 512.9133
T 195.1514 Tn 60.5383
Ta1 35.7749 Ts 90.9470
Ts 178.4934 Tus 95.9961
Generation cost ($/h) 122268.82

TABLE 6. Sensitivity analysis with different the number of
food sources

Number of food Fuel cost ($/h)
sources (Ne), (%) Casestudy1 Casestudy2 Case study 3

20 12256.1364 655.2347 122292.6732
40 12255.3789 654.8431 122284.3763
60 12255.3789 654.4665 122268.8214
80 12255.3789 654.4665 122268.8214

1.3x10°

1.28x10°
1.26x10°

1.24x10°H

Generation cost ($/h)

1.22x10°

1.2x10°

RCGA EP DE ABC EMA 5SSO0

Figure 4. Comparison of generation costs procured by
various approaches for Case study 3

insights. This method provides a better performance in
comparison with other heuristic approaches. Examining
the results obtained by the SSO and other approaches, the
following points can be noticed.

Tables 1-3 provide that the minimum fuel costs
accomplished by SSO approach. The fuel cost obtained
are 12255.3789 $/h, 654.4665 $/h, and 122268.8214

$/h for case studies 1, 2, and 3 respectively. Those fuel
costs are less when compared with the revealed results in
recent literature as shown in Figures 2-4. This fact
demonstrates that the SSO algorithm is capable to obtain
solutions of a better quality and more stable than the other
algorithms.

The quality of the solutions is evaluated based on a
sequence of runs. In this paper, 50 independent runs are
performed for EMA and SSO approaches. For this
sequence, the values of the best, average, worst and
standard deviation of the generation costs are recorded.
The statistical values obtained from the EMA and SSO
approaches are tabulated in Table 7.

The low value of the standard deviation indicates that
the SSO algorithm have the ability to reach stable
solutions, when more runs are performed (50 runs).
Furthermore, the SSO has a better one than the EMA
strategy.

The convergence comparison of SSO and EMA
approaches is shown in Figure 5. It can be observed that
the SSO approach takes lesser number of cycles to unite
into the global optimal solution. Figure 6 shows the
average CPU time adopted by the SSO, EMA and other
strategies for the case study 3. It is significant that time
prerequisite is less and better than other referenced
techniques. Consequently, it tends to be noted that the
SSO technique is computationally productive when
compared with the recently referenced strategies.

Finally, Wilcoxon rank-sum test is performed for all
the case studies. the A p-value beneath 0.05
accomplished utilizing this test is estimated as plentiful
proof over the null hypothesis. Figure 7 shows the p-
values acquired by SSO versus EMA using Wilcoxon

TABLE 7. Comparison of results between EMA and SSO

Case study 2 Case study 3
Fuel cost
EMA SSO EMA SSO
Best cost 654.6 654.46 122525.75 122268.82
Average cost 656.86 655.53 122854.83 122352.95
Worst cost 657.99 656.96 123148.32 122653.37
Standard deviation ~ 0.954 0.74 35.78 20.36
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130000

EMA
12
8000 — —- 550

126000

124000

Generation cost {$/h)

122000
o 40 80 120 160 200
Iterations

Figure 5. Convergence comparison of SSO and EMA
approaches

60

Average CPU time (s)

Figure 6. Comparison of average CPU time adopted by
various approaches for Case study 3

0.03 T T T
0.024
0.018
0.012
0.006
0

6-unit 10-unit 40-unit
Figure 7. Comparison of Wilcoxon test results for all the
Case studies

p-values

rank-sum tests. It is apparent from the figure that the p-
value for each study is lower than the ideal estimation of
0.05. Consequently, the SSO approach produces
statistically significant results.

6. CONCLUSION

In this paper, a new swarm insight approach, squirrel
search optimization (SSO) approach is effectively
bestowed to solve the MAELD problem. To assess the
potency of the suggested approach, a benchmarking
analysis is directed between the SSO, EMA and different
heuristic approaches surfaced in the literature. Three
sorts of non-smooth MAELD issues; MAELD with
transmission losses and POZ (2-area with 6-unit system),
MAELD with VPL impacts (4-area with 40-unit system),
and MAELD with VPL and MFA impacts (3-area with
10-unit system) are addressed. The main conclusions of
the paper are itemized hereunder:

e In SSO, the predator presence behaviour and a
seasonal monitoring condition are incorporated to
update the position of squirrel in a better way, which
enhances the exploration and exploitation search

abilities of the algorithm significantly. The global
search ability of the algorithm is further enhanced by
Levy distribution. Accordingly, the convergence
behaviour and the global optimization capability of
the suggested SSO approach are better than those of
the other heuristic approaches in solving different
MAELD problems.

e Simulation results prove that the suggested SSO
approach is of prominent dominance in both solution
quality and computational efficiency.

As a scope of further research, the SSO algorithm can be

applied for solving more complex large-scale static and

dynamic ELD problems, large-scale multi-area economic
environmental dispatch, and unit commitment problems.
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