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Abstract 

Conventional unit commitment problem (UCP) consists of thermal generating units 
and its participation schedule, which is a stimulating and significant responsibility 
of assigning produced electricity among the committed generating units matter to 
frequent limitations over a scheduled period view to achieve the least price of power 
generation. However, modern power system consists of various integrated power 
generating units including nuclear, thermal, hydro, solar and wind. The scheduling 
of these generating units in optimal condition is a tedious task and involves lot of 
uncertainty constraints due to time carrying weather conditions. This difficulties come 
to be too difficult by growing the scope of electrical power sector day by day, so that 
UCP has connection with problem in the field of optimization, it has both continu-
ous and binary variables which is the furthermost exciting problem that needs to be 
solved. In the proposed research, a newly created optimizer, i.e., Harris Hawks optimizer 
(HHO), has been hybridized with sine–cosine algorithm (SCA) using memetic algorithm 
approach and named as meliorated Harris Hawks optimizer and it is applied to solve 
the photovoltaic constrained UCP of electric power system. In this research paper, 
sine–cosine Algorithm is used for provision of power generation (generating units 
which contribute in electric power generation for upload) and economic load dispatch 
(ELD) is completed by Harris Hawks optimizer. The feasibility and efficacy of operation 
of the hybrid algorithm are verified for small, medium power systems and large system 
considering renewable energy sources in summer and winter, and the percentage of 
cost saving for power generation is found. The results for 4 generating units, 5 generat-
ing units, 6 generating units, 7 generating units, 10 generating units, 19 generating 
units, 20 generating units, 40 generating units and 60 generating units are evaluated. 
The 10 generating units are evaluated with 5% and 10% spinning reserve. The efficacy 
of the offered optimizer has been verified for several standard benchmark problem 
including unit commitment problem, and it has been observed that the suggested 
optimizer is too effective to solve continuous, discrete and nonlinear optimization 
problems.

Keywords: Meta-heuristics, Harris Hawks optimizer, Unit commitment problem (UCP), 
Profit-based UCP, Economic load dispatch (ELD)
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Introduction
Machine learning and artificial intelligence and so many problems are related to real 
world which have continuous and discrete behavior and constrained and unconstrained 
in nature. For this kind of attributes, there are a few challenges to handle a few sorts of 
issues utilizing traditional methodologies with scientific techniques [1]. A few sorts of 
research have tried that these all strategies are insufficient viable or effective to bargain 
numerous kinds of non-continuous problem and non-differentiable problem and fur-
thermore in such huge numbers of real-world problem. In this way, meta-heuristic algo-
rithm is considered and it is used to handle such a significant number of problems which 
are generally basic in nature and easily executed. Nowadays, the recent developed opti-
mizer is Harris Hawks optimizer [HHO] [2]. Original version of Harris Hawks optimizer 
(HHO) had highlights that can in any case be improved as it might insight convergence 
problems or may effectively get caught in neighborhood optima [3]. Many variants had 
been developed which are discussed in Table 1 (a), which are used to improve or upgrade 
the existing HHO, so that the efficiency of the optimization techniques will be enhanced 
[4]. The procedure of optimization technique is proceeded till this can fulfill the most 
extreme iteration. In the present days, developing mindfulness and enthusiasm for effec-
tive, economical and fruitful utilization of such kinds of meta-heuristic calculation is 
under current examination. Modified version of existing algorithm was also upgraded 
by mutation to solve the real-world optimization problem also [5]. Nonetheless, after no 
free lunch theorem (NFL) [6], wide range for optimization dependent through enhance-
ment methods prescribed and showed normal equal execution on the off chance that it 
is applied to every likely sort of errands dependent on optimization technique [7].

In the recent year, the electrical power sector is classified as huge proportions, vastly 
interconnected and highly nonlinear as dimension of electric power system is rising con-
tinuously due to huge electrical power demand in all the essential segment like commer-
cial, agriculture, residential and industrial region. On electricity grid, the influence of 
overloading occurs due to rising the propensities in electrical load demand, privatization 
and deregulation taking place on electrical grids. For this condition, it needs progress 
of electric grid as the same step, as the rise in electric load demand and efficient power 
generation scheduling and commitment has the ability to regulate the time varying elec-
trical load demand which is run for utilization of available grid [8]. Nowadays, recent 
power sector has some various sources of electrical power locations containing hydro-, 
thermal and nuclear power generation system; during a whole day, the electric power 
demand fluctuates with various peak values [9]. Thus, it is essential to determine that 
power generating units should be turned on, when necessary in power system network 
and the preparation or order in which the generating unit should kept in turn off condi-
tion is by considering the efficiency of cost for turn on and shut down for the respec-
tive power generating units. The whole procedure of constructing these assessments is 
known as unit commitment (UC) [10].

The main novelty of the proposed research work includes the hybrid variant of Har-
ris Hawks optimizer, i.e., hybrid Harris Hawks–Sine–Cosine algorithm (hHHO-SCA) 
has been developed. The exploration phase of the existing Harris Hawks optimizer has 
been improved. A recently invented hybridized optimizer using memetic algorithm 
approach is used to solve unit commitment problem of power system. This paper offers 
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Table 1 (a) Assessment of  several heuristics and  meta-heuristics search optimization 
techniques. (b) Literature survey of unit commitment. (c) Literature survey of wind power 
uncertainty. (d) Literature survey of solar uncertainty

Reference Nos. Year 
of publication

Main findings or conclusion 
relevant to proposed research 
work

Algorithm name

(a)

[77] 2020 mGWO optimizer was designed 
to get suitable balance between 
exploration and exploitation 
phases. It was tested on IEEE CEC 
2017 and IEEE CEC 2014 standard 
functions. And it is also verified on 
engineering design problem in 
real-world and multilevel thresh-
olding problems

Memory-based Gray Wolf Optimizer 
[mGWO]

[1] 2020 MG-SCA optimizer was imple-
mented to solve optimization 
problems. It was verified on stand-
ard IEEE CEC 2014 benchmark 
functions to check the efficiency 
of this algorithm

Memory-Guided Sine–Cosine Algo-
rithm [MG-SCA]

[78] 2020 Orthogonally designed Adapted 
Grasshopper Optimization was 
designed to solve optimization 
problem. It was tested on 30 IEEE 
CEC2017 benchmarks to find 
effectiveness of the meta-heuristic 
algorithm

Orthogonally designed Adapted 
Grasshopper Optimization [OAGO]

[79] 2020 A smart meta-heuristic algorithm 
was implemented to solve engi-
neering design problems and it 
was tested on 15 benchmark on 
CEC 2015 by Wilcoxon’s test and 
statistical analysis.

Smart Flower Optimization Algorithm 
[SFOA]

[80] 2020 Hybrid PSO and GWO algorithm was 
designed to solve global optimiza-
tion problem

Hybrid Crossover-Oriented PSO and 
GWO [HC-PSOGWO]

[81] 2020 Imperialist Competitive Learner-
Based Optimization was imple-
mented to solve engineering 
design problem

Imperialist Competitive Learner-Based 
Optimization [ICLBO]

[82] 2020 Barnacles Mating Optimizer was 
designed to solve the problem 
related to engineering optimiza-
tion

Barnacles Mating Optimizer [BMO]

[83] 2020 Equilibrium Optimizer was created 
to solve optimization problems 
and it was test on 58 unimodal, 
multimodal, and composition 
functions and three engineering 
problems

Equilibrium Optimizer [EO]

[84] 2020 Improved Fitness-Dependent Opti-
mizer Algorithm was designed and 
tested on CEC2019 to validate its 
feasibility to real-world problem

Improved Fitness-Dependent Opti-
mizer Algorithm [IFDOA]

[85] 2020 Spotted Hyena Optimizer based on 
swarm based optimization in the 
area of meta-heuristic research to 
improve the exploratory search

Spotted Hyena Optimizer [SHO]

[86] 2020 Improved Whale Optimization Algo-
rithm was designed with using the 
mechanism of joint search to solve 
the global optimization problems

Improved Whale Optimization Algo-
rithm [IWOA]
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Table 1 (continued)

Reference Nos. Year 
of publication

Main findings or conclusion 
relevant to proposed research 
work

Algorithm name

[87] 2020 Multi-Strategy Enhanced Sine–
Cosine Algorithm was calculated 
to engineering design problem in 
real world and improve the global 
optimization

MSESCA

[88] 2020 Refined Selfish Herd Optimizer was 
designed to solve global optimiza-
tion problem

Refined Selfish Herd Optimizer [RSHO]

[89] 2020 Hybrid Harris Hawks optimizer com-
bined with SCA was implemented 
to get solutions of numerical 
and engineering optimization 
problems

Intensify Harris Hawks Optimizer 
[IHHO]

[75] 2019 GLF–GWO was implemented 
with leadership-based quality 
to solve the global optimization 
problem. The leadership quality 
was improved by Levy flight (LF) 
searching techniques. It was 
tested on standard benchmark 
functions including IEEE CEC 2006 
and IEEE CEC 2014.

leadership quality was improved by 
Levy flight (LF) search and Gray Wolf 
Optimizer [GLF–GWO]

[76] 2019 GWO optimizer had been modified 
with DE to avoid trapped in local 
optima and solve optimization 
problems. It was verified on 23 
standard benchmarks

Greedy differential evolution—Gray 
Wolf Optimizer [gDE-GWO]

[90] 2019 A novel meta-heuristic optimizer, 
Artificial Ecosystem-Based Opti-
mization was implemented to 
resolve the problem related with 
unidentified search space

Artificial Ecosystem-Based Optimiza-
tion [AEBO]

[91] 2019 Incremental Gray Wolf Optimizer 
and Expanded Gray Wolf Opti-
mizer were the improved version 
of GWO which used to get solu-
tion for the global optimization 
problem

Incremental Gray Wolf Optimizer 
and Expanded Gray Wolf Optimizer 
[I-GWO and Ex-GWO]

[92] 2019 Life Choice-Based Optimizer was 
considered to resolve optimization 
problems and it was tested on six 
CEC-2005 functions

life Choice-Based Optimizer [LCBO]

[93] 2019 Multi-objective technique was 
invented to get solutions of the 
problem related to truss method

Multi-objective Heat Transfer Search 
Algorithm [MHTSA]

[94] 2019 Simplified Salp Swarm Algorithm 
was created to resolve the 
optimization problem and it was 
verified on 23 common bench-
mark to check the feasibility of this 
technique

Simplified Salp Swarm Algorithm 
[SSSA]

[95] 2019 New method was designed and 
tested on 28 numbers of standard 
benchmark problem to solve 
global Optimization problems

Self-adaptive differential artificial bee 
colony algorithm [SA-DABC]
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Table 1 (continued)

Reference Nos. Year 
of publication

Main findings or conclusion 
relevant to proposed research 
work

Algorithm name

[73] 2018 Modified SCA technique was devel-
oped by opposition-based learn-
ing and added the self-adaptive 
factor to solve the global optimiza-
tion problem in real world. It was 
verified on 23 standard bench-
marks and IEEE CEC 2014 standard 
test functions

Modified Sine–Cosine Algorithm 
[m-SCA]

[74] 2018 SCA algorithm was improved with 
crossover scheme to develop the 
capability of exploitation to real-
world solve optimization problem. 
It was tested on standard IEEE 
CEC 2014 and IEEE CEC 2017 test 
functions

Improved Sine–Cosine Algorithm 
[ISCA]

References Year 
of publication

Indexing of journal 
(Scopus/SCI index etc.)

Main findings 
or conclusion relevant 
to proposed research 
work

Remarks

(b)

[96] 2019 Science Citation Index 
expanded

Comparative presenta-
tions on some bench-
mark instances were 
analyzed

Optimization of UCP were 
solved including wrap-
around scheduling and 
ramp-rate constraint

[97] 2019 Science Citation Index IEEE-9 bus system was 
applied to experi-
ment the capability of 
technique considering 
different objectives

Resolution of optimum 
electric power flow 
based on mutual reac-
tive and active cost by 
particle swarm optimiza-
tion [PSO]

[98] 2019 Science Citation Index 4th, 5th, 6th, 7th, 10th, 
19th, 20th and 40th 
gen. units test systems 
were used to solve UCP 
optimization problem.

An optimum forceful 
generation scheduling 
by sine cosine algorithm 
[SCA]

[99] 2019 Science Citation Index Framework: Quantum 
Inspired Binary Gray 
Wolf Optimizer was 
designed to solve UCP

FQIBGWO

[100] 2019 Scopus An Improved DA-PSO 
Optimization used to 
solve UCP and the 5th, 
6th, 10th, and 26th 
gen. units test systems 
were applied to check 
the efficacy of the sug-
gested research work

Dragonfly algorithm was 
joined with particle 
swarm Optimization 
[DA-PSO]

[101] 2018 Science Citation Index Hybrid GWO combined 
with RES technique 
was designed to solve 
UCP and it had been 
tested on standard 23 
benchmark problems 
and 7th, 10th, 19th, 
20th and 40th systems 
taken to validate the 
effectiveness of the 
planned method

Hybrid Gray wolf optimizer 
combined with random 
exploratory search tech-
nique [hGWO-RES]



Page 6 of 73Nandi and Kamboj  Journal of Electrical Systems and Inf Technol             (2021) 8:5 

Table 1 (continued)

References Year 
of publication

Indexing of journal 
(Scopus/SCI index etc.)

Main findings 
or conclusion relevant 
to proposed research 
work

Remarks

[102] 2017 Scopus Gravitational Search 
Algorithm was 
designed to solve UCP 
and the viability of the 
suggested method 
was tested on tested 
on 10-generating unit 
system later extended 
up to 40-generating 
unit test system with 
24 -h time horizon

Gravitational Search Algo-
rithm [GSA]

[103] 2016 Scopus SFLA was created 
for short duration 
optimum schedule of 
thermal power gen-
eration units including 
prohibited

Shuffled Frog Leaping 
Algorithm [SFLA]

Operational zone (poz) 
constraints and emis-
sion limitation

[104] 2016 Scopus 4-, 10-, 20-, 40-, 80-, 
100-unit systems were 
applied to check effec-
tiveness of research 
work

Advanced 3-stage method 
to solve the UCP

[105] 2016 Scopus 10 generating units 
considering 24-h test 
system was used to 
check the effectiveness 
of the research work

Fireworks Algorithm [FA]

[106] 2016 Science Citation Index The suggested memetic 
algorithm was veri-
fied for standard IEEE 
benchmark containing 
of 4th, 10th, 20th and 
40th power generat-
ing unit

Harmony Search [HS]

[107] 2016 Scopus WIC-PSO was designed 
to solve UCP and effi-
cacy and viability of the 
suggested technique 
were verified on system 
considering and not 
including additional 
pumped storage plant.

Weighted-Improved Crazy 
Particle Swarm Optimiza-
tion [WIC-PSO]

[108] 2015 Scopus PSO was useful to reduce 
total operating price 
and exploit total ben-
efit. Here 12 scenarios 
had been measured in 
the existence of battery 
banks and without 
them in 2 operating 
modes: grid-connected 
mode and stand-alone 
mode

Here-and-Now [HN] 
approach in battery 
banks (BBs)
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Table 1 (continued)

References Year 
of publication

Indexing of journal 
(Scopus/SCI index etc.)

Main findings 
or conclusion relevant 
to proposed research 
work

Remarks

[106] 2015 Science Citation Index Hybrid HS–random 
search technique was 
invented to resolve 
single-area UCP and 
the suggested method 
had been verified on 
standard IEEE systems 
containing of 4th, 10th, 
20th and 40th units to 
check the efficacy of 
the method.

Hybrid Harmony Search–
Random Search algo-
rithm [hHS-RES]

[109] 2015 Science Citation Index 
expanded

Demand Response Based 
approach including 
ramp rate constraints 
was designed to solve 
large scale UCP

Demand response [DR]

[110] 2015 Science Citation Index A hybrid DE–RS optimiza-
tion technique was 
designed to solve unit 
commitment problem 
and it was tested 
on IEEE benchmark 
systems consisting of 4 
unit, 10 unit, 20th and 
40th test systems

hybrid DE–Random Search 
[hDE-RS]

[111] 2015 Science Citation Index A new hybrid PSO–GWO 
method was imple-
mented to solve UCP 
and it was tested on 
30-bus system, 14-bus 
system and 10th power 
generation model

hybrid PSO–GWO

[112] 2015 Science Citation Index 
expanded

56 MW 1 gas turbine and 
1 steam turbine, 2L 2 
gas turbines, 530 MW 
and 1 steam turbine 
and 530 MW, 1 steam 
turbine and 3LR—2 
gas turbines were 
considered to examina-
tion the viability of the 
research

The proposed research 
work analyzed the signifi-
cance of certain design 
including construction.

[113] 2015 Science Citation Index 10th power gen. unit was 
considered to checked 
the efficacy of the 
research

Distributed power systems 
(DPSs) with IRESs

[114] 2015 Scopus 3rd and 8th gen. units 
were considered to 
check the efficacy of 
the research as taken 
for the wind power 
predicting errors.

Fuzzy Chance-Constrained 
Program [FCCP]

[115] 2015 Science Citation Index 
expanded

10, 20 ,30, 40, 60, 80,100 
unit system were 
applied to check effec-
tiveness of research 
work

Binary Artificial Bee Colony 
Algorithm [BABCA]
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Table 1 (continued)

References Year 
of publication

Indexing of journal 
(Scopus/SCI index etc.)

Main findings 
or conclusion relevant 
to proposed research 
work

Remarks

[116] 2014 Scopus Improved Shuffled Frog 
Leaping procedure was 
considered to solve 
UCP considering a 
constrained including 
multi objective com-
bined emission

Improved Shuffled Frog 
Leaping Algorithm 
[ISFLA]

[117] 2014 Science Citation Index To authenticate the 
viability and efficacy of 
the submitted method 
(BGSA) to solve UCP, 
the suggested BGSA 
was verified on dissimi-
lar systems size created 
on basic systems of 
10th gen. unit, 20th, 
40th, 60th, 80th and 
100th gen. unit

BGSA with the Lambda-
Iteration technique was 
applied and the data 
regarding system load 
and wind power predic-
tion were collected

[117] 2014 Science Citation Index Model of thermal UCP 
with wind power addi-
tion was recognized 
and constrain program-
ming was useful to 
mimic the special 
belongings of wind 
power variation.

Founds TUCPW model

[118] 2014 Science Citation Index 
expanded

Validate the ability of 
used the algorithm to 
solve the UCP, it was 
applied on a 10-, 20-, 
40-, 60-, 80- and 100 
unit systems

Dynamic technique for 
probabilistic charge of 
power generator inac-
cessibility was planned

[119] 2013 Science Citation Index Cuckoo Search Algorithm 
was implemented to 
solve UCP and model 
power system includ-
ing 10 power plant 
with generating units 
had been used in this 
study

Cuckoo Search Algorithm 
[CSA]

[120] 2013 Science Citation Index Classical model of the 
Dynamic Combined 
Economic–environ-
mental was imple-
mented for optimum 
power generation 
scheduling in the 
electricity market with 
consideration of 
availability of power 
generation units

Multi-objective-based 
Genetic Algorithm

[121] 2012 Scopus 10,20,40,60,80,100 unit 
test system were used

Variable Neighborhood 
Search [VNS]
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Table 1 (continued)

References Year 
of publication

Indexing of journal 
(Scopus/SCI index etc.)

Main findings 
or conclusion relevant 
to proposed research 
work

Remarks

[122] 2012 Science Citation Index Shuffled Frog Leap-
ing Algorithm was 
designed to solve UCP. 
To validate the enact-
ment of the suggested 
method was useful for 
standard IEEE 14-, 30-, 
56-, 118-slandered bus 
and 10th gen. test unit, 
20th gen. test unit for 
1-day forecast period

Shuffled Frog Leaping 
Algorithm [SFL]

(c)

[123] 2018 Scopus Multi-objective GA 
method was invented 
to find optimal solution 
for UCP including low-
est emission.

Multi-objective GA was 
used and data regarding 
load demand consider-
ing renewable energy 
schedule are collected 
from the proposed 
research work.

[124] 2018 Science Citation Index FCUCP technique was 
designed to solve 
UCP considering wind 
power generation 
including ramp limit

Frequency-Constrained 
Unit Commitment Prob-
lem [FCUCP] was used to 
solve UCP and Forecast 
wind power data are col-
lected for day ahead

[125] 2018 Science Citation Index 
expanded

ABC-CSA for cost 
assessment consider-
ing wind power were 
implemented and 
the effectiveness had 
been tested in IEEE 30 
buses of six genera-
tor test systems with 
10-generating unit test 
systems

Artificial Bee Colony 
and Cuckoo Search 
Algorithm [ABC-CSA] 
were applied and cost 
estimated data were 
collected

[126] 2016 Scopus MTLBO technique was 
invented to solve UCP 
by using standard IEEE 
ten-unit test system 
and 26-unit reliability 
test system

Modified Teaching–Learn-
ing-Based Optimization 
algorithm [MTLBO]

[127] 2016 Science Citation Index 
expanded

MDE method was useful 
to solve unit commit-
ment problematic 
considering impact of 
plug-in EVs

Modified Differential Evolu-
tion [MDE]

[128] 2016 Science Citation Index BASA technique was 
implemented to solve 
unit commitment 
problem including 
renewable energy 
sources and hydro 
electric energy pump 
storage

BASA was used and data of 
forecasted wind power 
and photovoltaic power 
has been collected from 
the proposed research 
work

[129] 2016 Scopus IEEE 118-bus test system 
with 54 power gen-
erating units used to 
validate the proposed 
method

Artificial Computational 
Intelligence [ACI] was 
used
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Table 1 (continued)

References Year 
of publication

Indexing of journal 
(Scopus/SCI index etc.)

Main findings 
or conclusion relevant 
to proposed research 
work

Remarks

[130] 2015 Science Citation Index The proposed research 
work had been imple-
mented about the col-
lective and individual 
impact of 3 DERs, 
including generation 
for wind power, EDRP 
and PEV on unit com-
mitment.

Data regarding energy 
price and hourly electric-
ity demand considering 
hourly electric vehicle 
power in charging and 
discharging mode were 
collected

[114] 2015 Scopus A fuzzy technique was 
used to solve UCP has 
taken load demand 
retort, EVs and wind 
power

Data collection for load 
demand considering 
wind power

[131] 2015 Science Citation Index The proposed research 
work was implemented 
to find out the PDF of a 
resolute commitment 
of power generators 
or not.

Priority List (PL) method

[132] 2014 Science Citation Index The proposed research 
method was used to 
solve UCP including 
pumped hydro energy 
storage and wind 
power

Constraints of pumped 
storage power plant 
were collected

[117] 2014 Science Citation Index To authenticate the 
viability and efficacy of 
the submitted method 
(BGSA) to solve UCP, 
the recommended 
method was verified 
on various system

BGSA with the Lambda-
Iteration method was 
applied and the data 
regarding system load 
and wind power predic-
tion were collected

[133] 2013 Scopus LR-PSO Method was 
designed to solve 
scheduling of power 
generation problem 
for thermal, wind-solar 
system for deregulated 
electrical power system

LR-PSO Method

(d)

[134] 2018 Science Citation Index Optimum scheduling 
for unit commitment 
problem considering 
photovoltaic insecurity 
and suitable power 
of EVs and output 
showed the reduction 
of production cost and 
improved load flow.

Collection of data regard-
ing hourly evidence of 
solar power on the day 
of summer and winter 
day. Also collected data 
for UC without PV, UC 
with PV and PEV, PEV and 
UC with PEV.

[135] 2018 Science Citation Index Priority-based method 
was designed to solve 
stochastic UCP consid-
ering parking lot coop-
eration and renewable 
energy sources

Priority-based method
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Table 1 (continued)

References Year 
of publication

Indexing of journal 
(Scopus/SCI index etc.)

Main findings 
or conclusion relevant 
to proposed research 
work

Remarks

[136] 2018 Scopus Dynamic programming 
technique was used 
to discover realistic 
conditions of power 
generating units, while 
consecutive quad-
ratic programming 
algorithm was applied 
for ELD of committed 
gen. units

Energy storage facilities 
[ESF]

[137] 2017 Science Citation Index Cooperative Multi-Swarm 
PSO was used to solve 
UCP under Photovol-
taic Generation includ-
ing day-ahead prices

Cooperative Multi-Swarm 
PSO

[138] 2016 Science Citation Index Addition of renew-
able energy, power 
generation indecisions 
into stochastic nature 
of unit commitment 
considering risk and 
reserve

SCUC 

[139] 2016 Science Citation Index The proposed method 
was invented to solve 
UCP considering pres-
ence of discontinuous 
renewable energy 
resources

Proposed research work 
helps to gain knowledge 
about the benefits of the 
present methodologies 
avoiding the obtainable 
weaknesses

[140] 2016 Science Citation Index 
expanded

Proposed research work 
was designed to solve 
UCP considering solar 
power system. IEEE 39 
bus system and fore-
casted solar radiation 
with 24 h load demand 
had been taken to 
validate

Collection of data regard-
ing solar irradiance data 
for 150 MW power plant

[141] 2015 Scopus The proposed research 
work was based on 
function approxima-
tion methodology of 
reinforcement learning 
to solve UCP with 
photovoltaic energy 
sources

The research work pro-
posed a Neural Network 
based Reinforcement 
Learning method [NNRL]

[113] 2015 Science Citation Index 10th generating power 
systems unit was 
applied to check the 
efficacy of the research

A whole computational 
outline of addition con-
sidering quantification of 
vacillations in DPSs with 
IRESs

[142] 2014 Science Citation Index BRCFF technique was 
implemented to solve 
security-constrained 
UCP considering solar 
power

Binary Real Coded Firefly 
(BRCFF)

[143] 2008 Scopus GA functioned PSO 
method was designed 
to solve UCP consider-
ing wind and solar 
Energy Systems

[GA-PSO] Genetic Algo-
rithm operated Particle 
Swarm Optimization
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the resolution of unit commitment optimization problems of the power system by using 
the hybrid algorithm, as UCP is linked optimization as it has both binary and continu-
ous variables; the strategy adopted to tackle both variables is different. In this paper, the 
proposed sine–cosine algorithm searches allocation of generators (units that partici-
pate in generation to take upload) and once units are decided, allocation of generations 
(economic load dispatch) is done by Harris Hawks optimizer. The feasibility and efficacy 
of operation of the hybrid algorithm are verified for small, medium power systems and 
large system considering renewable energy sources in summer and winter and the per-
centage of cost saving for power generation is found. The results for 4 generating units, 5 
generating units, 6 generating units, 7 generating units, 10 generating units, 19 generat-
ing units, 20 generating units, 40 generating units and 60 generating units are evaluated. 
The 10 generating units are evaluated with 5% and 10% spinning reserve.

Survey of literature
In the field of research area, the optimization method is the vastest region of research 
through which the research works are effectively moving forward. Nowadays, research-
ers are working with multiple works for various problems using different techniques and 
they are capable of measuring the output successfully. To discover the new algorithms, 
the research work is on successfully running condition and to mitigate the drawbacks of 
present existing techniques.

Some of the research works in the field of optimization include ant colony optimiza-
tion (ACO) algorithm [11], ant lion optimizer (ALO) [12], adaptive gbest-guided search 
algorithm (AGG) [13], bat algorithm (BA) [14], biogeography-based optimization (BBO) 
[15], branch and bound (BB) [16], binary bat algorithm (BBA) [17], bird swarm algo-
rithm (BSA) [18], bacterial foraging optimization algorithm (BFOA) [19], backtrack-
ing search optimization (BSO) [20], and binary gravitational search algorithm (BGSA) 
[21], colliding bodies optimization (CBO) [22], cuckoo search algorithm (CS) [23], cha-
otic krill herd algorithm (CKHA) [24], cultural evolution algorithm (CEA) [25], drag-
onfly algorithm (DA) [26], dynamic programming (DP) [27], earthworm optimization 
algorithm (EOA) [28], elephant herding optimization (EHO) [29], electromagnetic field 
optimization (EFO) [30], exchange market algorithm (EMA) [31], forest optimization 
algorithm (FOA) [32], fireworks algorithm (FA) [33], flower pollination algorithm (FPA) 
[34], gravitational search algorithm (GSA) [35], genetic algorithm (GA) [36], firefly algo-
rithm (FFA) [37], grasshopper optimization algorithm (GOA) [38], gray wolf optimizer 
(GWO) [39], human group optimizer (HGO) [40], Hopfield method [41], interior search 
algorithm (ISA) [42], imperialist competitive algorithm (ICA) [43], krill herd algorithm 
(KHA) [44], invasive weed optimization (IWO) [45], lightning search algorithm (LSA) 
[46], league championship algorithm (LCA) [47], multi-verse optimizer (MVO) [48], 
mixed integer programming (MIP) [49], mine blast algorithm (MBA) [50], moth-flame 
optimization (MFO) [51], simulated annealing (SA) [52], monarch butterfly optimiza-
tion (MBO) [53], particle swarm optimization (PSO) [54], random walk gray wolf opti-
mizer (RW-GWO) [55], optics inspired optimization (OIO) [56], runner-root algorithm 
(RRA) [57], sine–cosine algorithm (SCA) [58], shuffled frog-leaping algorithm (SFLA) 
[59], stochastic fractal search (SFS) [60],seeker optimization algorithm (SOA) [61], 
teaching–learning-based optimization (TLBO) [62], symbiotic organisms search (SOS) 
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[63], search group algorithm (SGA) [64], salp swarm algorithm (SSA) [65], and whale 
optimization algorithm (WOA) [66], weighted superposition attraction (WSA) [67], 
virus colony search (VCS) [68], water wave optimization (WWO) [69], Tabu search (TS) 
[70], water cycle algorithm (WCA) [71], wind-driven optimization (WDO) [72], modi-
fied sine–cosine algorithm [m-SCA] [73], and improved sine–cosine algorithm [ISCA] 
[74]. Leadership quality was improved by Levy flight (LF) search and gray wolf optimizer 
[GLF–GWO] [75], greedy differential evolution–gray wolf optimizer [gDE-GWO] [76], 
memory-based gray wolf optimizer [mGWO] [77], and memory-guided sine–cosine 
algorithm [MG-SCA] [1].

Faisal Rahiman Pazheri et  al. presented scheduling of power station with energy 
storage facility. Utilities of power are stimulated by converting the present conven-
tional power plant into hybrid power plant by installing available energy storage 
facilities and renewable electric power unit to come across the sudden increase in 
the power demand. Facility of energy storage maintains a level of the penetration of 
renewable power to 10% of required load demand throughout the period of opera-
tion for hybrid power plant [136]. Chandrasekaran et  al. proposed FF algorithm to 
get solution of the SUC problem for thermal/solar power sector considering issues 
regarding smart grid. The research paper included some critical review on reliable 
impacts of major resources of smart grid considering demand response (DR) and 
solar energy. Thus, it was essential to implement method for an integration of thermal 
and solar generating system [144]. Selvakumar et al. implemented a new strategy for 
solving unit commitment problem for thermal units integrated with solar energy sys-
tem. There would be changes in the cost of power generation considered solar energy. 
The main objective was reduction of total production price for the electricity gener-
ating unit, and this paper also explained the variances by considering solar energy 
and non-considering the solar power [140]. Senjyu et  al. proposed a new method 
using genetic algorithm operated PSO to solve the thermal UCP considering wind 
and solar energy system. This method was able to minimize production cost and pro-
duce high-quality solutions [143]. Ma et al. discussed about appliances scheduling via 
cooperative multi-swarm PSO under photovoltaic (PV) generation and day-ahead 
prices. This research work studied about the problem including scheduling appliances 
in residential system unit. The model of an appliance-scheduling was established for 
home energy management system which was based on day-ahead electricity price and 
PV generation [137]. Abujarad et al. discussed a review on current methods for com-
mitment of generating unit in existence of irregular renewable energy resource [139]. 
Maryam Shahbazitabar and Hamdi Abdi implemented a new priority-based sto-
chastic unit commitment as parking lot cooperation and renewable energy sources. 
This paper discussed about the fastest nature of heuristic method which was estab-
lished on list of priority selections to get solution for stochastic nature of the problem 
related to unit commitment and useful to simple 10 unit systems where the study was 
addition considering electrical vehicles parking allocation considering wind farm and 
solar farm over 24-h time horizon [135]. Quan et al. proposed a comparative review 
on integrated renewable energy generation uncertainties which were captured by 
list of prediction intervals, into stochastic unit commitment considering reserve and 
risk [138]. Jasmin et al. implemented an optimization technique about reinforcement 
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learning to solve unit commitment problem considering photovoltaic sources. For 
stochastic behavior of the associated power and solar irradiance, the arrangement of 
the different types of power generating sources considering solar energy turned to be 
an optimization problem stochastic in nature. This paper discussed about the opti-
mization technique and reinforcement learning that can provide uncertainty of the 
environment of the nature which is very effective [141]. Saniya Maghsudlu and Sirus 
Mohammadi proposed a method to solve the problem in optimum schedule of com-
mitment unit as appropriate control of EVs and PV uncertainty. The meta-heuristic 
approach, cuckoo search algorithm, was developed by greatest convergence speed 
to attain the optimal solution and get solution of UCP. The research discussed about 
case study of IEEE 10 unit system which was used to examine the impact of PV and 
PEVs on scheduling of generating unit [134].

Problematic design
The generating power is distributed along with utilities of generator scheduling which 
will meet the time varying load demand for a specific time period known as unit com-
mitment problem (UCP). The main objective of UCP is minimization of the overall cost 
for production considering different system constraints. The overall costs of production 
including sum of shutdown cost and start-up cost, cost of fuel are given below:

The total cost of fuel over the scheduled time span ‘t’ is:

Here, cost for fuel Fcostn(Pnt) is stated as quadratic design that is mostly worked by 
researchers, also named as equation of convex function.

The cost of fuel of (n) unit at (t) hour can be mathematically represented as an equa-
tion which is given below:

where An , Bn and Cn are represented as coefficients of cost that may expressed as $/h, $/
MWh, and $/MWh2 correspondingly.

Start-up cost can mathematically be represented by step function which is given 
below:

(1)min(TFC) =

H
∑

t=1

N
∑

n=1

{

Fcostn(Pnt)+ SUCn,t + SDCnt

}

(2a)TFC =

T
∑

t=1

NU
∑

n=1

[

Fcost ×Un,t + SUCn,t(1−Un,(t−1))×Un,t

]

(2b)TFC =

T
∑

t=1

NU
∑

n=1

[(AnP
2
n + BnPn + Cn)×Un,t + SUCn,t(1− Un,(t−1))×Un,t ]

(3)Fcost(Pn) = AnP
2
n + BnPn + Cn

(4)

SUCn,t ==

{

HSUn; for TDW
n ≤ TUP

n ≤ (TDW
n + TCOLD

n )

CSUn; for TUP
n > (TDW

n + TCOLD
n )

(n ∈ NU; t = 1, 2, 3, . . . ,T )
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Usual value of the shutdown cost for standard system is denoted as zero, and this can 
be established as fixed cost followed by the equation number (5).

where K is represented as incremental cost for shutdown.
It is subjected through some constraints followed by (1) system constraints and (2) 

unit constraints.

Constraints for system

System constrains are interrelated with all generating unit existing in the systems. The 
systems constrains are characterized into two types like:

Power balance or load balance constraints
In power system, the constraint including power balance or load balance is more 

important parameter consisting of summation of whole committed generating unit at 
tth time span which must be larger than or equivalent to the power demand for the par-
ticular time span ‘t’

Spinning reserve (SR) constraints
Reliability of the system can be considered as facility of extra capability of power gen-

eration that is more important to deed instantly when failure occurred due to sudden 
change in load demand for such power generating unit which is already running. The 
extra capability of power generation is recognized as spinning reserve which is exactly 
represented as (Fig. 1):

Constraints for power generating unit

The specific constraints related to particular power generating unit existing in the systems 
are called generating unit constraint which are given as:

Thermal unit constraints

Thermal power units are controlled manually. This type of unit needs to undertake the 
change of temperature gradually, so it takes certain time span to take the generating unit 
accessible. Some crew members are essential to execute the maintenance and procedure of 
some thermal power generating units.

Minimum up time

This constraint is defined here as the minimum period of time previously the unit can be 
start over when the unit has already been shut down which is mathematically defined as:

(5)SDCnt = KPnt

(6)
NU
∑

n=1

Pn,t ×Un,t = PDn.

(7)
NU
∑

n=1

PMAX
n,t ×Un,t ≥ PDt + SRt .
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where TON
n,t  is defined as interval through which the generating unit n is constantly ON 

(in hours) and TUP
n  is defined as minimum up time (in hours) for the generating unit n 

(Fig. 1).

Minimum down time

When the power generating units will be DE-committed, there is required least period of 
time for recommitment of the unit which is mathematically given as:

where TOFF
n,t  is time period for which generating unit n is constantly OFF (in hours) and 

TDW
n  is denoted as minimum down time (in hours) for the unit.
Adequate minimum downtime and uptime repair by heuristic mechanism accepted at 

those stages are stated in Fig. 2.

Maximum and minimum power generating limits

All power generating units have its individual maximum/minimum electric power gen-
erating limit, below and outside which it cannot produce, and this is known as maxi-
mum and minimum power limits, which is mathematically written as:

Initial status for operation of electrical units

For every units, the initial operating position must proceed as the day’s earlier genera-
tion schedule is taken into consideration; thus, each and all generating units can fulfill its 
lowest downtime/uptime (Figs. 3, 4, 5, 6, 7).   

(8)TON
n,t ≥ TUP

n

(9)TOFF
n,t ≥ TDW

n

(10)PMIN
n ≤ Pn,t ≤ PMAX

n .

Fig. 1 PSEUDO code of SR repairing
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Crew constraint

When any power plant consists of more than one units, they could not turn on at the same 
period of time. So there need more than one crew member to attend such units in the same 
time while starting up.

Unit accessibility constraint

The constraint shows accessibility of power generating unit surrounded by any of the result-
ing various circumstances:

(A) Accessible or Not Accessible.
(B) Must Out or Outage.
(C) Must Run.

Fig. 2 PSEUDO code for MUD/MUT constraints

Fig. 3 Surprise attack
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Initial status of power generation unit

It signifies value of initial grade of power generating unit. Its favorable rate signifies the 
position of current generating unit which is already in up condition, which means that 
numeral time periods of the generating units are already up, and if its negative value is an 
index of the integer of hours, then the generating unit has been already in down condition. 
The position of the generating unit ± earlier the first hour through the schedule is an essen-
tial feature to define whether its latest situation interrupts the constraint of TUP

n  and TDW
n .

Methods
The mathematical formulation of the Harris Hawks optimizer has been explained in this 
section. The position updating mechanism of the harris hawks optimizer has been pre-
sented in Eqs. (11), (12) and (13).   Presently, considering the equivalent possibility w for 
each adjusting system depends upon areas for additional individuals to approach suffi-
ciency while confronting as a prey, given in Eq. (11) (Figs. 3 and 4) 

where r1,r2,r3,r4, and w are random records in the middle of (0, 1); those are upgraded 
in every cycle, X(iteration+ 1) is denoted as Rabbit’s position and N is defined as total 
amount of Harris hawks

Normal area for Harris Hawks is accomplished utilizing Eq. (13) (Fig. 5).

(11)X(iteration+ 1) =
{

Xrand(iteration)− r1 × abs(Xrand(iteration)− 2× r2 × X(iteration))
}

; w ≥ .5

(12)
X(iteration+1) = {(Xrabbit(iteration)− Xm(iteration))− r3 × (LB+ r4 × (UB− LB))}; w < .5

(13)Xm(iteration) =
1

N

(

N
∑

i=1

Xi(iteration)

)

Fig. 4 Basic of SCA
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Change after the period for investigation of the period of exploitation is shown:

where E is the avoidance energy for rabbit, E0 the early condition for energy and 
itermax = maximum iteration

(14)E = 2× E0 ×

(

1−
iteration

itermax

)

(15)
X(iteration+ 1) = �X(iteration)− E × abs(JXrabbit(iteration)− X(iteration))

Fig. 5 a Pseudocode of proposed hybrid hHHO-SCA algorithm. b Flowchart for hHHO-SCA technique



Page 20 of 73Nandi and Kamboj  Journal of Electrical Systems and Inf Technol             (2021) 8:5 

(16)�X(iteration) = (Xrabbit(iteration)− X(iteration))

(17)X(iteration+ 1) = Xrabbit(iteration)− E × abs(�X(iteration))

(18)Y = Xrabbit(iteration)− E × abs(JXrabbit(iteration)− X(iteration))

(19)Z = Y + S × LF(D).

Fig. 5 continued
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Along these lines, to find out the better solution of a soft enclose, the Hawks birds of 
prey are able to choose their development Y that depends upon standard that is shown in 
Eq. (18)

Established Lf (D) patterns are constructed which track the given instruction in Eq. (20),

Fig. 6 Flowchart of complete procedure of commitment by SCA method
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where D = dimension of problems, S = dimension of random vectors with size 1 × D

where µ, σ are denoted as such kind of values randomly in between (0, 1) and β set to 1.5 
which is a constant known as default.

The final and actual positions through this period of soft encircle can be updated using 
Eqs. (22) and (23) shown below:

(20)LF(x) = 0.01

(

µ× σ

|v|
1
β

)

(21)σ =





Γ (1+ β)× sin

�

πβ
2

�

Γ

�

1+β
2

�

× β × 2

�

β−1

2

�





1
β

Fig. 7 Flowchart of handle minimum uptime–downtime constraints



Page 23 of 73Nandi and Kamboj  Journal of Electrical Systems and Inf Technol             (2021) 8:5  

Xm(iteration) can be obtained from Eq. (23).
The SCA optimization technique is mathematically written as:

Here, r4 is denoted as random numbers [0, 1].
This method based on the suggested process may balance exploitation as well as explo-

ration to get favorable solutions in the area of search space and lastly meet to find global 
optimal solutions using Eq. (27) (Fig. 6).

Handling of spinning reserve constraints

The simple possible solution that was obtained by SCA technique is highly unsuccess-
ful to satisfy spinning reserve necessity (Fig. 7). Also handling of minimum uptime and 
downtime leads to extra spinning reserve. Thus, it is compulsory to handle/adjust spin-
ning reserve necessity heuristically. The flowchart in Fig.  8 explains whole process to 
repair spinning reserve necessity.

De-committing of excess of units
It is obvious from the code given over that during fix of MDT, MUT, and spinning 

reserve we need to take generating unit status “ON” if these requirements are violated 
by putting it off. Since we do as such against the caution given by algorithm, obliviously 
it brings about additional save. This circumstance is exceptionally unwanted; thus, we 
need to recommit some of the units once again in order to archive economic operation. 
In the following, the heuristic methodology is received for de-committing the additional 
spinning reserve (Figs. 9, 10).

(22)X(iteration+ 1) =

{

Y ; if F(Y ) < F(X(iteration))

Z ; if F(Z) < F(X(iteration))

(23)Y = Xrabbit(iteration)− E × abs(JXrabbit(iteration)− Xm(iteration))

(24)Z = Y + S × Lf (D)

(24)
Xi(iteration+ 1) = Xi(iteration)+ r1 × sin(r2)× |r3 × Pi(iteration)− Xi(iteration)|

(25)
Xi(iteration+ 1) = Xi(iteration)+ r1 × cos(r2)× |r3 × Pi(iteration)− Xi(iteration)|

(26)Xi(iteration+ 1) =







Xi(iteration)+ r1 × sin(r2)× |r3 × Pi(iteration)− Xi(iteration)| ; if r4 < 0.5

Xi(iteration)+ r1 × cos(r2)× |r3 × Pi(iteration)− Xi(iteration)| ; if r4 ≥ 0.5

(27)r1 =

(

2− iteration×
2

Itermax

)
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Results and discussion
In order to validate the efficacy of the hHHO-SCA optimization technique, the out-
comes of hHHO-SCA algorithm have been given below. The generating units’ data are 
shown in Additional file 1: Annexure-A1 to A6 and its comparative analysis considering 

Fig. 8 Flowchart for repairing spinning reserve
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Fig. 9 Pseudocode of decommitment for excessive power generating unit

Fig. 10 Flowchart for the decommitment for excessive power generating units
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solar energy in summer and winter are shown in Table 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20 21, 22, 23, 24 and 25 (Figs. 11, 12 and 13).                   

5-Generating Unit Test Systems: The first test system contains IEEE-14 bus sys-
tems which have 24-hour power demand with 10% spinning reserve. The hHHO-
SCA technique is considered for 100 iterations. Tables  2 and 12 show that optimal 
scheduling for this test system considering summer and winter, respectively, using the 
hHHO-SCA algorithm is 8226.6 $/hour and 8572.9 $/hour. Without considering the 
renewable energy sources, the total generation cost is 9010.1$/hour.

Fig. 11 Standard test systems

Fig. 12 Percentage of cost saving for each unit considering renewable energy source in winter using 
hHHO-SCA optimization technique
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6-Generating Unit Test System: The second test system contains 6-generating 
units for IEEE-30 bus test systems with 24-hour electrical load demand including 

Table 2 Power scheduling for  5 generating system considering renewable energy 
in summer

Hour Generation schedule of committed units

GU1 GU2 GU3 GU4 GU5

1 148 0 0 0 0

2 173 0 0 0 0

3 220 0 0 0 0

4 104 140 0 0 0

5 119 140 0 0 0

6 108 140 0 0 0

7 227 0 0 0 0

8 0 97.45 100 0 0

9 0 60.33 100 0 0

10 0 106.66 0 0 0

11 62.83 0 0 0 0

12 83.94 0 0 0 0

13 105.14 0 0 0 0

14 113.53 0 0 0 0

15 150.41 0 0 0 0

16 176.14 0 0 0 0

17 206.16 0 0 0 0

18 207.4 0 0 0 0

19 210.41 0 0 0 0

20 203.49 0 0 0 0

21 175.84 0 0 0 0

22 157 0 0 0 0

23 138 0 0 0 0

24 103 0 0 0 0

Fig. 13 Percentage of cost saving for each unit considering renewable energy source in winter using 
hHHO-SCA optimization technique
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10% SR [145]. The hHHO-SCA algorithm is assessed for 100 iterations. Tables  3 
and 13 show that optimal scheduling for this test system considering summer and 
winter, respectively, using the hHHO-SCA algorithm is 12229 $/hour and 12977 $/
hour. Without considering the renewable energy sources, the total generation cost is 
13489.93957 $/hour.

10-Generating Unit Test System: The third system contains 10 units power gener-
ating units. This system has been verified for 24-hour electric power demand outline 
at various spinning reserve capability. Case-1 consists of spinning reserve capability 
of 5%, and case-2 contains spinning reserve capability of 10%.

Case-1: 10-Generating Unit Test System (SR = 5%): The system consists of 10 
power generating units with 24-hour electrical load demand including 5% SR [146]. The 

Table 3 Power scheduling for  6-generating unit system considering renewable energy 
in summer

Hour Generation schedule of committed units

GU1 GU2 GU3 GU4 GU5 GU6

1 166 0 0 0 0 0

2 154.35294 41.647059 0 0 0 0

3 181.52941 47.470588 0 0 0 0

4 196.52466 50.683857 19.79148 0 0 0

5 200 60.78125 22.61875 0 0 0

6 200 51.875 20.125 0 0 0

7 195.52941 50.470589 0 0 0 0

8 164.60588 43.844118 0 0 0 0

9 176.33 0 0 0 0 0

10 133.66 0 0 0 0 0

11 109.83 0 0 0 0 0

12 113.94 0 0 0 0 0

13 118.14 0 0 0 0 0

14 130.53 0 0 0 0 0

15 163.41 0 0 0 0 0

16 143.76235 39.377647 0 0 0 0

17 164.36706 43.792941 0 0 0 0

18 163.74118 43.658824 0 0 0 0

19 171.16118 45.248824 0 0 0 0

20 172.87412 45.615882 0 0 0 0

21 160.80941 43.030588 0 0 0 0

22 142.82353 39.176471 0 0 0 0

23 161 0 0 0 0 0

24 131 0 0 0 0 0
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hHHO-SCA technique is evaluated for 100 iterations. Tables 4 and 14 show that optimal 
scheduling for this test system considering summer and winter, respectively, using the 
hHHO-SCA algorithm is 529980 $/hour and 536200 $/hour. Without considering the 
renewable energy sources, the total generation cost is 557533.12$/hour.

Case-2: 10-Generating Unit System (SR = 10%): The system consists of 10 power 
generating units with 24-hour electrical load demand including 10% SR [146]. The 
hHHO-SCA technique is evaluated for 100 iterations. Tables 5 and 15 show that optimal 
scheduling for this test system considering summer and winter, respectively, using the 
hHHO-SCA algorithm is 534050 $/hour and 539110 $/hour. Without considering the 
renewable energy sources, the total generation cost is 563937.6875$/hour.

Table 4 Power scheduling for  10-generating unit system (5% SR) considering renewable 
energy in summer

Hour Generation schedule of committed units

GU1 GU2 GU3 GU4 GU5 GU6 GU7 GU8 GU9 GU10

h1 400 150 150 0 0 0 0 0 0 0

h2 450 150 150 0 0 0 0 0 0 0

h3 455 197.5 197.5 0 0 0 0 0 0 0

h4 455 247.5 247.5 0 0 0 0 0 0 0

h5 455 272.5 272.5 0 0 0 0 0 0 0

h6 455 322.5 322.5 0 0 0 0 0 0 0

h7 455 347.5 347.5 0 0 0 0 0 0 0

h8 455 370.225 370.225 0 0 0 0 0 0 0

h9 455 414.665 414.665 0 0 0 0 0 0 0

h10 455 446.33 446.33 0 25 0 0 0 0 0

h11 455 455 455 0 47.83 0 0 0 0 0

h12 455 455 455 0 88.94 0 0 0 0 0

h13 455 434.07 434.07 0 25 0 0 0 0 0

h14 455 382.765 382.765 0 25 0 0 0 0 0

h15 455 337.705 337.705 0 25 0 0 0 0 0

h16 455 260.57 260.57 0 25 0 0 0 0 0

h17 455 241.08 241.08 0 25 0 0 0 0 0

h18 455 293.2 293.2 0 25 0 0 0 0 0

h19 455 350.205 350.205 0 25 0 0 0 0 0

h20 455 455 455 0 28.49 0 0 0 0 0

h21 455 422.42 422.42 0 0 0 0 0 0 0

h22 455 322.5 322.5 0 0 0 0 0 0 0

h23 455 435 0 0 0 0 0 0 10 0

h24 455 345 0 0 0 0 0 0 0 0
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Medium-Scale and Large-Scale Electrical Power System (19-, 20-, 40-, 60-, 80- 
and 100-Unit System): The data for 20 and 40 generating unit test systems and the 
10-unit system had been doubled and quadrupled, and electric power demand is multi-
plied by two and four times correspondingly [145].

19-Generating Unit System: The fourth system contains 19 power generating units 
of IEEE-118 bus test system with a 24-hour electricity load demand including 10% SR 
[145]. The hHHO-SCA technique is evaluated for 100 iterations. Tables 6 and 16 show 
that optimal scheduling for this test system considering summer and winter, respec-
tively, using the hHHO-SCA algorithm is 207180 $/hour and 207560 $/hour. Without 
considering the renewable energy sources, the total generation cost is 208510 $/hour.

20-Generating Unit System: The fifth system contains 20-power generating units 
with 24-hour electricity demand including 10% SR [145]. The hHHO-SCA algorithm 
is assessed for 100 iterations. Tables 7 and 17 show that optimal scheduling for this 

Table 5 Power scheduling for 10-generating unit system (10% SR) considering renewable 
energy in summer

Hour Generation schedule of committed units

GU1 GU2 GU3 GU4 GU5 GU6 GU7 GU8 GU9 GU10

h1 400 150 150 0 0 0 0 0 0 0

h2 450 150 150 0 0 0 0 0 0 0

h3 455 197.5 197.5 0 0 0 0 0 0 0

h4 455 247.5 247.5 0 0 0 0 0 0 0

h5 455 272.5 272.5 0 0 0 0 0 0 0

h6 455 322.5 322.5 0 0 0 0 0 0 0

h7 455 347.5 347.5 0 0 0 0 0 0 0

h8 455 370.225 370.225 0 0 0 0 0 0 0

h9 455 402.165 402.165 0 25 0 0 0 0 0

h10 455 446.33 446.33 0 25 0 0 0 0 0

h11 455 455 455 0 27.93 20 0 0 0 0

h12 455 455 455 0 68.94 20 0 0 0 0

h13 455 424.07 424.07 0 25 20 0 0 0 0

h14 455 382.765 382.765 0 25 0 0 0 0 0

h15 455 350.205 350.205 0 0 0 0 0 0 0

h16 455 273.07 273.07 0 0 0 0 0 0 0

h17 455 253.58 253.58 0 0 0 0 0 0 0

h18 455 305.7 305.7 0 0 0 0 0 0 0

h19 455 362.705 362.705 0 0 0 0 0 0 0

h20 455 394.245 394.245 130 0 20 0 0 0 0

h21 455 347.42 347.42 130 0 20 0 0 0 0

h22 455 247.5 247.5 130 0 20 0 0 0 0

h23 455 315 0 130 0 0 0 0 0 0

h24 455 215 0 130 0 0 0 0 0 0
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test system considering summer and winter, respectively, using the hHHO-SCA algo-
rithm is 1076400 $/hour and 1084100 $/hour. Without considering the renewable 
energy sources, the total generation cost is 1125200 $/hour.

40-Generating Unit System: The sixth system contains 40-power generating units 
having a 24-hour electricity demand including 10% SR [145]. The hHHO-SCA tech-
nique is evaluated for 100 iterations. Tables 8 and 18 show that optimal scheduling for 
this test system considering summer and winter, respectively, using the hHHO-SCA 
algorithm is 2176900 $/hour and 2189400 $/hour. Without considering the renewable 
energy sources, the total generation cost is 2253700 $/hour.

60-Generating Unit System: The seventh system contains 60-power generating 
units with 24-hour electricity demand including 10% SR [145]. The hHHO-SCA tech-
nique is evaluated for 100 iterations. Tables 9 and 19 show that optimal scheduling for 
this test system considering summer and winter, respectively, using the hHHO-SCA 
algorithm is 8226.6 $/hour and 8572.9 $/hour. Without considering the renewable 
energy sources, the total generation cost is 9010.1$/hour.

Table 12 Power scheduling for  5-generating unit system considering renewable energy 
in winter

Hour Generation schedule of committed units

GU1 GU2 GU3 GU4 GU5

h1 0 48 100 0 0

h2 0 73 100 0 0

h3 220 0 0 0 0

h4 144 0 100 0 0

h5 119 140 0 0 0

h6 108 140 0 0 0

h7 227 0 0 0 0

h8 202 0 0 0 0

h9 175.4271 0 0 0 0

h10 130.44 0 0 0 0

h11 93.4 0 0 0 0

h12 111.96 0 0 0 0

h13 135.01 0 0 0 0

h14 151.48 0 0 0 0

h15 162.88 0 0 0 0

h16 196.4 0 0 0 0

h17 220.91 0 0 0 0

h18 222.68 0 0 0 0

h19 222.02 0 0 0 0

h20 209.82 0 0 0 0

h21 176 0 0 0 0

h22 157 0 0 0 0

h23 138 0 0 0 0

h24 103 0 0 0 0
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80-Generating Unit System: The eighth system contains 80-power generating units with 
24-hour power demand including 10% SR [145]. The hHHO-SCA technique is evaluated 
for 100 iterations. Tables 10 and 20 show that optimal scheduling for this test system con-
sidering summer and winter, respectively, using the hHHO-SCA algorithm is 5578000 $/
hour and 5591700 $/hour.

100-Generating Unit System: The ninth system contains 100-power generating units 
with 24-hour power demand including 10% SR [145]. The hHHO-SCA technique is evalu-
ated for 100 iterations. Tables 11 and 21 show that optimal scheduling for this test system 
considering summer and winter, respectively, using the hHHO-SCA algorithm is 5530800 
$/hour and 552990 $/hour (Tables 22, 23, 24, 25).   

Table 13 Power scheduling for  6-generating unit system considering renewable energy 
in winter

Hour Generation schedule of committed units

GU1 GU2 GU3 GU4 GU5 GU6

h1 166 0 0 0 0 0

h2 154.35294 41.647059 0 0 0 0

h3 181.52941 47.470588 0 0 0 0

h4 196.52466 50.683857 19.79148 0 0 0

h5 200 60.78125 22.61875 0 0 0

h6 200 51.875 20.125 0 0 0

h7 195.52941 50.470589 0 0 0 0

h8 168.35294 44.647059 0 0 0 0

h9 150.58702 40.840077 0 0 0 0

h10 157.44 0 0 0 0 0

h11 140.4 0 0 0 0 0

h12 141.96 0 0 0 0 0

h13 148.01 0 0 0 0 0

h14 168.48 0 0 0 0 0

h15 175.88 0 0 0 0 0

h16 160.44706 42.952941 0 0 0 0

h17 176.51412 46.395882 0 0 0 0

h18 176.32471 46.355294 0 0 0 0

h19 180.72235 47.297647 0 0 0 0

h20 178.08706 46.732941 0 0 0 0

h21 160.94118 43.058824 0 0 0 0

h22 142.82353 39.176471 0 0 0 0

h23 161 0 0 0 0 0

h24 131 0 0 0 0 0
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Table 14 Power scheduling for 10-generating unit system (5% SR) considering renewable 
energy in winter

Hour Generation schedule of committed units

GU1 GU2 GU3 GU4 GU5 GU6 GU7 GU8 GU9 GU10

1 400 150 150 0 0 0 0 0 0 0

2 450 150 150 0 0 0 0 0 0 0

3 455 197.5 197.5 0 0 0 0 0 0 0

4 455 247.5 247.5 0 0 0 0 0 0 0

5 455 272.5 272.5 0 0 0 0 0 0 0

6 455 322.5 322.5 0 0 0 0 0 0 0

7 455 347.5 347.5 0 0 0 0 0 0 0

8 455 372.5 372.5 0 0 0 0 0 0 0

9 455 422.21355 422.21355 0 0 0 0 0 0 0

10 455 455 455 0 31.44 0 0 0 0 0

11 455 455 455 0 78.4 0 0 0 0 0

12 455 455 455 0 96.96 20 0 0 0 0

13 455 439.005 439.005 0 25 20 0 0 0 0

14 455 391.74 391.74 0 25 20 0 0 0 0

15 455 343.94 343.94 0 25 0 0 0 0 0

16 455 283.2 283.2 0 0 0 0 0 0 0

17 455 260.955 260.955 0 0 0 0 0 0 0

18 455 313.34 313.34 0 0 0 0 0 0 0

19 455 368.51 368.51 0 0 0 0 0 0 0

20 455 455 455 0 0 24.82 0 10 0 0

21 455 412.5 412.5 0 0 20 0 0 0 0

22 455 312.5 312.5 0 0 20 0 0 0 0

23 455 222.5 222.5 0 0 0 0 0 0 0

24 455 345 0 0 0 0 0 0 0 0
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Table 15 Power scheduling for 10-generating unit system (10% SR) considering renewable 
energy in winter

Hour Generation schedule of committed units

GU1 GU2 GU3 GU4 GU5 GU6 GU7 GU8 GU9 GU10

1 400 150 150 0 0 0 0 0 0 0

2 450 150 150 0 0 0 0 0 0 0

3 455 197.5 197.5 0 0 0 0 0 0 0

4 455 247.5 247.5 0 0 0 0 0 0 0

5 455 272.5 272.5 0 0 0 0 0 0 0

6 455 322.5 322.5 0 0 0 0 0 0 0

7 455 347.5 347.5 0 0 0 0 0 0 0

8 455 372.5 372.5 0 0 0 0 0 0 0

9 455 357.21355 357.21355 130 0 0 0 0 0 0

10 455 393.22 393.22 130 25 0 0 0 0 0

11 455 416.7 416.7 130 25 0 0 0 0 0

12 455 435.98 435.98 130 25 0 0 0 0 0

13 455 384.005 384.005 130 25 0 0 0 0 0

14 455 401.74 401.74 0 25 0 0 0 0 0

15 455 343.94 343.94 0 25 0 0 0 0 0

16 455 283.2 283.2 0 0 0 0 0 0 0

17 455 260.955 260.955 0 0 0 0 0 0 0

18 455 313.34 313.34 0 0 0 0 0 0 0

19 455 368.51 368.51 0 0 0 0 0 0 0

20 455 402.41 402.41 130 0 0 0 10 0 0

21 455 357.5 357.5 130 0 0 0 0 0 0

22 455 257.5 257.5 130 0 0 0 0 0 0

23 455 315 0 130 0 0 0 0 0 0

24 455 215 0 130 0 0 0 0 0 0
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Table 22 Overall cost for generation of each unit without renewable energy sources

Generating units Generation cost ($)

5-Unit 9010.1

6-Unit 13489.93957

10-Unit (5% SR) 557533.12

10-Unit (10% SR) 563937.6875

19-Unit 208510

20-Unit 1125200

40-Unit 2253700

60-Unit 3388100

Table 23 Overall cost for generation of each unit with renewable energy sources in winter

Generating units Generation cost ($) % cost saving

5-Unit 8572.9 4.85

6-Unit 12977 3.8

10-Unit (5% SR) 536200 3.83

10-Unit (10% SR) 539110 4.4

19-Unit 207560 0.46

20-Unit 1084100 3.65

40-Unit 2189400 2.85

60-Unit 3294600 2.76

80-Unit 5591700 –

100-Unit 5529900 –

Table 24 Overall cost for  generation of  each unit with  renewable energy sources 
in summer

Generating units Generation cost ($) % Cost saving

5-Unit 8226.6 8.7

6-Unit 12229 9.35

10-Unit (5% SR) 529980 4.94

10-Unit (10% SR) 534050 5.3

19-Unit 207180 0.65

20-Unit 1076400 4.34

40-Unit 2176900 3.41

60-Unit 3297500 2.67

80-Unit 5578000 –

100-Unit 5530800 –
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Conclusions
In this research work, the authors have successfully presented the fusion of Harris 
Hawks optimizer with SCA optimization technique and evaluated performance of the 
suggested hybrid optimized method for standard benchmark problem unit commit-
ment problem, which consists of thermal generating units and along with PV gener-
ating units. The proposed research focuses on invention of hybrid variant of Harris 
Hawks optimizer (HHO) and sine–cosine algorithm (SCA) using memetic algorithm 
approach, named as intensify Harris Hawks optimizer. The efficacy of the suggested 
algorithm was tested for 4-generating unit system, 5-generating unit system, 6-gener-
ating unit system, 7-generating unit system, 10-generating unit system, 19-generating 
unit system, 20-generating unit system, 40-generating unit system and 60-generating 
unit system. After successful experiment, it was observed that the suggested opti-
mizer is too much effective to solve continuous, discrete and nonlinear optimization 
problems.

After verification, it builds up the effective outcomes of the suggested hybrid 
improvement optimization which are more effective to other newly defined meta-
heuristics, hybrid and heuristics method and advancement search calculation and 
suggested algorithm recommends for the efficiency of this algorithm in the search 
area of meta-heuristics type optimization algorithms which are nature inspired. The 
other existing optimization techniques have good development prospect, but their 
research is still at initial condition and included so many problems which need to be 
solved or in other instance, there are several uncertainties, such as, how to adequately 
stay away from nearby or local optimum? What is the most effective method to con-
summately consolidate the upsides of distinctive enhancement calculations? How to 
successfully set the boundaries or parameter of a calculation? What are the compel-
ling cycle of iteration stop conditions? etc. The most significant issue is that it comes 
up short on a bound together and complete hypothetical framework. So, using this 
novel proposed methodology, those problems are easily solved. The proposed optimi-
zation algorithm is useful to overcome those problems.

Supplementary information
The online version contains supplementary material available at https ://doi.org/10.1186/s4306 7-020-00026 -3. 

Additional file 1. Test data for standard Unit Commitment Problems.

Table 25 Overall cost for  generation of  each unit with  renewable energy sources 
in Autumn & Spring

Generating units Generation cost ($) % cost saving

5-Unit 7880.4 12.5

6-Unit 11720 13.12

10-Unit (5% SR) 526480 5.57

10-Unit (10% SR) 529890 6.04

19-Unit 205610 1.4

20-Unit 1075300 4.43

https://doi.org/10.1186/s43067-020-00026-3


Page 69 of 73Nandi and Kamboj  Journal of Electrical Systems and Inf Technol             (2021) 8:5  

Abbreviations

TFC: Total cost of fuel; Fcost n(Pnt): Cost of fuel for a particular generating unit nth at that particular time ‘t’ hour; SUCn,t:  

Cost of start-up for nth unit within ‘t’ hours; SDCnt: Cost of Shutdown for nth unit within ‘t’ hours; Unt: Unit status at time t; An

: Coefficient of cost for nth unit; Bn: Coefficient of cost for nth unit; Cn: Coefficient of cost for nth unit; HSUn: hot start for nth 

unit; CSUn: cold start for nth unit; PMAX
n,t : Maximum electrical power generation by unit n; PMIN

n : Minimum electrical power 

which generation by unit n; Pn,t: Electrical power generation of unit nth at the time span ‘t’; PDt: load demand at ‘t’ hours; INSn: 

initial status of unit n at time ‘t’; TOFFn,t : Initial OFF status for nth unit at time ‘t’; TONn,t : Initial ON status for nth unit at time ‘t’; TUPn : UP 

condition for n no. of power generating unit; TDWn : DOWN condition for n no. of power generating unit; K: incremental cost for 

shut down of unit; PDn: Power demand for nth unit; SRt: spinning reserve necessity; Tn
COLD: Time span for COLD start of n no. of 

generating unit; Np: Population number; t: No. of hours; NU: No. of generators.
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