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Abstract
In order to achieve paramount economy, hybrid renewable energy sources are gaining importance, as renewable sources are
costless. Over the past few years wind energy incorporation drew more consideration in the electricity market, as wind power
took an affirmative role in energy saving as well as sinking emission pollutants. Recently developed Grey wolf optimizer (GWO)
algorithm has conspicuous behavior for verdicting global optima, without getting ensnared in premature convergence. In the
proposed research the exploitation phase of the grey wolf optimizer has been further improved using random exploratory search
algorithm, which uses perturbed solutions vectors along with previously generated solution vectors. The paper presents a hybrid
version of GreyWolf Optimizer algorithm combined with random exploratory search algorithm (hGWO-RES) for the solution of
combinatorial scheduling and dispatch problem of electric power systems. To validate the feasibility of the algorithm, the
proposed algorithm has been tested on 23 benchmark problems. To verify the feasibility and efficacy of operation of proposed
algorithm on generation scheduling and dispatch of electric power systems, small and medium scale power systems consisting of
7-, 10-, 19-, 20- and 40-generating units systems taken into consideration. Commitment and scheduling pattern has been
evaluated with and without wind integration and it has been experimentally founded that proposed hybrid algorithm provides
superior solution as compared to other recently reported meta-heuristics search algorithms.
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1 Introduction

Hybrid renewable energy sources are getting importance, as
renewable sources are costless. Over the past few years,
wind energy incorporation drew more consideration in elec-
tricity generation market, as wind power acting as an affir-
mative role in energy saving as well as sinking emission
pollutants. Also, multidisciplinary design optimization and
multidisciplinary system design optimization are emerging
area for the solution of design and optimization problems
incorporating a number of disciplines. Scientific revolution
has affected every aspect of contemporary life. In recent
years, with the advancement in computer technology, new
era of problem-solving methods has been emerged making

use of computers. These methods are becoming more suit-
able for solving complex problems. These problem-solving
methods with direct human involvement are sluggish. So,
computer-aided design are widely adopted emphasizing on
use of computer for engineering design problems. The
computer-aided design not only emphasis on simulating a
system but also helps to find the optimal design with high
accuracy, low cost, high speed and reliability. Optimization
techniques are considered to be one of the best tools for
solving the engineering problems and to find the optimal
results for the problem. The optimization process initialize
with random set for specified problem and then improving
them over predefined steps. The engineering problems to be
tackled consist of various difficulties such as unconstrained,
constrained, uncertainties, local solution, global solution,
multiple objectives, etc. Optimization technique must be
able to discourse these issues. In the recent years, various
meta-heuristics search algorithms has been implemented
such as Biogeography based Optimizer [1], Grey Wolf
Optimizer [2], Ant Lion Optimizer [3], Moth Flame
Optimizer [4], Multi Verse Optimizer [5], Dragon Fly
Algorithm [6], Sine Cosine Algorithm [7], Lightning
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Search Algorithm [8], Seeker Optimization Algorithm
[9] ,Virus Colony Search Algori thm [10] , Whale
Optimization Algorithm [11], Wind Driven Optimization
[12], Water Cycle Algorithm [13], Salp Swarm Algorithm
[14], Symbiotic Organism Search [15], Search Group
Algorithm [16], Stochastic Fractal Search Algorithm [17],
The Runner Root Algorithm [18], Ant Colony Optimization
[19], Shuffled Frog Leaping Algorithm [20], Flower
Pollination Algorithm [21], Optics Inspired Optimization
[22], Cultural Evolution Algorithm [23], Grasshopper
Optimization Algorithm [24], Interior Search Algorithm
[25], Colliding Bodies Optimization [26], Krill Herd
Algorithm [27], Competition over Resources [28], Binary
Bat Algori thm [29], Mine Blast Algori thm [30] ,
Biogeography Based Optimization [31], Adaptive Cuckoo
Search Algorithm [32], Bat Algorithm [33], Animal
Migration Optimization [34], Gravitational Search
Algorithm [35], Branch and Bound Method [36], Expert
System Algorithm [37], Genetic Algorithm [38], Binary
Gravitational Search Algorithm [39], Collective Animal
Behavior Algorithm [40], Bird Swarm Algorithm [41],
Cognitive Behavior Optimization [42], Electromagnetic
Field Optimization [43], Firework Algorithm [44], Water
Wave Optimization [45], Earthworm Optimization
Algorithm [46], Forest Optimization Algorithm [47],
Mean Variance Optimization Algorithm [48], League
Championship Algorithm [49], Chaotic Krill Herd
Algorithm [50], Elephant Herding Optimization [51],
Differential Evolution Algorithm [52], Imperialistic compe-
tition algorithm [53], Invasive weed optimization [54],
Particle swarm optimization algorithm [55], Crow Search
Algorithm [56], Self-Adaptive Bat Algorithm [57]. The
brief review of these algorithms is depicted in Table 1. A
large portion of these calculation depends on straight and
nonlinear programming systems that require broad slope
data and for the most part attempt to locate an enhanced
arrangement in the region of a beginning stage. These nu-
merical improvement calculations give a valuable technique
the worldwide ideal in basic and perfect models [3].
However, some certifiable designing and logical improve-
ment issues are exceptionally intricate and hard to settle,
utilizing these techniques. On the off chance that there are
more than one neighborhood minima in the problem, the
outcome may rely upon the choice of an underlying point,
and the acquired minima may not really be the global min-
ima. Also, The No-Free-Lunch theorem for optimization
allow developers to develop a new algorithm or to improve
the existing algorithm because, it logically proves that there
is no such optimization algorithm which can solve all the
optimization problems with equal efficiency for all. Some
algorithms work best for a few problems and worst for the
rest of the problems. So, there is always a scope or improve-
ment to develop the algorithm which could work well for

most of the problems. In the proposed research, hybrid var-
iant of grey wolf optimizer has been implemented to solve
combinatorial optimizations problems of multidisciplinary
system design.

1.1 Novely and contribution

The main contributions of the proposed research study are as
follows:

& A novel hybrid grey wolf inspired optimizer algorithm has
been proposed by improving exploitation phase of
existing GWO algorithm using random exploratory search
algorithm.

& In the proposed research, two algorithms are combined
recursively to improve the local search capability of
existing GWO algorithm and proposed algorithm has been
tested for 23-benchmark problems including unimodal,
multimodal and fixed dimension optimization.

& Performance analysis of the proposed algorithm has been
investigated for standard Numerical Optimization
Problem.

& For validation, the proposed algorithm has been tested on
combinatorial optimization problem (i.e. Unit
Commitment and dispatch Problem) of electric power sys-
tem for small and medium scale power systems consisting
of 7-, 10-, 19-, 20- and 40-generaing units.

& The performance of the proposed algorithm has been in-
vestigated by comparing it with various recently devel-
oped meta-heuristics search algorithm.

2 Unit commitment problem formulation

Unit Commitment of power system units is a multidimen-
sional optimization task for preparation and maneuver of
participated units. Contemporary power system network
has diverse generating resources, which can be broadly
grouped together into two categories i.e. conventional
and non-conventional generation sources. Unfortunately,
load demand is never steady and it has the tendency to
change at every instant of time, a great difficulty arises for
the generation that tends to cope with this variable load.
Thus, it is required to make a judgment on which gener-
ating unit to turn on and which unit to turnoff and at what
time it is desirable in the power system network. This
complex process of obtaining on-off pattern of generating
units, which should satisfy the load demand and spinning
reserve parameter is known as unit commitment problem
[1]. Unit commitment problem is a part of system plan-
ning schedule of 8-h to 24 h planning is done before-hand
this duration is quite moderate, however it can to lead
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short-term planning (next hour) to very long-term plan-
ning (one week to few weeks). Basically, unit commit-
ment problem is a hierarchical problem as it does not
end with the achievement of bare on-off patterns of units
but economic factors are deeply incorporated with it. Next
level of problem is allocation of real power in units that
participated in load. So this problem can be subdivided
into two sub problem Viz. opt imum al locat ion
(commitment) of generators at each stations for various

load levels and Ballocation of generation^ to each station.
The first problem in power system dialect is called the
unit commitment problem (UCP) and second is called
load scheduling or dispatch problem (EDP). Since this
problem has both binary (UC) as well as continuous
(ED) variable, it is known as the link optimization prob-
lem. In recent years, due to tremendous increase in load
demand, large interconnections of hybrid electric net-
works are taken into consideration, which basically

Table 1 Brief review of various heuristics and meta-heuristics search algorithms

Author’s name Algorithm Year Type of problem solved Nu. of benchmark
functions

Ref.

Li X. Animal migration optimization 2013 N/A 23 [34]

Mirjalili S. Adaptive gbest-guided gravitational
search algorithm

2014 Engineering optimization 25 [58]

Mirjalili S. Ant Lion optimizer 2015 Engineering optimization 19 [3]

Simon D. Biogeography-based optimization 2008 Real world problem 14 [1]

Rashedi E. Binary gravitational search algorithm 2009 N/A 23 [39]

Mirjalili S. Binary PSO-GSA 2014 N/A 22 [59]

Meng Bing Z. Bird swarm algorithm 2015 N/A 18 [41]

Mirjalili S. BBO train multilayer perceptron 2014 Bio-medical optimization 6 [60]

Kuo H.C. Cultural evolution algorithm 2013 Reliability engineering problems 7 [23]

Wang G. Chaotic Krill Herd algorithm 2014 N/A 14 [50]

Mohseni S. Competition over resources 2014 N/A 8 [28]

Mudong L. Cognitive behaviour optimization 2015 Engineering optimization 20 [42]

Mirjalili S. Dragonfly algorithm 2015 Propeller design 19 [6]

Ghorbani N. Exchange market algorithm 2014 N/A 12 [61]

Beheshti Z. Electromagnetic field optimization 2015 N/A 30 [43]

Wang G. Elephant herding optimization 2015 N/A 15 [51]

Tan Ying Firework algorithm 2010 N/A 9 [44]

Ghaemi M. Forest optimization algorithm 2014 Feature weighting 4 [47]

Rashedi E. Gravitational search algorithm 2009 N/A 23 [35]

Saremi S. Grasshopper optimization algorithm 2017 Engineering optimization 19 [24]

Mirjalili S. Grey Wolf optimizer 2014 Engineering optimization 29 [2]

Singh N. GWO-SCA 2017 Bio-medical optimization 22 [62]

Dai C. Human group optimizer 2011 N/A 14 [63]

Gandomi A. Interior search algorithm 2014 Engineering optimization 14 [25]

Gandomi A. Krill Herd 2012 N/A 20 [27]

Shareef H. Lightning search algorithm 2015 N/A 24 [8]

Sadollah A. Mine blast algorithm 2012 Engineering optimization 16 [30]

Mirjalili S. Moth-flame optimization algorithm 2015 Engineering optimization 29 [4]

Mirjalili S. Multi-verse optimizer 2015 Engineering optimization 19 [5]

Salimi H. Stochastic fractal search 2014 Engineering optimization 23 [17]

Cheng M. Symbiotic organism search 2014 Engineering optimization 26 [15]

Mirjalili S. Sine cosine algorithm 2016 Aircraft wing design 19 [7]

Mirjalili S. Salp swarm algorithm 2017 Engineering optimization 19 [14]

Li Dond M. Virus colony search 2016 Engineering optimization 30 [10]

Eskandar H. Water cycle algorithm 2012 Engineering optimization 19 [13]

Mirjalili S. Whale optimization algorithm 2016 Engineering optimization 29 [11]
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consist of an integration of thermal unit with one renew-
able energy source as a wind system, acknowledged as
hybrid renewable energy system (HRES) [64–66]. The
vagueness in Wind Power crafts difficulties for obtaining
UC Patterns. Wind integrated thermal power systems are
analyzed on the basis of various simulation techniques
such as Weibull probability distribution function [67], di-
verse Probability distribution function [68], adaptable
Probability distribution function [69], incomplete Gama
function [70], artificial neural networks [71], adaptive
neuro-fuzzy approach [71], Gaussian PDF [72], copula
theory [73], Levy alpha-stable distribution function [74],
P-SCOPF [75], Differential evolution [76], Genetic algo-
rithm [77], hPSO-SQP [78, 79], Upgraded Inertia Wight
(PSO-IIW) [80], Fuzzy approach [81], neural network
with MIPSO algorithm [82] and Teaching learning based

optimizer [83]. No free lunch theorem has logically dem-
onstrated that there exists no method suitable to all opti-
mization problems [84]. Hence, the hybrid variant of grey
wolf optimizer combined with random exploratory search
algorithm has been proposed to evaluate the generation
scheduling and dispatch of thermal power system com-
bined with renewable energy system. The objective func-
tion for thermal power system with consideration of wind
power can be mathematically described as per Eq.(1), as
wind turbine do not consume fossil fuel and does not
include any fuel cost.

FCT ¼ ∑
H

h¼1
∑

NOU

n¼1
FCn Ph

n

� �
Uh

n þ Uh
n 1−Uh−1

n

� �
SUCn;h

þ Uh−1
n 1−Uh

n

� �
SDCn ð1Þ

where, FCn Ph
n

� �
describe the fuel cost of n-th generating

units at h-th hours and SUCn, h represents the startup cost
of n-th generating units for h-th hours and these costs may
be mathematically described as:

FCn Ph
n

� � ¼ an Ph
n

� �2 þ bn Ph
n

� �þ cn ð2Þ

SUCn;h ¼ HSCn

CSCn

if
if

Tn;down≤Th
n;off ≤Tn;down þ Tn;cold

Th
n;off ≥Tn;down þ Tn;cold

( )

ð3Þ

Where, HSCn hot start is cost, and CSCn is cold start cost, Tn,
down is minimum down time of n-th unit, Th

n;off is consecutive
off time of n-th unit and term Tn, cold represents the cold start
hour of the n-th units.

The aforementioned unit commitment problem is subjected
to various equality and non-equality constraints and which are
mathematically described below:

a) Power Operational constraints:

∑
N

i¼1
Pi;t þ PW ;t−PD;t ¼ 0 ð4Þ

b) Spinning Reserve Constraint

SRh
j;u ¼ min P j;max−P j;h ; UR;h T l

� � ð5Þ

∑
NOU

n¼1
un;hSRh

n;h≥R
h
D þWu:Pw;h ð6Þ

Fig. 1 2-D view of position vectors along with perturbed position vectors

X
!

i þΔi

� �
, X

!
i−Δi

� �
and possible next location w.r.t. Prey

Fig. 2 3-D view of position vectors along with perturbed position vectors

X
!

i þΔi

� �
, X

!
i−Δi

� �
and possible next location w.r.t. Prey
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c) Minimum up and down time constraints

Pon
n;h−1−P

on
n;min

� �
Un;h−1−Un;h
� �

≥0 ð7Þ

Toff
j;t−1−T

off
j;min

� �
U j;t−1−Ui;t
� �

≥0 ð8Þ

d) Maximum and Minimum Power Limit

Pmin
n ≤Pn;h≤Pmax

n ð9Þ

The probability distribution function for the calculation of
wind power can be mathematically represented [25].:

pdf v; k;λð Þ ¼ k
λ

v
λ

� �k−1
exp −

v
k

� �k� �
ð10Þ

Because of intermittent nature of wind power (WP), it
is a Random variable. The mathematical function for wind
power output and Wind speed can be mathematically de-
scribed as:

PW ¼
0 vh≤vin or vh≥vout

� �
PWR vr ≤vh≤vout

� �
v−vinð ÞPWR

vr−vin
vin≤vh≤vr
� �

8>><
>>: ð11Þ

For wind speed (vh), between 0 and vin or for wind speed
greater that vout the WP is zero. When wind speed (vh) is
between vr and vout Wind power is equal to the rated wind
power. So for the first and second eventuality in Eq.(11), the
Wind power is a discrete variable. The probability of Wind

Fig. 3 a Updating of position of
alpha, beta and delta GreyWolves
in GWO. b PSEUDO code for
proposed hybrid GWO-RES
Algorithm
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power being 0 or PWR be calculated as per Eqs.(12) and (13)
respectively described below:

Pr PW ¼ 0ð Þ ¼ cdf vinð Þ þ 1−cdf voutð Þ½ � ð12Þ

ForPW ¼ 0; Pr ¼ 1−exp −
vin
λ

� �k� �
þ exp −

vout
λ

� �k� �
ð13Þ

ForPW ¼ PWR; Pr ¼ exp −
vr
λ

� �k� �
−exp −

vout
λ

� �k� �
ð14Þ

Between vin and vr Wind power is continuous variable and
its probability density function can be written as

pdf PWð Þ ¼ kLvin
PWRð Þλ

ð1þ LPW=PWR

�� �
vin

λ

" #
� exp � 1þ ðLPW=PWRÞvin

λ

 !k
2
4

3
5

ð15Þ

Ever since Correctness of Wind Power prediction is not
meticulous and exact so based on above empirical formulas,
Maximum generation scheduling can be computed. This max-
imum wind generation takes up base portion of load curve. In
a time when the present position of unit commitment does not
meet with the reserve demand a unit may be startup subject to
satisfying constraint as described in Eq. (15).

3 Hybrid grey Wolf optimizer

Primarily developed GreyWolf Optimizer, is a transformative
calculation algorithm, based on grey wolves, which recreate
the social stratum and chasing component of grey wolves in
view of three principle ventures of chasing: scanning for prey,
encompassing prey and assaulting prey and its mathematical
model was designed in view point of hierarchy levels of dif-
ferent wolves. The fittest solution was designated as alpha (α).
Accordingly, the second and third best solutions are named
beta (β) and delta (δ) individually. Whatever is left of the
hopeful solution are thought to be omega (ω), kappa (κ) and
lambda (λ). For the fitness value calculation, the advancement
(i.e. chasing) is guided by α, β and δ. Theω, κ and λ wolves
trail these three wolves. In GWO, Encircling or Trapping of

Prey was achieved by calculating D
!

and X
!

GWolf vectors de-
scribed by Eqs. (16.1) and (16.2).

Fig. 4 Flow chart for solution of UCP using hGWO-RES
Table 2 Unimodal benchmark function

Function Dim Range fmin

f 1 xð Þ ¼ ∑
n

i¼1
x2i

30 [−100, 100] 0

f 2 xð Þ ¼ ∑
n

i¼1
jxij þ ∏

n

i¼1
jxij 30 [−10,10] 0

f 3 xð Þ ¼ ∑
n

i¼1
∑
i

j−1
x j

 !
2

30 [−100, 100] 0

f4(x) = maxi{| xi| , 1 ≤ i ≤ n} 30 [−100, 100] 0

f 5 xð Þ ¼ ∑
n−1

i¼1
100 xiþ1−x2i
� ��

2 þ xi−1ð Þ 2� 30 [−30,30] 0

f 6 xð Þ ¼ ∑
n

i¼1
xi þ 0:5½ �ð Þ2 30 [−100, 100] 0

f 7 xð Þ ¼ ∑
n

i¼1
ix4i þ random 0; 1½ � 30 [−1.28, 1.28] 0
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Table 4 Fixed dimension benchmark function

Function Dim Range fmin

F14 xð Þ ¼ 1
500þ ∑

25

j¼1

1

jþ∑
2

i¼1
xi−aijð Þ6

0
@

1
A

−1 2 [−65,65] 1

F15 xð Þ ¼ ∑
11

i¼11
ai−

x1 b2i þbix2ð Þ
b2i þbix3þx4

� �
2 4 [−5,5] 0.00030

F16 xð Þ ¼ 4x21−2:1x41 þ 1
3 x

6
1 þ x1x2−4x22 þ 4x42 2 [−5,5] −1.0316

F17 xð Þ ¼ x2− 5:1
4π2 x

2
1 þ 5

π x1−6
� �

2 þ 10 1− 1
8π

� �
cosx1 þ 10 2 [−5,5] 0.398

F18 xð Þ ¼ 1þ x1 þ x2 þ 1ð Þ½ 2 19−14x1 þ 3x21−14x2 þ 6x1x2 þ 3x22
� �� � 30þ 2x1−3x2ð Þ½ 2 �

18−32x1 þ 12x21 þ 48x2−36x1x2 þ 27x22
� �� 2 [−2,2] 3

F19 xð Þ ¼ − ∑
4

i¼1
ciexp − ∑

3

j¼1
aij x j−pij
� � 

2Þ 3 [1, 3] −3.32

F20 xð Þ ¼ − ∑
4

i¼1
ciexp − ∑

6

j¼1
aij x j−pij
� � 

2Þ 6 [0,1] −3.32

F21 xð Þ ¼ − ∑
5

i¼1
x−aið Þ x−aið Þ½ T þ ci�−1

4 [0,10] −10.1532

F22 xð Þ ¼ − ∑
7

i¼1
x−aið Þ x−aið Þ½ T þ ci�−1 4 [0,10] −10.4028

F23 xð Þ ¼ − ∑
10

i¼1
x−aið Þ x−aið Þ½ T þ ci�−1

4 [0,10] −10.5363

Table 3 Multi-modal benchmark functions

Function Dim Range fmin

F8 xð Þ ¼ ∑
n

i¼1
−xisin

ffiffiffiffiffiffijxij
p� �

30 [−500,500] −418.9829 × 5

F9 xð Þ ¼ ∑
n

i¼1
x2i −10cos 2πxið Þ� þ10� 30 [−5.12,5.12] 0

F10 xð Þ ¼ −20exp −0:2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n ∑

n

i¼1
x2i

r
 �
−expð1n ∑

n

i¼1
cos 2πxið Þ þ 20þ c

30 [−32,32] 0

F11 xð Þ ¼ 1
4000 ∑

n

i¼1
x2i − ∏

n

i¼1
cos xiffi

i
p
� �

þ 1
30 [−600,600] 0

F12 xð Þ ¼ π
n 10sin πy1ð Þf þ ∑

n−1

i¼1
yi−1ð Þ 2 1þ 10sin2 πyiþ1

� �� � þ yn−1ð Þ 2g þ ∑
n

i¼1
u xi; 10; 100; 4ð Þyi ¼ 1þ xiþ1

4

u xi; a; k;mð Þ ¼
k xi−að Þm

0
k −xi−að Þm

xi > a
−a < xi < a
xi < −a

8<
:

30 [−50,50] 0

F13 xð Þ ¼ 0:1 sin2 3πx1ð Þ þ ∑
n

i¼1
xi−1ð Þ 2 1þ sin2 3πxi þ 1ð Þ� � þ xn−1ð Þ 2 1þ sin2 2πxnð Þ� �g þ ∑

n

i¼1
u

xi; 5; 100; 4ð Þ

30 [−50,50] 0

F14 xð Þ ¼ − ∑
n

i¼1
sin xið Þ: sin ix2i

π

� �� �2m
;m ¼ 10

30 [0,π] −4.687

F15 xð Þ ¼ e− ∑
n

i¼1
xi=βð Þ2m−2e− ∑

n

i¼1
x2i

� �
− ∏

n

i¼1
cos2xi;m ¼ 5

30 [−20,20] −1

F16 xð Þ ¼ ∑
n

i¼1
sin2 xið Þ

� ��
−exp − ∑

n

i¼1
x2i


 �
g:exp − ∑

n

i¼1
sin2

ffiffiffiffiffiffijxij
p� � 30 [−10,10] −1
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D
!¼ jC!:X

!
Prey iterð Þ−X!GWolf iterð Þj ð16:1Þ

X
!

GWolf iter þ 1ð Þ ¼ X
!

Prey iterð Þ−A!:D
! ð16:2Þ

Where, iter demonstrates the present iteration, A
!

and C
!

are coefficient vectors, X
!

Prey is the position vector of the prey

and X
!

GWolf shows the position vector of a grey wolf and the

vectors A
!

and C
!

are calculated as follows:

A
!¼ 2 a!:μ!1− a! ð16:3Þ

C
!¼ 2:μ!2 ð16:4Þ

Where, μ!1; μ
!

2∈rand 0; 1ð Þ and a! decreases linearly from
2 to 0.

The hunting of prey are achieved by calculating the
corresponding fitness score and positions of alpha, beta
and delta wolves using Eqs. (17), (18) and (19) respec-
tively and final position for attacking towards the prey
was calculated by Eq. (20).

D
!

Alpha ¼ abs C
!

1:X
!

Alpha−X
!� �

ð17aÞ

Table 5 Results of hybrid GWO-
RES algorithm for unimodal
benchmark function

Benchmark functions Parameters

Mean value SD Worst value Best value

F1 1.5066E-37 3.5976E-37 2.3685E-36 1.7935E-41

F2 1.5904E-22 1.6059E-22 7.6125E-22 7.3967E-24

F3 2.7467E-09 1.5616E-08 1.0932E-07 1.2011E-15

F4 5.0234E-11 5.0001E-11 2.0190E-10 3.5869E-13

F5 27.6775 0.7815 28.8199 26.0570

F6 2.0191 0.4567 3.2489 1.0135

F7 6.6614E-04 3.9632E-04 0.0017 8.0435E-05

Table 6 Comparison of unimodal benchmark functions

Algorithms Parameters Unimodal benchmark functions

F1 F2 F3 F4 F5 F6 F7

GWO [71] Mean 6.59E-28 7.18E-17 3.29E-06 5.61E-07 26.81258 0.816579 0.002213

SD 6.34E-05 0.029014 79.14958 1.315088 69.90499 0.000126 0.100286

PSO [55] Mean 0.000136 0.042144 70.12562 1.086481 96.71832 0.000102 0.122854

SD 0.000202 0.045421 22.11924 0.317039 60.11559 8.28E-05 0.044957

BA [33] Mean 0.773622 0.334583 0.115303 0.192185 0.334077 0.778849 0.137483

SD 0.528134 3.816022 0.766036 0.890266 0.300037 0.67392 0.112671

FPA [21] Mean 1.06E-07 0.000624 5.67E-08 0.0038379 0.7812 1.08E-07 0.00310527

SD 1.27E-07 0.000176 3.90E-08 0.002186 0.366891 1.25E-07 0.001367

GA Mean 0.118842 0.145224 0.13902 0.157951 0.714157 0.167918 0.010073

SD 0.125606 0.053227 0.121161 0.862029 0.972711 0.868638 0.003263

DA [6] Mean 2.85E-18 1.49E-05 1.29E-06 0.000988 7.6 4.17E-16 0.0103

SD 7.16E-18 3.76E-05 2.10E-06 0.00278 6.79 1.32E-15 0.00469

BDA [6] Mean 0.282 0.0589 14.2 0.248 23.6 0.0953 0.0122

SD 0.418 0.0693 22.7 0.331 34.7 0.13 0.0146

BPSO Mean 5.59 0.196 15.5 1.9 86.4 6.98 0.0117

SD 1.98 0.0528 13.7 0.484 65.8 3.85 0.00693

BGSA [39] Mean 83 1.19 456 7.37 3100 107 0.0355

SD 49.8 0.228 272 2.21 2930 77.5 0.0565

hGWO-RES Mean 1.51E-37 1.59E-22 2.75E-09 5.02E-11 27.6775 2.0191 0.00066614

SD 3.60E-37 1.61E-22 1.56E-08 5.00E-11 0.7815 0.4567 0.00039632
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In the proposed hybrid Grey-Wolf Optimizer-Random
Exploratory search (hGWO-RES) algorithm, the position vec-

tor X
!

i is perturbed by Δi and new position vectors

X
!

i þΔi

� �
and X

!
i−Δi

� �
has been obtained. The variation

Fig. 5 Convergence curve of hGWO-RES for unimodal benchmark functions
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of parameter Δi has been taken randomly within local search
space to exploit the search space in a better way. The new
fitness solutions f+← f (X +Δ) and f−← f (X −Δ) has been
obtained along with previous fitness solution f← f (X) and
final fitness has been evaluated taking minimum values out
of these newly obtained solutions using Eq. (21).

f final←min f þ; f −; fð Þ ð21Þ

The impact of newly obtained positions vectors as 2-
Dimentional position vectors and conceivable neighbors are
outlined in Fig. 1. As per Fig. 1, a grey wolf poser of (X, Y)
can update its position w.r.t. newly obtained position vectors
((X +Δ), (Y +Δ)) and ((X −Δ), (Y −Δ)) indicated by the posi-
tion of the prey (X*, Y*) and exploit the search space in better
way. Better places around as well as can be expected regarding

the present position by altering the estimation of A
!

and C
!

vectors. Figure 1 shows the 2-D view of Position Vectors along

with perturbed position vectors X
!

i þΔi

� �
, X

!
i−Δi

� �
and

possible next Location w.r.t. Prey. The 3-D view of position

vectors along with perturbed position vectors X
!

i þΔi

� �
,

X
!

i−Δi

� �
and possible next location w.r.t. prey has been shown

in Fig. 2.
The random positions vectors, which allow grey wolves to

reach any position between the points including perturbed posi-

tion vectors X
!

i þΔi

� �
and X

!
i−Δi

� �
are shown in Fig. 3a.

The exploration phase in hGWO-RES is similar to GWO.,

In order to explore the search space globally, vector A
!

and C
!

are used, which mathematically model divergence. The
PSEUDO code for the proposed hybrid GWO-RES algorithm
is shown in Fig. 3b.

4 Solution strategy for unit commitment
problem

In grey wolf optimizer, the search agent explore and exploit
their updated position to a suitable real value in given search
space considering various constraints impose upon them.

F1 F2 F3

F4 F5 F6 F7
Fig. 6 Trial solutions for unimodal benchmark functions

Table 7 Results of hybrid GWO-
RES algorithm for multi modal
benchmark function

Benchmark functions Parameters

Mean value SD Worst value Best value

F8 −5.007E + 03 990.1043 −2.8135E + 03 −6.7082E + 03

F9 0 0 0 0

F10 2.1352E-14 4.0956E-15 3.2863E-14 1.5099E-14

F11 3.5591E-04 0.0025 0.0178 0

F12 0.1559 0.0977 0.6548 0.0319

F13 1.4189 0.2363 2.0189 0.9452
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Fig. 7 Convergence curve of hGWO-RES for multi-modal benchmark functions

Table 8 Comparison of multi modal benchmark functions

Algorithms Parameters Multi modal benchmark functions

F8 F9 F10 F11 F12 F13

GWO [2] Mean −6.12E + 03 3.11E-01 1.06E-13 4.49E-03 5.34E-02 6.54E-01
SD −4.09E + 03 4.74E + 01 7.78E-02 6.66E-03 2.07E-02 4.47E-03

PSO [55] Mean −4.84E + 03 4.67E + 01 2.76E-01 9.22E-03 6.92E-03 6.68E-03
SD 1.15E + 03 1.16E + 01 5.09E-01 7.72E-03 2.63E-02 8.91E-03

BA [33] Mean −1.07E + 03 1.23E + 00 1.29E-01 1.45E + 00 3.96E-01 3.87E-01
SD 8.58E + 02 6.86E-01 4.33E-02 5.70E-01 9.93E-01 1.22E-01

FPA [21] Mean −1.84E + 03 2.73E-01 7.40E-03 8.50E-02 2.66E-04 3.67E-06
SD 5.04E + 01 6.86E-02 7.10E-03 4.00E-02 5.53E-04 3.51E-06

GA [85] Mean −2.09E + 03 6.59E-01 9.56E-01 4.88E-01 1.11E-01 1.29E-01
SD 2.47E + 00 8.16E-01 8.08E-01 2.18E-01 2.15E-03 6.89E-02

DA [6] Mean −2.86E + 03 1.60E + 01 2.31E-01 1.93E-01 3.11E-02 2.20E-03
SD 3.84E + 02 9.48E + 00 4.87E-01 7.35E-02 9.83E-02 4.63E-03

BDA [6] Mean −9.24E + 02 1.81E + 00 3.88E-01 1.93E-01 1.49E-01 3.52E-02
SD 6.57E + 01 1.05E + 00 5.71E-01 1.14E-01 4.52E-01 5.65E-02

BPSO [86] Mean −9.89E + 02 4.83E + 00 2.15E + 00 4.77E-01 4.07E-01 3.07E-01
SD 1.67E + 01 1.55E + 00 5.41E-01 1.29E-01 2.31E-01 2.42E-01

BGSA [39] Mean −8.61E + 02 1.03E + 01 2.79E + 00 7.89E-01 9.53E + 00 2.22E + 03
SD 8.06E + 01 3.73E + 00 1.19E + 00 2.51E-01 6.51E + 00 5.66E + 03

hGWO-RES Mean −5.01E + 03 0.00E + 00 2.14E-14 3.56E-04 1.56E-01 1.42E + 00
SD 9.90E + 02 0.00E + 00 4.10E-15 2.50E-03 9.77E-02 2.36E-01
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Since unit commitment problem is highly constrained in na-
ture, they have both binary and discrete values. Thus mapping
of continuous value of search agent updated to binary value is
mandatory. Before solving unit commitment problem by
using hGWO-RES algorithm we represent agent as a binary
string .each unit Bon state^ as 1 and Boff state^ as a 0. So, unit
state U is basically matrix of {N*T} following steps clarify
modus operandi of unit commitment problem.

Step-1: To solve single area unit commitment problem,
every individual is defined as units ON/OFF

status showed as 1/0 correspondingly. An indi-
vidual would display the unit commitment
schedule over the time horizon H. The on/off
schedule of the units is stored as an integer-
matrix U, which is mathematically defined as:

UNP ¼
u11
u12
⋮
u1G

u21
u22
⋮
u2G

⋯
⋯
⋮
⋯

uH1
uH2
⋮
uHG

2
664

3
775;

F8 F9 F10

F11 F12 F13

Fig. 8 Trial solutions of hGWO-RES for multi-modal benchmark functions

Table 9 Results of hybrid GWO-
RES algorithm for fixed dimen-
sion benchmark function

Benchmark functions Parameters

Mean value SD Worst value Best value

F14 5.9633 4.6787 12.6705 0.9980

F15 0.0044 0.0081 0.0209 3.0750E-04

F16 −1.0316 2.4868E-08 −1.0316 −1.0316
F17 0.3979 8.4205E-05 0.3985 0.3979

F18 3.0000 4.3667E-05 3.0002 3.0000

F19 −3.8605 0.0030 −3.8549 −3.8628
F20 −3.2335 0.0822 −3.0850 −3.3220
F21 −8.6292 2.5069 −2.5843 −10.1531
F22 −10.1886 1.0518 −5.0876 −10.4028
F23 −10.2111 1.2932 −5.1284 −10.5360
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Where, uhn is unit on/off status of n
th unit at hth hour (i.e. uhn

=1/0 for ON/OFF).

Step-2: Generating units are prioritized according to their
Average Full Load generation Capacity in descend-
ing order.

Step-3: Status of individual units is modified in the popula-
tion to satisfy the spinning reserve constraints

Step-4: Individual units in the population are repaired for
minimum up/down time violations

Step-5: Units of some search agents are de-committed in the
population to reduce excessive spinning reserve due
to minimum up/down time repairing

Step-6: Economic Load Dispatch Problem is then solved
using MIQP and Fuel Cost is calculated for each
Hour.

Step-7: Calculate Start-up cost for each hour using Eq. (3).
Step-8: Overall generation cost for 1st position is evaluated

and it is assumed as global fitness and its position as
global position.

Step-9: Overall generation costs for all positions are then
evaluated in the population and then local generation
cost and local commitment schedule for whole pop-
ulation is determined.

Step-10: Overall global generation cost is compared with
Local generation cost in whole population. If glob-
al generation cost is greater than local generation
cost, replace global generation cost with local gen-
eration cost and take local commitment schedule as
global commitment.

Step-11: Modify the individual position using hGWO-RES
algorithm and determine overall best generation
cost and commitment schedule.

Step-12: If the maximum iteration number is reached, then
go to next step (Step 14.)

Step-13: Otherwise, increase iteration number and go back
to step 3.

Step-14: Stop and obtain the optimal solution of single area
unit commitment problem from the individual po-
sition in the population that generated the least total
generation cost (Fig. 4).

Table 10 Comparison of fixed dimension benchmark functions

Algorithms Parameters Composite benchmark functions

F14 F15 F16 F17 F18 F19

GWO [2] Mean 4.04E + 00 3.37E-04 −1.03E + 00 3.98E-01 3.000028 −3.86263
SD 4.25E + 00 0.000625 −1.03163 0.397887 3 −3.86278

PSO [55] Mean 3.627168 0.000577 −1.03163 0.397887 3 −3.86278
SD 2.560828 0.000222 6.25E-16 0 1.33E-15 2.58E-15

BA [33] Mean 182.476 487.2021 588.1938 756.9757 542.2006 818.5043

SD 117.0248 161.4107 137.7861 160.097 220.2014 152.501

FPA [21] Mean 3.37E-01 18.23309 2.24E + 02 362.0262 10.1592 5.04E + 02

SD 2.36E-01 3.074685 5.03E + 01 54.01816 1.393908 1.16E + 00

GA [85] Mean 114.6139 95.46331 325.4427 466.3074 90.36913 521.1935

SD 26.96248 7.163383 51.66827 29.56841 13.72977 27.98507

DA [6] Mean 1.04E + 02 1.93E + 02 4.58E + 02 596.6629 229.9515 6.80E + 02

SD 9.12E + 01 8.06E + 01 1.65E + 02 171.0631 184.6095 1.99E + 02

hGWO-RES Mean 5.9633 0.0044 −1.0316 0.3979 3 −3.8605
SD 4.6787 0.0081 2.49E-08 8.42E-05 4.37E-05 0.003

Table 11 Comparison of results for fixed dimension benchmark
functions

Algorithms Parameters Benchmark functions

F20 F21 F22 F23

GWO [2] Mean −3.28654 −10.1514 −10.4015 −10.5343
SD −3.25056 −9.14015 −8.58441 −8.55899

PSO [55] Mean −3.26634 −6.8651 −8.45653 −9.95291
SD 0.060516 3.019644 3.087094 1.782786

GSA [35] Mean −3.31778 −5.95512 −9.68447 −10.5364
SD 0.023081 3.737079 2.014088 2.60E-15

DE [52] Mean NA −10.1532 −10.4029 −10.5364
SD NA 2.50E-06 3.90E-07 1.90E-07

FEP [87] Mean −3.27 −5.52 −5.53 −6.57
SD 0.059 1.59 2.12 3.14

hGWO-RES Mean −3.2335 −8.6292 −10.1886 −10.2111
SD 0.0822 2.5069 1.0518 1.2932
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Fig. 9 Convergence curve of hGWO-RES for fixed dimension benchmark functions
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5 Constraints handling strategy/ repair
mechanism of constraints

The achieved major unit scheduling by hGWO-RES may not
fulfill the certain crucial constraints such as MDT, MUT,
Spinning reserve etc. So, the constraints defilements are to
be repaired. In this paper a heuristic search strategy is adopted
to tackle such problem.

5.1 Minimum up and minimum down time handling
strategy

Minimum up and down time of specific unit is defined as
connective hours that unit is ‘on’ or ‘off’ ‘when it ‘on’ or
‘off’. Any unit that is ‘on‘ should not be turned ‘off’ immedi-
ately without reaching to ‘MUT’ and similarly any unit which
is once Boff^ should not be turned Bon^ immediately without
reaching toMDT. These constraints are calculated beforehand
by using following recursive relation

Th
n:on ¼

Th−1
n;on þ 1 if uhn ¼ 1

0 if uhn ¼ 0

�
ð26Þ

Th
n;off ¼

Th−1
n;off þ 1 if uhn ¼ 0

0 if uhn ¼ 1

(
ð27Þ

Where Th
n;on and Th

n;off are number of continuous time

when unit is on and off.
When crowning load duration appreciably inferior to

the minimum down time of a particular unit. Minimum
up time is violated. And constraint associated with mini-
mum down time is violated at low load level where low
load duration is considerably shorter than minimum up
time. Since repapering of MDT, MUT, can lead to exces-
sive spinning reserve, which results into high operating
cost, thus if this remains it would defeat the whole pur-
pose of optimizing cost. Hence we again us heuristic tech-
nique to de-commit excess of reserve.

The methodology to adjust/repair defilement of constraints
associated with MDT, MUT are done as given below.

F14 F15 F16 F17

F18 F19 F20 F21

F22 F23

Fig. 10 Trial solutions of hGWO-RES for fixed dimension benchmark functions
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Table 12 Results for 56-bus system using hGWO-RES (considering thermal units)

Hour Status of committed units Scheduling of committed units

P1 P2 P3 P4 P5 P6 P7 P1 P2 P3 P4 P5 P6 P7

1 1 0 0 0 1 0 0 287.7251 0 0 0 252.2749 0 0
2 1 0 0 0 1 0 0 328.648 0 0 0 291.352 0 0
3 1 0 0 0 1 0 0 499.5011 0 0 0 454.4989 0 0
4 1 0 0 0 1 0 1 447.1869 0 0 0 404.5443 0 174.2688
5 1 0 0 0 1 0 1 438.1869 0 0 0 395.9502 0 167.8629
6 1 0 0 0 1 0 0 518.9395 0 0 0 473.0605 0 0
7 1 0 0 0 1 0 0 511.778 0 0 0 466.222 0 0
8 1 0 0 0 1 0 0 500.5242 0 0 0 455.4758 0 0
9 1 0 0 0 1 0 0 493.3627 0 0 0 448.6373 0 0
10 1 0 0 0 1 0 0 483.132 0 0 0 438.868 0 0
11 1 0 0 0 1 0 0 472.9012 0 0 0 429.0988 0 0
12 1 0 0 0 1 0 0 395.6593 0 0 0 355.3407 0 0
13 1 0 0 0 1 0 0 344.5056 0 0 0 306.4944 0 0
14 1 0 0 0 1 0 0 312.2788 0 0 0 275.7212 0 0
15 1 0 0 0 1 0 0 319.4403 0 0 0 282.5597 0 0
16 1 0 0 0 1 0 0 404.3554 0 0 0 363.6446 0 0
17 1 0 0 0 1 0 0 459.6013 0 0 0 416.3987 0 0
18 1 0 0 0 1 0 0 452.9513 0 0 0 410.0487 0 0
19 1 0 0 0 1 0 0 442.7206 0 0 0 400.2794 0 0
20 1 0 0 0 1 0 0 421.7476 0 0 0 380.2524 0 0
21 1 0 0 0 0 0 1 542.144 0 0 0 0 0 241.856
22 1 0 0 0 1 0 1 325.6868 0 0 0 288.5243 0 87.78893
23 1 0 0 0 1 0 0 365.4786 0 0 0 326.5214 0 0
24 1 0 0 0 1 0 0 341.4364 0 0 0 303.5636 0 0

Overall Generation Cost = 49,184 $

Table 13 Results for 56-bus system using hGWO-RES (considering wind-thermal units)

Hour Status of committed units Scheduling of committed units

P1 P2 P3 P4 P5 P6 P7 P1 P2 P3 P4 P5 P6 P7

1 1 0 0 0 0 0 0 458 0 0 0 0 0 0
2 1 0 0 0 0 0 0 510 0 0 0 0 0 0
3 1 0 0 0 1 0 0 457.8621 0 0 0 414.7379 0 0
4 1 0 0 0 1 0 0 480.6766 0 0 0 436.5234 0 0
5 1 0 0 0 1 0 0 453.4117 0 0 0 410.4883 0 0
6 1 0 0 0 1 0 0 471.0086 0 0 0 427.2914 0 0
7 1 0 0 0 1 0 0 458.834 0 0 0 415.666 0 0
8 1 0 0 0 1 0 0 453.8721 0 0 0 410.9279 0 0
9 1 0 0 0 1 0 0 456.8902 0 0 0 413.8098 0 0
10 1 0 0 0 1 0 0 449.9333 0 0 0 407.1667 0 0
11 1 0 0 0 1 0 0 427.8349 0 0 0 386.0651 0 0
12 1 0 0 0 1 0 0 361.8979 0 0 0 323.1021 0 0
13 1 0 0 0 1 0 0 315.6038 0 0 0 278.8962 0 0
14 1 0 0 0 1 0 0 243.6818 0 0 0 210.2182 0 0
15 1 0 0 0 0 0 0 513.3 0 0 0 0 0 0
16 1 0 0 0 1 0 0 361.6932 0 0 0 322.9068 0 0
17 1 0 0 0 1 0 0 400.2119 0 0 0 359.6881 0 0
18 1 0 0 0 1 0 0 384.0474 0 0 0 344.2526 0 0
19 1 0 0 0 1 0 0 375.9651 0 0 0 336.5349 0 0
20 1 0 0 0 1 0 0 361.2329 0 0 0 322.4671 0 0
21 1 0 0 0 1 0 0 361.3352 0 0 0 322.5648 0 0
22 1 0 0 0 1 0 0 319.3892 0 0 0 282.5108 0 0
23 1 0 0 0 1 0 0 321.998 0 0 0 285.002 0 0
24 1 0 0 0 1 0 0 316.7292 0 0 0 279.9708 0 0

Overall Generation Cost = 42,355 $
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Table 14 Thermal commitment and generation schedule for 10-unit test system with 5% spinning reserve using hGWO-RES

Hour P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

1 1 1 0 0 0 0 0 0 0 0 455 245 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 455 295 0 0 0 0 0 0 0 0
3 1 1 0 0 0 0 0 0 0 0 455 395 0 0 0 0 0 0 0 0
4 1 1 0 1 0 0 0 0 0 0 455 365 0 130 0 0 0 0 0 0
5 1 1 0 1 1 0 0 0 0 0 455 390 0 130 25 0 0 0 0 0
6 1 1 0 1 1 0 0 0 0 0 455 455 0 130 60 0 0 0 0 0
7 1 1 1 1 1 0 0 0 0 0 455 410 130 130 25 0 0 0 0 0
8 1 1 1 1 1 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
9 1 1 1 1 1 1 0 0 0 0 455 455 130 130 110 20 0 0 0 0
10 1 1 1 1 1 1 1 0 0 0 455 455 130 130 162 43 25 0 0 0
11 1 1 1 1 1 1 1 1 0 0 455 455 130 130 162 80 25 13 0 0
12 1 1 1 1 1 1 1 1 1 0 455 455 130 130 162 80 25 53 10 0
13 1 1 1 1 1 1 1 0 0 0 455 455 130 130 162 43 25 0 0 0
14 1 1 1 0 1 1 1 0 0 0 455 455 130 0 162 73 25 0 0 0
15 1 1 1 0 1 0 1 0 0 0 455 455 130 0 135 0 25 0 0 0
16 1 1 1 0 1 0 0 0 0 0 455 440 130 0 25 0 0 0 0 0
17 1 1 1 0 1 0 0 0 0 0 455 390 130 0 25 0 0 0 0 0
18 1 1 1 0 1 0 0 0 0 0 455 455 130 0 60 0 0 0 0 0
19 1 1 1 1 1 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
20 1 1 1 1 1 1 1 0 0 0 455 455 130 130 162 43 25 0 0 0
21 1 1 0 1 1 1 1 0 0 0 455 455 0 130 162 73 25 0 0 0
22 1 1 0 1 0 1 1 0 0 0 455 455 0 130 0 35 25 0 0 0
23 1 1 0 1 0 0 0 0 0 0 455 315 0 130 0 0 0 0 0 0
24 1 1 0 0 0 0 0 0 0 0 455 345 0 0 0 0 0 0 0 0

Overall Generation cost = 557,830$

Table 15 Wind-thermal commitment and generation schedule for 10-unit test system with 5% spinning reserve using hGWO-RES

Hour Committed status of generating units for wind-thermal UCP Generation scheduling for wind-thermal scheduling UCP

U1 U2 U3 U4 U5 U6 U7 U8 U9 U10 U1 U2 U3 U4 U5 U6 U7 U8 U9 U10

1 1 1 0 0 0 0 0 0 0 0 455 163 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 455 185 0 0 0 0 0 0 0 0
3 1 1 0 0 0 0 0 0 0 0 455 313.6 0 0 0 0 0 0 0 0
4 1 1 0 0 0 0 0 0 0 0 455 386.2 0 0 0 0 0 0 0 0
5 1 1 0 0 1 0 0 0 0 0 455 381.9 0 0 25 0 0 0 0 0
6 1 1 0 0 1 0 0 0 0 0 455 455 0 0 96.3 0 0 0 0 0
7 1 1 0 1 1 0 0 0 0 0 455 436.5 0 130 25 0 0 0 0 0
8 1 1 0 1 1 0 0 0 0 0 455 455 0 130 68.8 0 0 0 0 0
9 1 1 1 1 1 0 0 0 0 0 455 455 130 130 58.7 0 0 0 0 0
10 1 1 1 1 1 1 0 0 0 0 455 455 130 130 145.1 20 0 0 0 0
11 1 1 1 1 1 1 1 0 0 0 455 455 130 130 146.9 20 25 0 0 0
12 1 1 1 1 1 1 1 0 0 1 455 455 130 130 162 67 25 0 0 10
13 1 1 1 1 1 0 1 0 0 0 455 455 130 130 148.5 0 25 0 0 0
14 1 1 1 1 1 0 0 0 0 0 455 425.9 130 130 25 0 0 0 0 0
15 1 1 1 0 1 0 0 0 0 0 455 455 130 0 71.3 0 0 0 0 0
16 1 1 1 0 1 0 0 0 0 0 455 356.6 130 0 25 0 0 0 0 0
17 1 1 1 0 1 0 0 0 0 0 455 273.9 130 0 25 0 0 0 0 0
18 1 1 1 0 1 0 0 0 0 0 455 355.3 130 0 25 0 0 0 0 0
19 1 1 1 0 1 0 0 0 0 0 455 455 130 0 29.5 0 0 0 0 0
20 1 1 1 1 1 1 0 0 0 0 455 455 130 130 91.7 20 0 0 0 0
21 1 1 0 1 1 1 0 0 0 0 455 455 0 130 139.9 20 0 0 0 0
22 1 1 0 1 0 1 0 0 0 0 455 394.9 0 130 0 20 0 0 0 0
23 1 1 0 1 0 0 0 0 0 0 455 230 0 130 0 0 0 0 0 0
24 1 1 0 1 0 0 0 0 0 0 455 166.7 0 130 0 0 0 0 0 0

Overall Generation Cost = 505,520$
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Table 16 Thermal commitment and generation schedule for 10-unit test system with 10% spinning reserve using hGWO-RES

Hour P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

1 1 1 0 0 0 0 0 0 0 0 455 245 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 455 295 0 0 0 0 0 0 0 0
3 1 1 0 0 1 0 0 0 0 0 455 370 0 0 25 0 0 0 0 0
4 1 1 0 0 1 0 0 0 0 0 455 455 0 0 40 0 0 0 0 0
5 1 1 0 1 1 0 0 0 0 0 455 390 0 130 25 0 0 0 0 0
6 1 1 1 1 1 0 0 0 0 0 455 360 130 130 25 0 0 0 0 0
7 1 1 1 1 1 0 0 0 0 0 455 410 130 130 25 0 0 0 0 0
8 1 1 1 1 1 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
9 1 1 1 1 1 1 1 0 0 0 455 455 130 130 85 20 25 0 0 0
10 1 1 1 1 1 1 1 1 0 0 455 455 130 130 162 33 25 10 0 0
11 1 1 1 1 1 1 1 1 1 0 455 455 130 130 162 73 25 10 10 0
12 1 1 1 1 1 1 1 1 1 1 455 455 130 130 162 80 25 43 10 10
13 1 1 1 1 1 1 1 1 0 0 455 455 130 130 162 33 25 10 0 0
14 1 1 1 1 1 1 1 0 0 0 455 455 130 130 85 20 25 0 0 0
15 1 1 1 1 1 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
16 1 1 1 1 1 0 0 0 0 0 455 310 130 130 25 0 0 0 0 0
17 1 1 1 1 1 0 0 0 0 0 455 260 130 130 25 0 0 0 0 0
18 1 1 1 1 1 0 0 0 0 0 455 360 130 130 25 0 0 0 0 0
19 1 1 1 1 1 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
20 1 1 1 1 1 1 1 1 0 0 455 455 130 130 162 33 25 10 0 0
21 1 1 1 1 1 1 1 0 0 0 455 455 130 130 85 20 25 0 0 0
22 1 1 0 0 1 1 1 0 0 0 455 455 0 0 145 20 25 0 0 0
23 1 1 0 0 1 0 0 0 0 0 455 420 0 0 25 0 0 0 0 0
24 1 1 0 0 0 0 0 0 0 0 455 345 0 0 0 0 0 0 0 0

Overall Generation cost = 563,980$

Table 17 Wind-thermal scheduling and dispatch for 10-unit test system with 10% spinning reserve using hGWO-RES

Hour Committed status of generating units for wind-thermal UCP Generation scheduling for wind-thermal scheduling UCP

U1 U2 U3 U4 U5 U6 U7 U8 U9 U10 U1 U2 U3 U4 U5 U6 U7 U8 U9 U10

1 1 1 0 0 0 0 0 0 0 0 455 163 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 455 185 0 0 0 0 0 0 0 0
3 1 1 0 0 0 0 0 0 0 0 455 313.6 0 0 0 0 0 0 0 0
4 1 1 0 0 1 0 0 0 0 0 455 361.2 0 0 25 0 0 0 0 0
5 1 1 0 0 1 0 0 0 0 0 455 381.9 0 0 25 0 0 0 0 0
6 1 1 1 0 1 0 0 0 0 0 455 396.3 130 0 25 0 0 0 0 0
7 1 1 1 0 1 0 0 0 0 0 455 436.5 130 0 25 0 0 0 0 0
8 1 1 1 1 1 0 0 0 0 0 455 368.8 130 130 25 0 0 0 0 0
9 1 1 1 1 1 0 1 0 0 0 455 455 130 130 33.7 0 25 0 0 0
10 1 1 1 1 1 1 1 0 0 0 455 455 130 130 120.1 20 25 0 0 0
11 1 1 1 1 1 1 1 1 0 0 455 455 130 130 136.9 20 25 10 0 0
12 1 1 1 1 1 1 1 1 1 0 455 455 130 130 162 57 25 10 10 0
13 1 1 1 1 1 1 1 0 0 0 455 455 130 130 128.5 20 25 0 0 0
14 1 1 1 1 1 0 0 0 0 0 455 425.9 130 130 25 0 0 0 0 0
15 1 1 1 0 1 0 0 0 1 0 455 455 130 0 61.3 0 0 0 10 0
16 1 1 1 0 1 0 0 0 0 0 455 356.6 130 0 25 0 0 0 0 0
17 1 1 1 0 1 0 0 0 0 0 455 273.9 130 0 25 0 0 0 0 0
18 1 1 1 0 1 0 0 0 0 0 455 355.3 130 0 25 0 0 0 0 0
19 1 1 1 0 1 0 0 0 0 0 455 455 130 0 29.5 0 0 0 0 0
20 1 1 1 1 1 0 0 0 1 1 455 455 130 130 91.7 0 0 0 10 10
21 1 1 1 1 1 0 0 0 0 0 455 455 130 130 29.9 0 0 0 0 0
22 1 1 0 1 1 0 0 0 0 0 455 389.9 0 130 25 0 0 0 0 0
23 1 1 0 1 0 0 0 0 0 0 455 230 0 130 0 0 0 0 0 0
24 1 1 0 1 0 0 0 0 0 0 455 166.7 0 130 0 0 0 0 0 0

Total cost = 511,680$
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Table 20 Commitment status of 20 unit thermal unit with 10% spinning reserve using hGWO-RES

Hours Committed status of generating units

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20

1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
3 1 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0
4 1 1 0 0 0 0 0 0 0 0 1 1 1 0 1 0 0 0 0 0
5 1 1 0 0 1 0 0 0 0 0 1 1 1 0 1 0 0 0 0 0
6 1 1 1 1 1 0 0 0 0 0 1 1 1 0 1 0 0 0 0 0
7 1 1 1 1 1 0 0 0 0 0 1 1 1 0 1 0 0 0 0 0
8 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
9 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 0 1 0 0 0
10 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 0
11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
13 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 0
14 1 1 1 1 1 0 1 0 0 0 1 1 1 1 1 1 1 0 0 0
15 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
16 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
17 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
18 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
19 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
20 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 0 0
21 1 1 1 1 1 1 1 0 0 0 1 1 1 0 1 1 1 0 0 0
22 1 1 1 0 1 1 1 0 0 0 1 1 0 0 0 1 1 0 0 0
23 1 1 0 0 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
24 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0

Table 21 Generation scheduling of 20 unit thermal unit with 10% spinning reserve using hGWO-RES

Hours Generation scheduling for committed generating units

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20

1 455 245 0 0 0 0 0 0 0 0 455 245 0 0 0 0 0 0 0 0
2 455 295 0 0 0 0 0 0 0 0 455 295 0 0 0 0 0 0 0 0
3 455 330 0 0 0 0 0 0 0 0 455 330 130 0 0 0 0 0 0 0
4 455 417.5 0 0 0 0 0 0 0 0 455 417.5 130 0 25 0 0 0 0 0
5 455 455 0 0 25 0 0 0 0 0 455 455 130 0 25 0 0 0 0 0
6 455 425 130 130 25 0 0 0 0 0 455 425 130 0 25 0 0 0 0 0
7 455 455 130 130 45 0 0 0 0 0 455 455 130 0 45 0 0 0 0 0
8 455 455 130 130 30 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
9 455 455 130 130 95 20 25 0 0 0 455 455 130 130 95 0 25 0 0 0
10 455 455 130 130 162 33 25 10 10 0 455 455 130 130 162 33 25 0 0 0
11 455 455 130 130 162 73 25 10 10 10 455 455 130 130 162 73 25 10 0 0
12 455 455 130 130 162 80 25 43 10 10 455 455 130 130 162 80 25 43 10 10
13 455 455 130 130 162 33 25 10 10 0 455 455 130 130 162 33 25 0 0 0
14 455 455 130 130 95 0 25 0 0 0 455 455 130 130 95 20 25 0 0 0
15 455 455 130 130 30 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
16 455 310 130 130 25 0 0 0 0 0 455 310 130 130 25 0 0 0 0 0
17 455 260 130 130 25 0 0 0 0 0 455 260 130 130 25 0 0 0 0 0
18 455 360 130 130 25 0 0 0 0 0 455 360 130 130 25 0 0 0 0 0
19 455 455 130 130 30 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
20 455 455 130 130 162 33 25 0 10 0 455 455 130 130 162 33 25 10 0 0
21 455 455 130 130 150 20 25 0 0 0 455 455 130 0 150 20 25 0 0 0
22 455 455 130 0 160 20 25 0 0 0 455 455 0 0 0 20 25 0 0 0
23 455 432.5 0 0 25 0 0 0 0 0 455 432.5 0 0 0 0 0 0 0 0
24 455 345 0 0 0 0 0 0 0 0 455 345 0 0 0 0 0 0 0 0

Overall Generation Cost = 1,125,100$
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Table 22 Wind-thermal commitment status for 20-unit test system with 10% spinning reserve using hGWO-RES algorithm

Commitment status for wind-thermal scheduling UCP

Hour U1 U2 U3 U4 U5 U6 U7 U8 U9 U10 U11 U12 U13 U14 U15 U16 U17 U18 U19 U20

1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
3 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
4 1 1 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0
5 1 1 0 0 1 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0
6 1 1 0 0 1 1 0 0 0 0 1 1 1 0 1 0 0 0 0 0
7 1 1 0 1 1 1 0 0 0 0 1 1 1 0 1 0 0 0 0 0
8 1 1 0 1 1 1 0 0 0 0 1 1 1 0 1 1 0 0 0 0
9 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 0 0 0
10 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 0 0 0
11 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 0
12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1
13 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 0
14 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 0 0 0 0 0
15 1 1 1 1 1 1 0 0 0 0 1 1 1 0 1 0 0 0 0 0
16 1 1 1 1 1 0 0 0 0 0 1 1 1 0 1 0 0 0 0 0
17 1 1 1 1 1 0 0 0 0 0 1 1 1 0 1 0 0 0 0 0
18 1 1 1 1 1 0 0 0 0 0 1 1 1 0 1 0 1 0 0 0
19 1 1 1 1 1 1 0 0 0 0 1 1 1 0 1 0 1 0 0 0
20 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 0 0 0
21 1 1 0 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 0 0
22 1 1 0 0 1 0 0 0 0 0 1 1 1 1 0 1 0 0 0 0
23 1 1 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0
24 1 1 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0

Table 23 Wind-thermal generation schedule for 20-unit test system with 10% spinning reserve using hGWO-RES algorithm

Generation scheduling for wind-thermal scheduling UCP

Hour U1 U2 U3 U4 U5 U6 U7 U8 U9 U10 U11 U12 U13 U14 U15 U16 U17 U18 U19 U20

1 455 204 0 0 0 0 0 0 0 0 455 204 0 0 0 0 0 0 0 0
2 455 240 0 0 0 0 0 0 0 0 455 240 0 0 0 0 0 0 0 0
3 455 354.3 0 0 0 0 0 0 0 0 455 354.3 0 0 0 0 0 0 0 0
4 455 428.1 0 0 0 0 0 0 0 0 455 428.1 0 0 25 0 0 0 0 0
5 455 450.95 0 0 25 0 0 0 0 0 455 450.95 0 0 25 0 0 0 0 0
6 455 455 0 0 68.15 20 0 0 0 0 455 455 130 0 68.15 0 0 0 0 0
7 455 455 0 130 48.25 20 0 0 0 0 455 455 130 0 48.25 0 0 0 0 0
8 455 455 0 130 94.4 20 0 0 0 0 455 455 130 0 94.4 20 0 0 0 0
9 455 455 130 130 61.85 20 25 0 0 0 455 455 130 130 61.85 20 0 0 0 0
10 455 455 130 130 147.55 20 25 0 0 10 455 455 130 130 147.55 20 25 0 0 0
11 455 455 130 130 162 38.95 25 10 10 0 455 455 130 130 162 38.95 25 0 0 0
12 455 455 130 130 162 80 25 15 10 10 455 455 130 130 162 80 25 15 0 10
13 455 455 130 130 151.75 20 25 10 0 0 455 455 130 130 151.75 20 25 0 0 0
14 455 455 130 130 52.95 20 0 0 0 0 455 455 130 130 52.95 0 0 0 0 0
15 455 455 130 130 40.65 20 0 0 0 0 455 455 130 0 40.65 0 0 0 0 0
16 455 333.3 130 130 25 0 0 0 0 0 455 333.3 130 0 25 0 0 0 0 0
17 455 266.95 130 130 25 0 0 0 0 0 455 266.95 130 0 25 0 0 0 0 0
18 455 345.15 130 130 25 0 0 0 0 0 455 345.15 130 0 25 0 25 0 0 0
19 455 437.25 130 130 25 20 0 0 0 0 455 437.25 130 0 25 0 25 0 0 0
20 455 455 130 130 133.35 20 0 0 0 10 455 455 130 130 133.35 20 25 0 0 0
21 455 455 0 130 112.45 20 0 0 0 0 455 455 130 130 112.45 20 25 0 0 0
22 455 442.45 0 0 25 0 0 0 0 0 455 442.45 130 130 0 20 0 0 0 0
23 455 337.5 0 0 0 0 0 0 0 0 455 337.5 0 130 0 0 0 0 0 0
24 455 255.85 0 0 0 0 0 0 0 0 455 255.85 0 130 0 0 0 0 0 0

Overall cost = 1,071,700$
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Table 24 Commitment status of 40 unit with 10% spinning reserve using hGWO-RES (considering thermal units)

Commitment status for units 1-20 for 40-generating unit system
Hour P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20
1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
3 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
4 1 1 0 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
5 1 1 0 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
6 1 1 0 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
7 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
8 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
9 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 0 0 0
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
13 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
14 1 1 1 1 1 0 1 0 0 0 1 1 1 1 1 0 1 0 0 0
15 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
16 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 1 0 0
17 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
18 1 1 1 1 1 0 0 1 0 0 1 1 1 1 1 0 0 0 0 0
19 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 1 0 0 0
20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
21 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 0
22 1 1 1 0 1 1 1 0 0 0 1 1 0 0 1 1 0 0 0 0
23 1 1 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0
24 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
Commitment status for units 21-40 for 40-generating unit system
Hour P21 P22 P23 P24 P25 P26 P27 P28 P29 P30 P31 P32 P33 P34 P35 P36 P37 P38 P39 P40
1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0
3 1 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0
4 1 1 0 0 1 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0
5 1 1 1 0 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
6 1 1 1 0 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
7 1 1 1 0 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
8 1 1 1 1 1 0 1 0 0 0 1 1 1 1 1 0 0 0 0 0
9 1 1 1 1 1 0 1 0 0 0 1 1 1 1 1 1 0 0 0 0
10 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 0
11 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 0
12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
13 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 0
14 1 1 1 1 1 0 1 0 0 0 1 1 1 1 1 1 1 0 0 0
15 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
16 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
17 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
18 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
19 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
20 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 0
21 1 1 1 1 1 1 1 0 0 0 1 1 0 0 1 1 1 0 0 0
22 1 1 0 1 1 1 1 0 0 0 1 1 0 0 0 1 1 0 0 0
23 1 1 0 0 0 1 1 1 0 0 1 1 0 0 0 0 0 1 0 0
24 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0

Optimal generation scheduling and dispatch of thermal generating units considering impact of wind penetration... 1539



Table 25 Generation scheduling of 40 unit with 10% spinning reserve using hGWO-RES (considering thermal units)

Generation scheduling for units 1-20 for 40-generating unit system
Hour P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20
1 455 245 0 0 0 0 0 0 0 0 455 245 0 0 0 0 0 0 0 0
2 455 262.5 0 0 0 0 0 0 0 0 455 262.5 0 0 0 0 0 0 0 0
3 455 362.5 0 0 0 0 0 0 0 0 455 362.5 0 0 0 0 0 0 0 0
4 455 346.25 0 130 25 0 0 0 0 0 455 346.25 0 130 25 0 0 0 0 0
5 455 357.5 0 130 25 0 0 0 0 0 455 357.5 0 130 25 0 0 0 0 0
6 455 455 0 130 27.5 0 0 0 0 0 455 455 0 130 27.5 0 0 0 0 0
7 455 455 130 130 45 0 0 0 0 0 455 455 0 130 45 0 0 0 0 0
8 455 455 130 130 56.25 0 0 0 0 0 455 455 0 130 56.25 0 0 0 0 0
9 455 455 130 130 102.5 20 25 0 0 0 455 455 130 130 102.5 20 0 0 0 0
10 455 455 130 130 162 33 25 10 10 10 455 455 130 130 162 33 25 10 0 0
11 455 455 130 130 162 73 25 10 10 10 455 455 130 130 162 73 25 10 10 10
12 455 455 130 130 162 80 25 43 10 10 455 455 130 130 162 80 25 43 10 10
13 455 455 130 130 162 33 25 10 10 10 455 455 130 130 162 33 25 10 0 0
14 455 455 130 130 100 0 25 0 0 0 455 455 130 130 100 0 25 0 0 0
15 455 455 130 130 30 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
16 455 307.5 130 130 25 0 0 0 0 0 455 307.5 130 130 25 0 0 10 0 0
17 455 260 130 130 25 0 0 0 0 0 455 260 130 130 25 0 0 0 0 0
18 455 357.5 130 130 25 0 0 10 0 0 455 357.5 130 130 25 0 0 0 0 0
19 455 453.75 130 130 25 0 0 0 0 0 455 453.75 130 130 25 0 25 0 0 0
20 455 455 130 130 162 33 25 10 10 10 455 455 130 130 162 33 25 10 0 0
21 455 455 130 130 150 20 25 0 0 0 455 455 130 130 150 20 25 0 0 0
22 455 455 130 0 115 20 25 0 0 0 455 455 0 0 115 20 0 0 0 0
23 455 422.5 0 0 0 0 25 0 0 0 455 422.5 0 0 0 0 0 0 0 0
24 455 345 0 0 0 0 0 0 0 0 455 345 0 0 0 0 0 0 0 0
Generation scheduling for units 21-40 for 40-generating unit system
Hour P21 P22 P23 P24 P25 P26 P27 P28 P29 P30 P31 P32 P33 P34 P35 P36 P37 P38 P39 P40
1 455 245 0 0 0 0 0 0 0 0 455 245 0 0 0 0 0 0 0 0
2 455 262.5 0 0 0 0 0 0 0 0 455 262.5 130 0 0 0 0 0 0 0
3 455 362.5 0 0 0 0 0 0 0 0 455 362.5 130 0 0 0 0 0 0 0
4 455 346.25 0 0 25 0 0 0 0 0 455 346.25 130 130 0 0 0 0 0 0
5 455 357.5 130 0 25 0 0 0 0 0 455 357.5 130 130 25 0 0 0 0 0
6 455 455 130 0 27.5 0 0 0 0 0 455 455 130 130 27.5 0 0 0 0 0
7 455 455 130 0 45 0 0 0 0 0 455 455 130 130 45 0 0 0 0 0
8 455 455 130 130 56.25 0 25 0 0 0 455 455 130 130 56.25 0 0 0 0 0
9 455 455 130 130 102.5 0 25 0 0 0 455 455 130 130 102.5 20 0 0 0 0
10 455 455 130 130 162 33 25 0 0 0 455 455 130 130 162 33 25 0 0 0
11 455 455 130 130 162 73 25 10 10 0 455 455 130 130 162 73 25 0 0 0
12 455 455 130 130 162 80 25 43 10 10 455 455 130 130 162 80 25 43 10 10
13 455 455 130 130 162 33 25 0 0 0 455 455 130 130 162 33 25 0 0 0
14 455 455 130 130 100 0 25 0 0 0 455 455 130 130 100 20 25 0 0 0
15 455 455 130 130 30 0 0 0 0 0 455 455 130 130 30 0 0 0 0 0
16 455 307.5 130 130 25 0 0 0 0 0 455 307.5 130 130 25 0 0 0 0 0
17 455 260 130 130 25 0 0 0 0 0 455 260 130 130 25 0 0 0 0 0
18 455 357.5 130 130 25 0 0 0 0 0 455 357.5 130 130 25 0 0 0 0 0
19 455 453.75 130 130 25 0 0 0 0 0 455 453.75 130 130 25 0 0 0 0 0
20 455 455 130 130 162 33 25 0 0 0 455 455 130 130 162 33 25 0 0 0
21 455 455 130 130 150 20 25 0 0 0 455 455 0 0 150 20 25 0 0 0
22 455 455 0 130 115 20 25 0 0 0 455 455 0 0 0 20 25 0 0 0
23 455 422.5 0 0 0 20 25 10 0 0 455 422.5 0 0 0 0 0 10 0 0
24 455 345 0 0 0 0 0 0 0 0 455 345 0 0 0 0 0 0 0 0

Overall Generation Cost = 2,255,000$
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Table 26 Generation scheduling of 40-unit with 10% spinning reserve using hGWO-RES (considering wind-thermal system)

Commitment status for units 1-20 for 40-generating unit system(wind-thermal)
Hour P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20
1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
2 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
3 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
4 1 1 1 0 1 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0
5 1 1 1 0 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
6 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
7 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
8 1 1 1 1 1 1 0 0 0 0 1 1 0 1 1 0 0 0 0 0
9 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 0 1 0 0 0
10 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 0
11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
13 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 1
14 1 1 1 1 1 0 1 0 0 0 1 1 1 1 1 0 1 0 0 0
15 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
16 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
17 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0
18 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 0 0 0 0 0
19 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 0 1 0 0 0
20 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 0 1 0 0 0
21 1 1 1 1 1 1 1 0 0 0 1 1 1 0 1 0 1 0 0 0
22 1 1 0 0 1 1 1 0 0 0 1 1 0 0 1 0 0 0 0 0
23 1 1 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0
24 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
Commitment status for units 21-40 for 40-generating unit system (wind-thermal)
Hour P21 P22 P23 P24 P25 P26 P27 P28 P29 P30 P31 P32 P33 P34 P35 P36 P37 P38 P39 P40
1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
3 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
4 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
5 1 1 0 0 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
6 1 1 0 0 1 0 0 0 0 0 1 1 1 0 1 0 0 0 0 0
7 1 1 1 0 1 0 0 0 0 0 1 1 1 0 1 1 0 0 0 0
8 1 1 1 0 1 0 0 0 0 0 1 1 1 1 1 1 0 0 0 0
9 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 0 0
10 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 0
11 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 0
12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
13 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 0
14 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 0 1 0 0 0
15 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
16 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
17 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0
18 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1 1 0 0 0 0
19 1 1 1 1 1 1 0 1 0 0 1 1 0 1 1 1 0 0 0 0
20 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 0 0
21 1 1 0 0 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1
22 1 1 0 0 1 0 1 0 0 0 1 1 1 1 0 1 1 0 0 0
23 1 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0
24 1 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0

Optimal generation scheduling and dispatch of thermal generating units considering impact of wind penetration... 1541
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Step1: Calculate the duration on and off times of all units for
the whole schedule time horizon.

Step2: set h = 1
Step3: set iteration count n = 1
Step4: if uhn ¼ 0 and uh−1n ¼ 1 and Th−1

n;on≤MUT then set
uhn ¼ 1

Step5: if uhn ¼ 0 and uh−1n ¼ 1 and h +MDT − 1 ≤ T and

ToffþMDT−1
n;off ≤MDT SET uhn ¼ 1

Step6: if if uhn ¼ 0 and uh−1n ¼ 1 and t +MDT − 1 > T and

∑H
n¼hu

h
n > 0 set uhn ¼ 1

Step7: update the time period of ON/OFF times for unit i
Step8: Do n = n + 1 return to step 4.
Step9: if h < H ; h ¼ hþ 1; return to step 3,
Step10: If condition at step 9, found false, stop.

6 Test system and standard benchmark

In order to validate the performance of the proposed
hGWO-RES algorithms, 23 benchmark functions [2] has
been taken into consideration and has been shown in
Tables 2, 3, and 4. Table 2 depicts the Unimodal
Benchmark Function, Table 3 depicts the Multi-modal
Benchmark functions and Table 4 depicts the fixed di-
mensions benchmark problems.

In order to show the efficacy of the anticipated hGWO-RES
algorithms for generation scheduling and dispatch problem, dif-
ferent types of test systems have been taken into consideration,
which includes 7-, 10-, 19-, 20- and 40-Generating Units system
[58]. The load demand pattern of 24-h are taken into consider-
ation for effective research study. In the whole research study, 30
search agents are taken into considerations and algorithm is
simulated for maximum iterations of 500.

7 Results and discussion

In order to overcome the stochastic nature of proposed
hGWO-RES algorithm and validate the results, 30 trial runs
are taken into consideration and each objective function has
been evaluated for average, standard deviation, worst and best
values. In order to validate the exploitation phase of proposed
algorithm, unimodal benchmark function F1, F2, F3, F4, F5,
F6 and F7 are taken into consideration. Table 5 shows the
solution of unimodal benchmark function using hGWO-RES
algorithm. The comparison results for unimodal benchmark
functions has been shown in Table 6, which are compared
with other recently developed metaheuristics search algo-
rithms GWO [2], PSO [55], BA [33], FPA [21], GA [85],
DA [6], BDA [6], BPSO [86] and BGSA [39] in terms of
average and standard deviation. The convergence curve andT
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trial solutions for hGWO-RES for unimodal benchmark func-
tions are shown in Figs. 5 and 6.

In order to validate the exploration phase of proposed
algorithm, the multi-modal benchmark functions F8, F9,
F10, F11, F12 and F13 are taken into consideration, as
these functions have many local optima with the number
increasing exponentially with dimension. Table 7 shows
the solution of multi-modal benchmark function using
hGWO-RES algorithm. The comparison results for multi-
modal benchmark functions has been shown in Table 8,
which are compared with other recently developed
metaheuristics search algorithms GWO [2], PSO [55],
BA [33], FPA [21], GA [85], DA [6], BDA [6], BPSO
[86] and BGSA [39] in terms of average and standard de-
viation. The convergence curve and their corresponding
trial solutions of hGWO-RES for multi-modal benchmark
functions are shown in Figs. 7 and 8.

The test results for fixed dimension benchmark prob-
lems are shown in Table 9. The comparison results for
multi-modal benchmark functions has been shown in
Tables 10 and 11, which are compared with other recently
developed metaheuristics search algorithms GWO [2],
PSO [55], BA [33], FPA [21], GA [85], DA [6], FEP
[87], GSA [35] and DE [52] in terms of average and

standard deviation. The trial solutions for fixed dimension
benchmark functions along with their convergence curve
are shown in Figs. 9 and 10.

In order to verify the performance of proposed hGWO-
RES algorithm for generation scheduling and dispatch prob-
lems, the conventional UCP and UCP considering wind pow-
er as renewable energy sources are solved and their corre-
sponding solutions are represented in Tables 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, and 28 . Table 29
depicts the optimal cost analysis for 10-generating unit sys-
tems considering wind power have been compared with re-
cently developed algorithms.

8 Conclusion

In the proposed research, a hybrid version of grey wolf opti-
mizer with random exploratory search has been presented to
solve benchmark problems and generation scheduling and
dispatch problem of electric power system with due consider-
ation of wind energy as renewable energy source. Results of
hGWO-RES has been tested for non-linear, highly
constrained, non-convex engineering design and optimization
problems, which include 23 benchmark problems and

Table 29 Comparative cost
analysis for 10-unit system con-
sidering wind power (for 10%
spinning reserve)

Method Best cost Worst cost Mean CPU time (in seconds)

QBGSA [88] 515,339.6 517,156.8 516,425.4 49

BPSO [88] 516,778.5 519,963.0 518,304.5 61

BGSA [88] 517,736.6 520,577.2 519,254.8 61

GA [89] 563,977 565,606 564,275 221

EP [90] 564,551 566,231 565,352 100

EACO [91] 563,938 565,869 564,831 –

HPSO [92] 563,942 565,785 564,772 –

BF [93] 564,842 565,872 NA 110

DBDE [94] 563,977 564,241 564,028 3.6

SGA [89] 565,943 570,121 569,042 –

PSO [89] 564,212 565,783 565,103 120

Clustering method [95] 563,938 563,976 563,945 39.6

Operational cycle based algorithm [96] 563,937.70 – 564,227 19.4

hGWO-RES [proposed method] 511,680 511,687 511,683 80.3

Table 28 Comparative cost
analysis for various test systems
(% saving in cost)

Number of units Cost of thermal system Cost of wind thermal system % Cost saving

7 (SR = 10%) 49,184 $ 42,355$ 13

10 (SR = 5%) 557,830 $ 505,520$ 9

10 (SR = 10%) 563,980$ 511,680$ 9

19 (SR = 10%) 208,690$ 200,490$ 3.9

20 (SR = 10%) 1,125,100$ 1,071,700$ 4.7

40 (SR = 10%) 2,255,000$ 2,198,400$ 2.5
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combinatorial unit commitment problem of electric power
system. Experimentally, it has been found that the exploitation
phase of the existing GWO algorithm has been improved.
Also, the authors have presented the solution of scalar objec-
tive generation scheduling and dispatch of thermal generating
units considering impact of wind power using hGWO-RES
algorithm. The results for IEEE test system consisting of 7-,
10-, 19-, 20- and 40-generating units has been evaluated, an-
alyzed for percentage cost saving and has been compared with
recently developed algorithms, while considering wind power
as a renewable energy source. Also, it is evident from analysis
that by integrating wind power source along with convention-
al thermal power system, power production cost per megawatt
is significantly reduced. Hence it is envisaged to incorporate
wind energy source to tackle price hiking problem. Moreover,
hGWO-RES accelerates the progress towards the near global
optimum point thereby enabling one to obtain improved solu-
tions with a reduced computation overhead.

Acknowledgements The authors are very thankful to Dr. Seyedali
Mirjalili for providing free access to MATLAB code of GWO algorithm
on website http://www.alimirjalili.com/GWO.html.
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