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Why Femtocell Networks?     

By Padmapriya Sambanthan  & Tamilarasi Muthu 
 

Abstract-
 
Cellular communication has witnessed tremendous growth during the past couple of 

decades. It plays an inevitable role in day-today life and in modernizing the human society. 
Throughout the evolution of cellular networks, many standards have come into existence, in order 
to meet the growing demand of ubiquitous, high quality voice, data and multimedia services. 
Besides, next generation cellular networks are in the necessity to offer seamless services even at 
the cell-edges and indoor provinces where the requirement for the cellular services is never the 
less.  Though there is a growing demand for higher data rate services every day, the 
conventional macro

 
cell

 
(MC) is unable to provide better coverage extension to cell-edge users. 

To handle indoor and outdoor traffic growth, the recent heterogeneous network has emerged 
with an answer in the form of small

 
cell technology. A study on fem

 
to

 
cell (FC) network along 

with its challenges is elaborated in this paper.
 

Keywords: long term evolution,
 
small

 
cells, fem

 
to

 
cell networks.
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Why Femtocell Networks? 
Padmapriya Sambanthan α & Tamilarasi Muthu σ

Abstract- Cellular communication has witnessed tremendous 
growth during the past couple of decades. It plays an 
inevitable role in day-today life and in modernizing the human 
society. Throughout the evolution of cellular networks, many 
standards have come into existence, in order to meet the 
growing demand of ubiquitous, high quality voice, data and 
multimedia services. Besides, next generation cellular 
networks are in the necessity to offer seamless services even 
at the cell-edges and indoor provinces where the requirement 
for the cellular services is never the less.  Though there is a 
growing demand for higher data rate services every day, the 
conventional macro cell (MC) is unable to provide better 
coverage extension to cell-edge users. To handle indoor and 
outdoor traffic growth, the recent heterogeneous network has 
emerged with an answer in the form of small cell technology. A 
study on fem to cell (FC) network along with its challenges is 
elaborated in this paper. We concentrate on revealing the 
importance of fem to cells and its evolution phases. As well, 
the technical challenges faced in fem to cell network are 
detailed to this end.  
Keywords: long term evolution, small cells, fem to cell 
networks. 

I. Introduction 

elecommunication has come a long way from 
Grahambell’s wired telephone to the Long Term 
Evolution’s (LTE) multimedia services. 

Conventional wired network has left the long-lasting 
footprints in terms of radiation-free communication, 
despite it cannot extend its limited service to longer 
distances. To span communication networks globally, 
wireless communication evolved in the year 1960. 
Compared with wired communication, wireless 
communication has led to lesser hardware and signal 
processing complexities.  

The cellular network, an integral part of our 
society, has subjected the wireless communication to 
many generations, in order to guarantee ubiquitous 
voice, data and multimedia services to each and every 
network users. The First Generation (1G) cellular 
network has evolved during 1980’s provided voice-only 
analog communication. In addition to voice, the Second 
Generation (2G) has offered data, fax and message 
services to the network users. The 2G’s digital phone 
equipment has ushered in the cellular networks to 
multimedia computing and entertainment services 
through   Third  Generation  (3G)  technology.  The  high-

 
 

  

 
 

 
 

capacity systems have turned the 3G network as an all-
inclusive network.  

The requirement for anytime, anywhere services 
has shifted the paradigm of 3G towards the Fourth 
Generation (4G). The goal of 4G is to increase the 
capacity and the speed of wireless data networks by 
using Digital Signal Processing (DSP) and Orthogonal 
Frequency Division Multiplexing (OFDM) techniques, 
which exist around the turn of the millennium. With the 
application of Internet Protocol (IP) based architecture, 
the 4G networks attain lesser data transfer latency 
compared with the 3G networks. The succeeding Fifth 
Generation (5G) networks are another high speed IP 
based networks, aiming to deliver multimedia services at 
the rates of Terabytes.  

In the recent years, cellular network has 
witnessed a huge network user growth and hence, the 
network operator finds it harder to accommodate more 
number of users over the limited amount of spectrum. A 
recent study of Cisco has forecasted that the demand 
for wireless data traffic is drastically increasing and the 
monthly demand is expected to reach 6.3 Exabyte by 
2016, that is, a 26-fold increase in data traffic demand 
when compared with the year 2010 [1]. In addition, 
specific studies show that more than 50% of voice traffic 
and 70% of mobile data traffic originate from indoor and 
enterprise environments [2]. On the other hand, poor 
indoor coverage is experienced by 30% of business and 
45% of household network users [3]. Therefore, to 
increase the revenue of network operator and to satisfy 
all type of network users, a special emphasis must be 
given to handle astonishing network user growth, 
spectral demand and indoor coverage necessity. It is 
remarkable that all the wireless network generations (1G 
to 4G) are highly motivated to handle growing network 
traffics over the costly spectrum.  

On the contrary, the Macro-base Station (MBS) 
provides limited coverage to indoor and cell-edge 
subscribers. As the MBS operates at high frequency, the 
ability of short-wave signal to penetrate walls gets 
reduced. Network operators would need 30,000 base-
stations to offer good geographic coverage in a densely 
populated urban area and the power used by each MBS 
are set to achieve “marginal” indoor coverage at the 
cell-edges [4]. Some research has found that MBSs are 
responsible for 10% of global carbon-di-oxide emission 
and this percentage is expected to double over the next 
decade [5]. Moreover, jumbo MBSs consume 2.5kW to 
4kW of power for connecting the mobile devices to the 
core network. Out of this huge power, only 5% to 10% of 

T 
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the energy would emerge out as a useful radiated signal 
and the

 

remaining input power is dissipated as heat. 

 In addition, the simultaneous traffic originating 
from dense network users overload the MBS, which 
creates higher service blocking probability over busy 
hours. To handle this circumstance, the cellular network 
is reformulated into LTE based heterogeneous networks.

 As the name implies, the co-existence of many 
small-radius cells in the same geographical area and 
over the same set of frequency has given rise to the 
heterogeneous networks. The idea of overlaying small

 cells on the existing macro

 

cell network’s frequency not 
only overcomes the spectral demand, but also provides 
enhanced indoor coverage to the network users. 

 II.

 

Smallcell Technology

 One MBS per Macro

 

cell (MC) is not sufficient to 
satisfy the service requirements of widely distributed 
outdoor as well as indoor users. Hence, to serve all 
users efficiently, the large MC coverage is divided into 
many tiny cells, called small

 

cells, which bring the base 
station closer to the users. Small

 

cells not only lend 
excellent radio signal reception inside buildings, but also 
guarantee high quality multi-media services to the users 
in shadow, edge and coverage holes of a network [6]. 

Frequency reuse between MC and small

 

cell enhances 
network capacity and revenue of the operator as well. 

 

 The small

 

cell deployment process is customer-
friendly as the small

 

cell owners do not require on-site 
technical assistance. Small

 

cell subscribers enjoy good 
signal quality from the closely located plug-and-play 
base stations and hence, the user equipments require 
minimal battery power. Thus, small

 

cell technology is the 
solution to handle prevailing network challenges like 
network user density, spectral demand, poor indoor and 
cell-edge coverage, non-guaranteed service quality, 
huge power consumption and green-vegetation hazard.

 In general, cells define the coverage boundary 
or footprint, till which they can provide service to the 
associated users. Based on the cell radii and transmit 
power, cells are classified into four major types. Table 1 
lists the cell types with respect to the decreasing cell 
radii and decreasing transmit power level [7]. Among 
them, fem

 
to

 
cell, pico

 
cell and

 
microcell are called as 

small
 

cells, which are overlaid on conventional MC 
network.

 

Table 1:

 

Various cell types and their radius and transmission power 

Cell types

 

Typical Cell Radius

 

Transmission power 
values

 Macrocell

 

1Km-2Km

 

40W

 Microcell

 

250m-1Km

 

5W

 Picocell

 

100m-300m

 

2W

 Femtocell

 

10m-50m

 

200mW

 It can be observed from the Table 1 that the 
Fem

 
to

 
cell (FC) is the smallest cell and the pico

 
cell is 

the second smallest cell. Macro
 

cells and microcells 
cover wider geographical area and they bring-in the 
disadvantages like tall antennas, huge operating power, 
greater path loss and fading effects. On the other hand, 
pico- and fem

 
to-base stations are closely associated 

with their
 
registered users, where the chance of signal 

attenuation and other propagation loss are very less. 
Hence, the service quality of pico

 
cell and fem

 
to

 
cell is 

comparatively higher than that of macro
 

cell and 
microcell.

 

Fig. 1 indicates that FCs are preferred for 
residential based network users, pico

 
cells are 

suggested for indoor enterprise users, whereas 
microcells and macro

 
cell are preferred for large 

organizations and huge geographical areas 
respectively. All these cells are deployed over the same 
licensed band and controlled by a single network 
operator. Vodafone, a globally known service provider, 
launched small

 
cells in the name of “Full Signal” in July 

2010 [8] and it has deployed 25,000 pico
 
cell units and 

100,000 FC units, as on 2013 [9]. 
 

Fig. 1: Illustration of various types of cells

© 2017    Global Journals Inc.  (US)
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The overall spectral efficiency on overlaying
small cells on the existing MC network is much greater 
than that is achievable by MC alone. 
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With the help of such small

 

cells, the network 
operators are able to extend high quality coverage 
inside the subscriber house without the

 

need for 
expensive high powered cellular towers. Small

 

cells 
contribute in the growth of 4G standards and yield 

backward compatibility to 3G, 2G and 1G technologies 
as well. Hence, small

 
cells are designed to offer superior 

indoor coverage at lower operating power with lesser 
path loss and fading effects.

 

Source: Informa Telecoms & Media 

Fig. 2:  Illustration of small cell deployment in the areas like residential, rural and enterprise environment

Major residential deployment, as shown in Fig. 
2, highlights the takeover of FC technology (residential) 
compared with pico cell (enterprise) and microcell (rural) 
technologies. Thus, FCs are preferred by network users, 
who desire high quality indoor services.  

III. The Best Candidate – Fem to cell 

The theoretical concept of FC dates back to the 
year 1999, where Bell Research Labs first studied the 
small cell in the name of “home base station”. The 
Alcatel brought a GSM-based home base station in the 

market in the year 2000. Later, in 2002, Motorola 
announced its 3G home base station, but the concept 
was yet found to be new. The FC concept became more 
famous in 2005 and the actual term FC was coined in 
2006 [10]. Right then, a number of companies started 
trials and demonstrations on deploying FC technology. 

  

FCs are subscriber deployed base stations, 
which provide guaranteed high quality voice, data and 
multimedia services to indoor communication devices, 
thereby offloading the MC traffic. FCs create small 
wireless coverage area and connect the registered 
network users to the cellular core network through 
subscriber’s broadband Internet access. The low power 
Fem to-base Station (FBS) visually looks like an ordinary 
wireless router. FCs can concurrently serve 1 to 4 
registered network users and can travel with the owners. 

FCs operate at 20mW power with a coverage 
area of 10 to 15meters [12]. These low power nodes 
operate over licensed frequency band and hence 
provide backward compatibility to conventional cellular 
standards and forward compatibility to future cellular 

networks. They are cost effective solutions as they yield 
same performance as MBS, yet play a supplementary 
role to the power consuming MBS.  

It is predicted that the future LTE-A networks 
would include FCs as one of the important member for 
the indoor cellular coverage. Deployment of FCs can 
enhance the total network capacity of more than three 
orders of magnitude [13]. The whole 4G FC market 
value is predicted to surpass $600 million in 2014. More 
than 5 million small cells have already been deployed 
and it is expected to reach 90 million units by 2016. ARC 
chart estimates that by 2017, a total of 5 million small 
cells would be deployed annually [14]. 

Worldwide, more than 47 leading operators 
have already deployed FCs in their existing network - 
encompassing public, enterprise and residential sectors 
[15]. In comparison with the existing MBS, the FBS

 

consumes 40 times less power to deliver a signal to the 
indoor. This implies that FCs can increase the site 
density at the cell edges and at the indoor by 6.3 fold 
than that of an MC network [16]. 

 

a)
 

Necessity of Fem
 
to

 
cell Networks

 

The pursuit of FC network is due to the following 
fact: the capacity of a cell depends on the cell radius. 
From inverse square law, the total cell capacity is 
inversely proportional to the square of the cell radius. 

 

                           Capacity
 
of a cell  α  

1
(Cell

 
radius)2                          (1)

 

If the cell radius is halved, the cell capacity is 
quadrupled. On correlating Table 1 and Equation (1), it 
is understood that the FC is the smallest cell among the 
prevailing cellular family and hence, FC is the best 
candidate to offer higher cell capacity. 
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A not-for-profit organization was formed by 
different vendors, operators and research organizations 
in July 2007 and was named as Fem to Forum [11]. 
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Smaller the cell radius, closer the base station 
to its users. The signal degradation is negligible in such 
a scenario which improves received signal quality. Also, 
the registered users inside FC coverage may possess 
less mobility and the effect of fading is less and the 

aggregate throughput is more when compared to MC 
network. Hence, among various cell types, the short 
range FCs are preferred to as the best candidate for 
achieving higher cell capacity as shown in Fig. 3. 

 

Source: Radisys Trillium
 

Fig. 3:
 
Relation between coverage and cell capacity for various cell types

From the aspect of spectral efficiency, FCs play 
an important role in advancing the cellular networks. The 
conventional cellular network concept, called cell 
splitting [17] was invoked by LTE standard to enjoy the 
benefit of more users over limited spectrum. Donald 
postulates that the big MC coverage can be equally 
divided into multiple 𝑁𝑁

 
subcells and each of them can 

have same set of frequency as of MC, with an extra care 
on efficient frequency planning. This concept enhances 
the cell capacity 𝑁𝑁

 
times at

 
the cost of careful network 

configuration and management procedures. 
 Out of contention, FCs offer numerous 

advantages like offloading MC traffic, guaranteed high 
quality indoor services, spectral efficiency, network 
capacity, multiuser diversity, non-emission of 
greenhouse gas and ubiquitous services to all users.

 Due to its wide application, industry people call 
FCs as network in box, in-building coverage nodes, 
private network, plug-and-play base stations and low 
power access points. The FBSs are designed to support 
Global System for Mobile (GSM)/Code Division Multiple 
Access 2000 (CDMA2000) standards and are equipped 
with Global Positioning System (GPS) to sense the 

environment. Features such as frequency planning, 
sleep mode activation, synchronous operations with the 
under-laid MC network are attained through GPS 
enabled FBSs. In addition, self-configuring and self-
organizing features in FC network greatly reduce the 
supervision task of the network operator. FC acts as a 
stand-alone, network integrating node that facilitates the 
co-existence of cross-tier users in FC proximity through 
proper access mode selection.

 

b)

 

Fem

 

to

 

cell Network Model

 

The general FC network model is depicted in 
Fig. 4.The Fem

 

to

 

users (FUs) are connected to the 
operator core network through FBS and Fem

 

to

 

cell 
Management System (FMS). An FMS is a centralized FC 
coordinator, through which FC admission and 
management take place. It is an integral part of network 
operator cloud. Each FC or FBS can serve 3 to 4 FUs 
concurrently. The FBS aids the registered FUs in 
transmitting and receiving the intended signal to and 
from the operator core network. Cognitive enabled FBSs 
can sense and adapt to the environment. 
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Fig.4: Fem to cell network model
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The FCs are owned by FUs

 

and hence, the 
FBSs posses plug-and-play nature on use’s mobility. 
FMS organizes the FC clusters and provides service to 
the registered FUs in the cluster. Due to random FC 
deployment, the coverage area of neighboring FCs 
residing under an FMS may overlap. At any given point 
of time, each FMS is defined to take care of fixed 
number of FCs. With an increase in the number of FCs, 
new FMSs are deployed to handle the traffics originating 
from newly formed FCs.

 

It is noticeable from Fig. 5 that the spatially 
apart Macro

 

users (MUs) and FUs are assigned with 

same set of frequency. Such type of frequency planning 
enhances the overall spectral efficiency and network 
capacity. The FC configuration procedure is as simple 
as configuring an IP modem. When FBS is powered on, 
it scans the network for a nearby-associated FMS. On 
tracking the existence of FMS’s signal over the radio 
environment, FBS forwards its unique Fem

 

to

 

cell 
Identity (FC_ID) to FMS and gets registered to it. Upon 
FC_ID authentication, the FMS assigns the radio 
parameters to the FC. 

 

 
 

Fig. 5: Macro-fem

 

to

 

cell heterogeneous network model

Once configured, FCs periodically

 

broadcast 
the FC_ID to intimate their presence to the FMS and 
neighboring FCs. Moreover, the self-configuring feature 
enables the FC to scan the environment and acquire 
knowledge about the neighbors on its own. The MC and 
FCs operate under the same network

 

operator and 
therefore they can read and exchange common sets of 
information.

 

c)

 

Comparison between FC and Wi-Fi Networks

 

Wireless Fidelity (Wi-Fi), the most popular 
wireless local area network, has evolved in the year 
2005 [18], [19].  The standard of Wi-Fi

 

is IEEE 802.11n 
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and it is otherwise called as hotspot. Wi-Fi technology 
has brought the high speed data services closer to 
business organizations and enterprise environment. The 
growing pervasiveness of Wi-Fi has helped the 3G data 
network to extend beyond the personal computers. In 
comparison with Wi-Fi standard, the importance of FC 
technology is highlighted in Table 2. 
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Table 2:

 

Comparisons between FC and Wi-Fi networks

 

  

  

  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

IV.

 

Conclusion

 

Fem

 

to

 

cell has carved a niche for itself among 
small

 

cell family and most of the industry and research 
people view FC as the promising candidate in the next 
generation cellular networks. On recognizing the 
benefits of FC, most of the industry and business 
people celebrate FC as a prominent candidate in small
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Femtocell (FC) Wireless Fidelity (Wi-Fi)

FC operates over a licensed frequency band 
(800MHz, 2.5GHz)

Wi-Fi operates over an unlicensed band(2.4GHz or 
5GHz)

Coverage area spans 10 to 15meters and 
operating power is 20mW

Coverage area spans till 100meters and its operating 
power is 1W

Careful frequency planning is required as the FC 
utilizes the frequency bands of MC.

Wi-Fi does not require frequency planning as it is 
deployed over unlicensed band.

FC network provides superior quality voice and 
data services at the rate of 1Gbps

Wi-Fi offers only data service at the rate of 100Mbps.

Existing handsets can be utilized to access FC 
network

Wi-Fi technique demands Wi-Fi enabled device.

Same radio link is utilized by FU and MU. Hence, 
battery draining in FU handset is less.

Unlicensed radio is powered by the handset to 
activate the Wi-Fi service. It leads to faster battery 
draining.

No privacy or security issues Has privacy and security issues due to unlicensed 
band operation

Supports power control through sleep Mode There is no default sleep mode setting in Wi-Fi 
standard

Provides inter-tier and intra-tier Mobility Provides mobility only within the legal Wi-Fi coverage 
area

cell family. However, a flip side investigation on FC 
technology reveals that the technology has also got 
some challenges to be addressed. In practice, improper 
access mode selection, dense FC deployment and 
seamless mobility of MU has lead to serious challenges 
like interference, backhaul bottleneck and handoff 
mechanisms respectively. Hence, to meet with the 
requirements of FC owners without affecting the network 
operator’s revenue, more emphasis must be given in 
handling aforementioned challenges.  
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Abstract- The article proposes an algorithm for determining phase-to-phase fault of branched 
electrical networks power lines with 6-10 kV voltage. A feature of the algorithm is the application 
of the calculation theory of the emergency modes, taking into account the impact of network load 
and transient resistance in phase-to-phase faults.
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Abstract- The article proposes an algorithm for determining 
phase-to-phase fault of branched electrical networks power 
lines with 6-10 kV voltage. A feature of the algorithm is the 
application of the calculation theory of the emergency modes, 
taking into account the impact of network load and transient 
resistance in phase-to-phase faults.
Keywords: distribution network, phase-to-phase fault, the 
parameters of the emergency mode, the determination of 
fault location, transient resistance.

I. INTRODUCTION

igh rates of power grids development while 
reducing the specific numbers of operating 
personnel require the accelerated introduction of 

automation, including the fault location devices (FLD) on 
transmission lines (TL).

A variety of types and nature of faults and 
conditions of the power grid does not allow to obtain any 
universal algorithm for FLD.

According to this, a review of existing techniques 
for phase-to-phase faults and short circuits on the 
ground is reduced to the determination of section of the 
phase circuit by the use of sensors (indicators) of 
current, established, usually in areas of lines branching. 
The circuit rectification is conducted through the line 
bypassing by operation mobile team. Implementation of 
the methodology requires a serious financial investment 
(the cost of the project is proportional to the number of 
indicators of current), the organization of information 
transmission over a wireless communication channel [1-
3]. Consequently, such indicators can be only "defining" 
points for the bypass route of the line.

interphase short circuit [4-7]. There are FLD techniques 
and algorithms for a double ground circuit in electrical 
medium voltage networks with isolated neutral that are 
presented in works [8-12], novelty of these lies in the 
special scheme of resistance control devices connection 
at which the calculated   emergency mode resistance is 
proportional to the distances to the locations of ground 
circuits.

FLD phase-to-phase faults are realized as one-
way or two-way measurement fault quantities (FQ). 
Usually, by the calculation of short circuit loop resistance 
using symmetrical components of voltage and current of 
the line [2, 13-15]. This method is successfully applied in 
high voltage transmission lines that do not have 
branches. However, in the branched medium voltage 
networks accuracy of the method decreases due to the 
effect of load mode on branches of the network and the 
value of the transition resistance at the fault site.

The use of FLD devices based on the wave 
method requires special fault detection system 
configuration, and special high frequency joining devices 
line processing [16-18].

II. ALGORITHM PROPOSED FOR SOLVING THE 

PROBLEM

Modern methods of FLD on FQ imply 
assumptions that distort the results of calculation of the 
distance to the fault site. Such assumptions include the 
elimination of the influence of the load current or 
transition resistance in the place of short circuit [19]. 
Improving methods of FLD in FQ will reduce the error.

The algorithm is designed for determining 
distance to phase-to-phase short circuit (SC) of a 
complex configuration network with regard to the 
influence of the network load resistance and the 
transition resistance in the place of short circuit, 
indicating the damaged portion of the network.

To identify compensation algorithms, the 
network load and the resistance of the transition FQ has 
to be calculated on example of tri-end electric network 
with voltage of 10 kV (Fig. 1) and its equivalent circuit 
forward (reverse) sequence (Fig. 2) when two-phase 
short-circuit on the OL2 site (point K2).

H

Review of existing methods of FLD for more 
complex types of ground circuit (e.g. double ground 
circuit) does not give a clear idea of the accuracy of the 
distance calculations. As a rule, existing devices of the 
FLD determine only the fact of appearance of a double 
ground circuit, without specifying the characteristics of 
the fault (on the same or on different lines) and not 
indicating distances to points of damage. Thus, 
depending on the nature of a double ground circuit, the 

damage is defined as ground circuit determination or       
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(1)

 

where Zkz – impedance of the emergency mode defined 
by the phase-to-phase voltage with respect to the 
difference of currents of two phases (the classic circuit 
for measuring on resistance responsive to phase-to-
phase damage [20-21]); Z1, Z2, Z3

 

– impedance sections

 

of transmission line; Zn1, Zn2

 

– impedance of load of the 
consumers (including the resistance of the transformers 
TA); Rp

 

is the contact resistance at the injury site.

 

In the expression (1) unknown quantity is the 
resistance Z21, the inductive resistance of which is by way 
of transformation will be determined by a polynomial of 
3rd degree:

 

                   03
213

2
2122110 =+++ xCxCxCC .

 

      (2)

 

Desired resistance x21 is obtained by discarding 
the imaginary roots of the equation, it will be proportional 
to the distance to fault on

 

the section OL2:

 

                                    к 21 resL x x= ,

 

                   (3)

 

where Xres– resistivity direct sequence transmission 
lines.

 

Verification of the proposed FLD algorithm was 
conducted in the MatLab Simulink software package, in 
which the simulated circuit, shown in Fig. 1. has the 
parameters of the transmission line OL1-OL3: Gud = 
0.33 Ω/km HUD = 0.37 Ohm/km; load: ЅP1 = 4000 kVA, 
ЅP2 = 1600 kVA, cosφ

 

= 0,6. Point two-phase short-
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r1 r3 rn2

(½)Rp

Zkz

x1 x3 xn2

r21 r22 rn1x21 x22 xn1

Fig. 2: An equivalent circuit of the direct (reverse) of the sequence design scheme of 10 kV network in emergency 
mode (smalllettering)

According to the equivalent circuit of the network in emergency mode (Fig. 2) full resistance Zkz will be 
defined as:

Fig. 1: Sample one-line electrical network with voltage of 10 kV: S– Feed the power grid with a voltage of 10 kV, TS1, 
TS2 of the transformer substation with the voltage of 0.4 kV LV, OL1–OL3 – sections of the considered line; P1, P2 –
load consumers
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from the start of the additional tap (20 km), the contact 
resistance Rр

 

was equal to 20 Ohms.

 

Current and voltage oscillograms analysis in 
emergency mode showed the following results: the 
short-circuit current was 0.9 kA, the voltage across the 
tyre supply substation is 9.2 kV.

 

Distance to the fault by the formula (1-3) was 
identified as 10.8 km after the tap off, which is a 4% error 
of the FLD calculations.

 

Network damaged section identification is 
carried out by criterion of decrease in active power load 
as a result of changes in the parameters of network 
mode. So, in the event of short-circuit on the OL2 phase 
active power of the loads P1 into the joining was reduced 
to 1648 kW, and the load P2 to 1,077 kWh. Thus, the 
most profound reduction of active power on the load P1 
indicates the damaged area OL2. Commited changes of 
output can be produced with the help of the analysis of 
electric energy digital meters indicators.

 

An additional criterion that allows to identify the 
damaged tap is the negative sequence voltage 
monitoring. The damaged consumer phase voltage 
negative sequence will be higher compared to 
consumers in the undamaged sections of the network 
[12].

 

Let’s compare the results of FLD calculations 
with other techniques used in practice by the formula (1- 

3). So, the built-in function of the FLD waveform analysis 
in the Fast View program [22] indicates the 16.8 km (the 
error is 16%) distance to the fault site. In addition, this 
technique does not give information about the site 
location of the point KZ. 

The closest solution to the designed algorithm is 
a patent solution [23]. The calculation using the 
presented technique indicated distance to a fault 13.9 
km from the beginning of the tap off, the error is about 
20%. 

Thus, the distribution networks of medium 
voltage FLD algorithm was determined, based on the 
control FQ, which differs from other methods of FLD that 
perform calculating the distance to fault when 
considering a tree topology network, as well as the 
transient resistance of the fault. 

A series of model studies show the magnitude 
effect of the load power and the values of the transition 
resistance at the fault site on the accuracy of the FLD 
process in the proposed method according to 
calculations by the formulas (1-3). Calculation error 
results are illustrated in figure (Fig. 3), which shows that 
at the maximum power load of the consumers is 8 MVA 
and the transition resistance of 25 Ω, the FLD error does 
not exceed 9%, which is lower compared to other 
techniques used in practice. 

Fig. 3:

 

Relative error depending on the transition resistance and load.

Calculation of the FQ on example of the same 
electric network with voltage of 10 kV (Fig. 1) in the two-
phase short-circuit in the K1 at the site OL1 (distance to 

fault 5 km, the contact resistance is 20 Ohms). An 
equivalent circuit of the direct (reverse) sequence in 
emergency mode shown in Fig. 4.

 

(1/2)RpZkz

r11 r12 rnx11 x12 xn

Fig. 4: An equivalent circuit of the direct (reverse) of the sequence design scheme of 10 kV network in emergency 
mode
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circuit (K2) on the line OL2 is set at a distance of 10 km 
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Where Z1=Z11+Z12 is the impedance of the main part 
of the transmission line, Zn is the impedance of 
consumers load (including the resistance of the 
transformers on TS) and lines defined by the formula:
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+++
+⋅+
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     (5)

 

Then, the solution of the FLD problem is similar 
to the first example.

 

FLD calculation according to the formulas (1-5) 
showed the following results: distance to fault was 5.1 
km, the relative error is 1.6 %.

 

Built-in FLD waveform analysis function of Fast

 

View program,

 

and the method of [23] indicates 5.5 km 
distance to the fault site (the error is 10.7%).

 

However, the comparing analysis of changes in 
the active power of the loads P1 and P2 shows a slight 
divergence between them, which is the criterion of 
damage on the main section of the line. The active power 
of the loads P1 amounted to 1684 kW, and load N2 – 
929 kW.

 

The fault distance calculation according to the 
presented method in networks with a large number of 
taps (of any configuration) will be similar to the two

 

examples above.

 

The fault location algorithm can be realized on 
the existing microprocessor elements (the terminal), or 
on a separate computing device.

 

III.

 
CONCLUSION

 

The algorithm of determining the distance to a 
two-phase fault is developed, considering the

 

influence 
of load current and the transition resistance in the place 
of circuit, the error of which on average 10% lower 
compared to the existing and applied in practice the 
methods of the FLD.
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Non-Dominated Sorting Whale Optimization 
Algorithm (NSWOA): A Multi-Objective 

Optimization Algorithm for Solving Engineering 
Design Problems 

Pradeep Jangir α & Narottam Jangir σ

Abstract- This novel article presents the multi-objective version 
of the recently proposed the Whale Optimization Algorithm 
(WOA) known as Non-Dominated Sorting Whale Optimization 
Algorithm (NSWOA). This proposed NSWOA algorithm works 
in such a manner that it first collects all non-dominated Pareto 
optimal solutionsin achieve till the evolution of last iteration 
limit. The best solutions are then chosen from the collection of 
all Pareto optimal solutions using a crowding distance 
mechanism based on the coverage of solutions and bubble-
net hunting strategy to guide humpback whales towards the 
dominated regions of multi-objective search spaces.For 
validate the efficiency and effectiveness of proposed NSWOA 
algorithm is applied to a set of standard unconstrained, 
constrained and engineering design problems. The results are 
verified by comparing NSWOA algorithm against Multi 
objective Colliding Bodies Optimizer (MOCBO), Multi objective 
Particle Swarm Optimizer (MOPSO), non-dominated sorting 
genetic algorithm II (NSGA-II) and Multi objective Symbiotic 
Organism Search (MOSOS).The results of proposed 
NSWOAalgorithm validates its efficiency in terms of Execution 
Time (ET) and effectiveness in terms of Generalized Distance 
(GD), Diversity Metric (DM) on standard unconstraint, 
constraint and engineering design problem in terms of high 
coverage andfaster convergence. 
Keyword: non-dominated; crowing distance; nswoa 
algorithm; multi-objective algorithm;economic 
constrained emission dispatch. 

I. Introduction 

ptimization is a work of achieving the best result 
under given limitation or constraints. Now a day, 
optimization is used in all the fields like 

construction, manufacturing, controlling, decision 
making, prediction etc. The final target is always to get 
feasible solution with  minimum  use of resources.  In this  
field computers make a revolutionary impact on every 
field as it provides the facility of virtual testing of all para- 
meters that  are involved  in a  particular design with less 
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involvement of human efforts, benefits in less time 
consuming, human efforts and wealth as well.  

Today we use computer-aided design where a 
designer designs a virtual system on computer and 
gives only command to test all parameters involved in 
that design without even the need for a single prototype. 

A designer only to design and simulate a 
system and set all the parameter limitation for the 
computer.  

Computer-aided design technique becomes 
more effective with the additional feature of auto-
generation of solutions after it’s mathematically 
formulation of any system or design problem. Auto 
generation of solution, this feature is come into nature 
with the development of algorithms. In past years, real 
world designing problems are solved by gradient 
descent optimization algorithms. In gradient descent 
optimization algorithm, the solution of mathematically 
formulated problem is achieved by obtaining its 
derivative. This technique is suffered from local minima 
stagnation[1, 2] more time consuming and their solution 
is highly dependent on their initial solution. 

The next stage of development of optimization 
algorithms is population basedstochastic 
algorithms.These algorithms had number of solutions at 
a time so embedded with a unique feature of local 
minima avoidance. Later population based algorithms 
are developed to solve single objective at a time either it 
may be maximization or minimization on accordance the 
problems objective function. Some popular algorithms 
for single objective problems are Moth-Flame optimizer 
(MFO) [3], Bat algorithm (BA) [4], Particle swarm 
optimization (PSO) [5], Ant colony optimization (ACO) 
[6], Genetic algorithm (GA) [7], Cuckoo search (CS)[8], 
Mine blast algorithm (MBA) [9], Krill Herd (KH) [10], 
Interior search algorithm (ISA) [11] etc. These algorithms 
have capabilities to handle uncertainties [12], local 
minima [13], misleading global solutions [14], better 
constraints handling [15] etc. To overcome these 
difficulties different algorithms are enabled with different 
powerful operators. As mention above here is only 
objective then it is easy to measure the performance in 

O
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terms of speed, accuracy, efficiency etc. with the simple 
operational operators.   

In general, real world problems are nonlinear 
and multi-objective in nature.In multi-objective problem 
there may be some objectives are consisting of 
maximization function while some are minimization 
function. So now a day, multi-objective algorithms are in 
firm attention.  

Let’s take an example of buying a car, so we 
have many objectives in mind like speed, cost, comfort 
level, space for number of people riding, average fuel 
consumption, pick up time required to gain particular 

speed, type of fuel requirement either it is diesel driven, 
petrol driven or both etc. To simply understand multi-
objective problem, from Fig. 1, we considertwo 
objectives, first cost and second comfort level. So we go 
for sole objective of minimum cost possible then we 
have to deny comfort level objective and vice-versa. It 
means real word problems are with conflicting 
objectives. So as, we are disabled to find an optimal 
solution like single objective problems. About multi-
objective algorithm and its working is detailed described 
in next portion of the article.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Car-buying decision-making problem (Hypothetical multi-objective problem solutions)

The No free launch [16] theorem that logically 
proves that none of the only algorithm exists equally 
efficient for all engineering problem. This is the main 
reason that it allows all researcher either to propose new 
algorithm or improve the existing ones. This paper 
proposed the multi-objective version of the well-known 
whale optimization algorithm(WOA) [17]. In this paper 
non-sorted WOA (NSWOA) is tested on the standard un-
constraint and constrainttest function along with some 
well-known engineering design problem, their results are 
also compared with contemporary multi-objective 
algorithms Multi objective Colliding Bodies Optimizer 
(MOCBO) [18], Multi objective Particle Swarm Optimizer 
(MOPSO)[19-20], Non-dominated Sorting Genetic 
Algorithm (NSGA) [21-23], non-dominated sorting 
genetic algorithm II (NSGA-II)[24] and Multi objective 
Symbiotic Organism Search (MOSOS)[25] that are 

widely accepted due to their ability to solve real world 
problem. 

The structure of the paper can be given as 
follows: - Section 2 consists of literature; Section 3 
includes the proposed novel NSWOAalgorithm; Section 
4 consists of competitive results analysis of standard 
test functions as well as engineering design problem 
and section 5 includes real world application, finally 
conclusion based on results and future scope of work is 
drawn. 

II. Literature Review 

As the name describes, multi-objective 
optimization handlessimultaneously multiple objectives. 
Mathematically minimize/maximize optimization problem 
can be written as follows: 

                                   ��������/��������:        �� (�⃗)  = {���(�⃗), ���(�⃗), … , ���(�⃗)}                                      (2.1) 
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                               � �
��  ≤ �� ≤  ��

��   , � = 1,2, . . . , �                                  (2.4) 

Where q is the number of inequality constraints, 
r is the number of equality constraints,k is the number of 
variables, ��  is the ith inequality constraints, no is the 
number of objective functions, �� indicates the ith equality 

constraints, and [��
��, ��

��] are the boundaries of  ith 
variable. 

Obviously, relational operators are ineffective in 
comparing solutions with respect to multiple objectives. 
The most common operator in the literate is Pareto 
optimal dominances, which is defined as follows for 
minimization problems:  

where �⃗ = (��, ��, … , ��) and  �⃗ = (��, ��, … , ��).

For maximization problems, Pareto optimal dominance is defined as follows:  

where �⃗ = (��, ��, … , ��) and  �⃗ = (��, ��, … , ��). 
These equationsshow that a solution is better 

than another in a multi-objective search space if it is 
equal in all objective and better in at least one of the 
objectives. Pareto optimal dominance is denoted with ≺ 
and ≻. With these two operator’s solutions can be easily 
compared and differentiated. 

Population based multi-objective algorithm’s 
solution consists of multiple solution. But with multi-
objective algorithm we cannot exactly determine the 
optimal solution because each solution is bounded by 
other objectives or we can say there is always conflict 
between other objectives. So the main function of 

stochastic/population based multi-objective algorithm is 
to find out best trade-offs between the objectives, so 
called Pareto optimally set [26-28]. 

The principle of working for an ideal multi-
objective optimization algorithm is as shown in Fig. 2.  

Step No. -1 Find maximum number of non-
dominated solution according to objective, it expresses 
the number of Pareto optimal set so as shows higher 
coverage 

Step No. -2 Choose one of the Pareto optimal 
solution using crowding distance mechanism that fulfills 
the objectives. 
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∀n∈{1,2,…,k}: f_n (x ⃗ )≤f_n (y ⃗ )    ∧  ∃n∈{1,2,…,k}:f_n (x ⃗ )<f_n (y ⃗ )                             (2.5)

  ∀n∈{1,2,…,k}: f_n (x ⃗ )≥f_n (y ⃗ )    ∧  ∃n∈{1,2,…,k}:f_n (x ⃗ )>f_n (y ⃗ )                             (2.6)

Ideal Multi-Objective Optimizer

Multi-Objective Optimization 
Problem

Minimize fn1(x)
Minimize fn2(x)

…
Minimize fn0(x)

Subject to Constraints pi(x) & ti(x)

Multiple trade-off solution found

Higher level 
information

Choose one solution

Step 1

Step 2

Fig. 2: Multi-objective optimization (Ideal) procedure
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Now a day recently proposed sole objective 
algorithms are equipped with powerful operators to 
provide them a capability to solve multi-objective 
problems as well. In the same manner we proposed 
NSWOA algorithm in a hope that it will perform efficiently 
for multi-objective problems. These are: Multi-objective 
GWO [29], Multi-objective Bat Algorithm [30], Multi-
objective Bee Algorithm [31],Pareto Archived Evolution 
Strategy (PAES) [32], Pareto-frontier Differential 
Evolution (PDE) [33], Multi-Objective Evolutionary 
Algorithm based on Decomposition (MOEA/D) [34], 
Strength-Pareto Evolutionary Algorithm (SPEA) [35, 
36]andMulti-objective water cycle algorithm with 
unconstraint and constraint standard test functions 
[37][38].Performance measurement for approximate 
robustness to Pareto front of multi-objective optimization 
algorithms in terms of coverage, convergence and 
success metrics. 

The computational complexity of NSWOA 
algorithm is order of � (���)where N is the number of 
individuals in the population and M is the number of 
objectives. The complexity for other good algorithms in 
this field: NSGA-II, MOPSO, SPEA2 and PAES 
are � (���). However, the computational complexity is 
much better than some of the algorithms such as NSGA 
and SPEA which are of � (���). 

III. Non-Dominated Sorting Whale 
Optimization Algorithm (nswoa) 

The Whale Optimization Algorithm (WOA) with 
sole objective was proposed by Mirjalili Seyedali and 
Andrew Lewis in 2016 [17]. It is basically a stochastic 
population based, nature inspired algorithm. In this 
algorithm the basic strategy based on special hunting 
nature of humpback whales.Some fact about humpback 
whales that they are: fancy creatures, biggest mammals 
in the world and have power of think, learn, judge, 
communicate, being emotional etc. They are also 
considered as predators as they never sleep, only half 
of the brain sleeps, as they have to breathe from surface 
of the ocean. One more interesting fact about whales is 
their hunting or foraging behavior to hunt small fishes. 
Such type of foraging behavior is known as bubble-net 
feeding strategy where whales went down in water 
approximate 10-15 meter and then after start to produce 
bubbles in a spiral shape encircles prey and then 
follows the bubbles and moves upward the surface. This 
foraging behavior is done by making distinct bubbles 

© 2017    Global Journals Inc.  (US)
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along with a circle or ‘9-shaped path’ represented in Fig. 
3 and clearly explained in [54-56]. 

Fig. 3: Representation of foraging behavior or ‘9-shaped path’ of the humpback whales

Mathematical modelling of The Whale Optimization 
Algorithm: 

a) Encircling Prey Equation 

Humpback whale encircles the prey (small 

fishes) then updates its position towards the optimum 

solution over the course of increasing number of 
iteration from start to maximum number of iteration. 

                 

. *( ) ( )D C X t X t 
 

        (1) 

( 1) *( ) .X t X t A D  
   

                     
(2) 
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Where: A


, D


 are coefficient vectors, t is current 

iteration, *( )X t


 is position vector of optimum solution 

so far and ( )X t is position vector. 

Coefficient vectors A


, D


 are calculated as follows:    

                                       2 *A a r a 
  

        (3) 

                                    2*C r


         (4) 

Where: �⃗ is a variable linearly decrease from 2 to 0 over 
the course of iteration and r is a random number [0, 1]. 

b) Bubble-net attacking method 
In order to mathematical equation for bubble-

net behaviour of humpback whales, two methods are 
modelled as: 

i. Shrinking Encircling Mechanism 

This technique is employed by decreasing 

linearly the value of a


 from 2 to 0. Random value for 

vector �⃗in rang between [-1, 1]. 

ii. Spiral Updating Position 

Mathematical spiral equation for position 
update between humpback whale and prey that was 
helix-shaped movement given as follows: 

         ( 1) '* *cos(2 ) *( )btX t D e l X t  
  

       (5) 

Where: l is a random number [-1, 1], b is constant 

defines logarithmic shape, ' *( ) ( )D X t X t 
     

expresses the distance between i-th whale to the prey 
mean best solution so far. 
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*( ) .                                      0.5
( 1)

'. .cos(2 ) *( )                    0.5bl

X t A D if p
X t

D e l X t if p

   
   

   

  


 

                                

        (6)

                                       

Where:  p expresses random number between [0, 1]. 

iii. Search for prey 

A


 Vector can be used for exploration to search for prey; 

vector A


also takes the values greater than one or less 
than -1. Exploration follows two conditions 

                             

. randD C X X 
   

        (7) 

                          
( 1) .  randX t X A D  

   
                    (8) 

Finally follows these conditions: 

 1A 


 enforces exploration to WOA algorithm to 

find out global optimum avoid local optima 

 1A 


for updating the position of current search 

agent/best solution is selected    

Basic working of NSWOA algorithm is as follows: 

 Stage 1 

 First of all, initialize the population of the whales 
 Randomly generated sets of whales and prey and 

their position vectorsare represented in matrix for 
convenience to understand 

 Then fitness of each whale’s positionis calculated 
on an according as objective function 

 Stage 2 

 Position of whales are updated as a spiral or helix 
shaped movement function and so as value of next 
position of whales is decided 

 The value of absolute distance is achieved which is 
basically a distance between the current best 
solution (whales current position) to the final (prey 
position) optimal solution 

 We assume that there is 50-50% probability that 
whale either follow the shrinking encircling or 
logarithmic path during optimizationmuch needed to 
update their position towards optimal one 

 Stage 3 

 Termination counter in integrated to limit/forcefully 
stop the search in uncertain search space (max. 
iteration counter to forcefully converge the search to 
optimal one) 

 Size of the position vector matrix is continuously 
reduced over the course of iteration due to directed 
search to find global best solution  

 Continuously position of the whalesis updated 
towards the optimal one viaeither follow the 
shrinking encircling or logarithmic path during 
optimizationequation for each iteration 

 Likewise, multi-objective optimization the NSWOA 
algorithm is made to capable to store the pareto 

 Stage4

Note: We assume that there is 50-50% probability that 
whale either follow the shrinking encircling or logarithmic 
path during optimization. Mathematically we modelled 
as follows:
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optimal solutions in a collectionset and make it as 
flexible to change solution over the course of 
iteration 

 Solution is assigned a rank according to their ability 
as if a solution is not dominated by other solution is 
assigned rank1, dominated by only solution 
assigned rank 2 and so on & if collection set is full 
(archive size) over predefined size then some 
solutions that are less non-dominated (according to 
fitness value) in natureare directed to be out from 
the collection set according to the crowding 
distance mechanism. 

This collection set is similar to the term achieve 
used in MOSOS and NSGA-II. It is a repository to store 
the best non-dominated solutions obtained so far. The 
search mechanism in NSWOA is very similar to that of 
WOA algorithm, in which solutions are improved using 
position vectors. Due to the existence of multiple best 
solutions, however, the best whales position should be 
chosen from the collection set. 

In order to select solutions from the archive to 
establish tunnels between solutions, we employ a leader 
selection mechanism. In this approach, the crowding 
distance between each solution in the archive is first 
selection and the number of solutions in the 
neighbourhood is counted as the measure of coverage 
or diversity. We require the NSWOAalgorithm to select 
solutions from the less populated regions of the archive 
using the following equation to improve the distribution 
of solutions in the archive across all objectives. 

This section proposes multi-objective version of 
the WOA algorithm called NSWOA algorithm. The non-
dominated sorting has been of the most popular and 
efficient techniques in the literature of multi-objective 
optimization. As its name implies, non-dominated 
sorting sort Pareto optimal solutions based on the 
domination level and give them a rank. This means that 
the solutions that are not dominated by any solutions is 
assigned with rank 1, the solutions that are dominated 
by only one solution are assigned rank 2, the solutions 
that are dominated by only two solutions are assigned 
rank 3, and so on. Afterwards, solutions are chosen to 
improve the quality of the population base on their rank. 
The better rank, the higher probability to be chosen. The 
main drawback of non-dominated sorting is its 
computational cost, which has been resolved in NSGA-
II.  

© 2017    Global Journals Inc.  (US)
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The success of the NSGA-II algorithm is an 
evidence of the merits of non-dominated sorting in the 
field of multi-objective optimization. This motivated our 
attempts to employ this outstanding operator to design 

another multi-objective version of the WOA algorithm. In 
the NSWOA algorithm, solutions are updated with the 
same equations presented in equation 3.9. In every 

This mechanism allows better solutions to 
contribute in improving the solutions in the population. It 
should be noted that non-dominated sorting gives a 
probability to dominated solutions to be selected as 
well, which improves the exploration of the NSWOA 
algorithm. Flow chart of NSWOA algorithm is 
represented as Fig. 4. 

Constraint Handling Approach 

With the extended literature survey we find that 
the population based algorithms are the common way to 
solve the multi-objective problems as they are more 
commonly provides the global solution and capable of 
handling both continuous and combinational 
optimization problem with a very high coverage and 
convergence. Multi-objective problems are subjected to 
various type of constraints like linear, non-linear, 
equality, inequality etc. So with these problems 
embedded it is very difficult to find simple and good 
strategy to achieve considerable solutions in the 
acceptable criterion. So in this paper NSWOA algorithm 
uses a very simple approach to get feasible solutions. In 
this mechanism, after generating number of solutions at 
each generation, all the desirable constraint checked 
and then some solution that fulfills the criterion of 
acceptable solution are selected and collected them in 
achieve. Afterward non dominated solutions added in 
archive as we find more suitable solution to get 
acceptable solution. So as if achieve is full then less 
dominated solutions are removed. Finally, according to 
crowing distance mechanism all these solutions (more 
suitable position of the whales) from archive is selected 
to get desired solution.   

 
 

〖P〗_i=c⁄〖Rank〗_i                     (3.9)

 
iteration, however, the solutions to have optimal position 
of whalesare chosen using the following equation:  

where c is a constant and should be greater than 1 and 
𝑅𝑅𝑚𝑚𝑀𝑀𝑘𝑘𝑀𝑀 is the rank number of solutions after doing the 
non-dominated sorting.
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Fig. 4: Flow chart of NSWOA algorithm 

iv. Results Analysis On Test Functions 

For determine the performance of proposed 
NSWOA algorithm is applied to: 

 A set of unconstraint and constraint standard multi-
objective test functions 

 Tested on well-known engineering design problems 
 Non-linear, highly complex practical application 

known as economic constrained emission dispatch 
(ECED) 

 With and Without stochastic integration of wind 
power (WP) in the next section  

 A simple six-operating generational unit with power 
demand 1200 MW. 

Initialize the no. of whales, no. of variable, maximum iterations A, D, l, a, b, t 

Generate random initial population & store them into matrices (3.1)-(3.4) 

Calculate the fitness of all the whales and preys & their position vectors eq. (3.5) & (3.8) 

Determine the non-dominated solutions in the initial population & save them in Pareto archive 

Calculate crowding distance for each Pareto archive member 

Select a position vector based on crowing distance value 

Now calculate the position vector and update the position of  whales using equations (3.5) to(3.8) 

Calculate the fitness values of all the updated positions of whales 

Determine the new non-dominated solutions in the population & save them in Pareto archive & eliminate 

any dominated solutions in the Pareto archive 

Calculate the crowing distance value for each Pareto archive member and remove as many as necessary 
according to archive size with the lowest crowing distance value 

Perform non-dominated sorting according to crowing distance mechanism & select the global best 
solution with rank 1, rank 2 and so on according eq. (3.9) 

Report the optimal Pareto solution 

Is iteration criteria 
satisfied? 

No 

Yes 

Non-Dominated Sorting Whale Optimization Algorithm (NSWOA): A Multi-Objective Optimization 
Algorithm for Solving Engineering Design Problems
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NSWOA algorithm is tested on seventeen 
different multi-objective case studies, including eight 
unconstrained test functions, five constrained test 
functions, and four real world engineering design 
problem, later algorithm is applied to the main 
application economic constrained emission dispatch 



 Standard multi-objective unconstrained test 
functions (KUR, FON, ZDT1, ZDT2, ZDT3, ZDT4, 
SCHN1, and SCHN2) 

 Standard multi-objective constrained test functions 
(TNK, OSY, BNH, SRN, and CONST) 

 Real world engineering multi-objective design 
problem (Four bar truss design, welded beam 
design, speed reducer and disk brake design 
problem) 

 Modeling of ECEDWP problem 

Mathematical representation of these standard 
test functions is given in Appendix 1. (Multi-objective 
unconstrained test functions), 2. (Multi-objective 
constrained test functions), 3. (Engineering multi-
objective design problem) with distinct characteristics 
like non-linear, non-convex, discrete pareto fronts and 
convex etc. are selected to measure the performance of 
proposed NSWOA algorithm. To deal with real world 

engineering design problem is really a typical task with 
unknown search space, in this article we include four 

different engineering problems are considered and 
performance is compared with various well known 
algorithms like MOWCA, NSGA-II, MOPSO, PAES and μ- 
GA multi-objective algorithms. Each algorithm is 
separately runs fifteen times and numeric results are 
listed in tables below. To measure the quality of 
obtained results we match their coverage of obtained 
true pare to front with respect to their original or true 
pare to fronts. 

For numeric as well as qualitative performance 
of purposed NSWOA algorithm on various case studies 
we consider Generational Distance (GD) given by 
Veldhuizen in 1998 [39]for measuring the deviation of 
the distance between true pare to front and obtained 
pare to front, Diversity matric (Δ) also known as matrix of 
spread to measure the uniformly distribution of non-
dominated solution given by Deb [24]and Metric of 
spacing (S) to represent the distribution of non-
dominated distribution of obtained solutions by 
purposed algorithm given by Schott [40]. 

                    (4.1) 

where �� shows the Euclidean distance (calculated in 
the objective space) between the ��� Pareto optimal 
solution achieved and the nearest true Pareto optimal 
solution in the reference set, ����  is the total number of 
achieved Pareto optimal solutions.  
 

                         Δ =
�������∫ |����|

����
�� � �

������(�� �)�
 

where,  �� , �� are Euclidean distances between 
extreme solutions in true pareto front and obtained 
pareto front. �� shows the Euclidean distance between 
each point in true pare to front and obtained pare to 
front. ����   and ‘d’ are the total number of achieved 
Pareto optimal solutions and averaged distance of all 
solutions. 
 

                           � = �
�

������
∫ (�� − �)�����

�� �
 

a) Results on unconstrained test problems 
Like as above mentioned, the first set of test 

problems consist of unconstrained standard test 

functions. All the standard unconstrained test functions 
mathematical formulation is shown in Appendix A. Later, 
the numeric results are represented in Table 1 and best 
optimal pare to front is shown in Fig. 5. 

All the statistical results are shown Table 1 
suggests that the NSWOA algorithm effectively 
outperforms with most of the unconstraint test functions 
compare to the MOSOS, MOCBO, MOPSO and NSGA-II 
algorithm. The effectiveness of proposed non-
dominated version of WOA (NSWOA algorithm) can be 
seen in the Table 1, represents a greater robustness 
and accuracy of NSWOA algorithm in terms of mean 
and standard deviation with the help of GD, diversity 
matrix along with computational time. However, 
proposed NSWOA algorithm shows very competitive 
results in comparison with the MOPSO, MOCBO and 
MOSOS algorithms and in some cases these algorithms 
perform better than proposed one. Pare to front 
obtained by proposed NSWOA algorithm shows almost 
complete coverage with respect to true pare to front.  

Non-Dominated Sorting Whale Optimization Algorithm (NSWOA): A Multi-Objective Optimization 
Algorithm for Solving Engineering Design Problems

GD=√(∫_(i=1)^(n_PFs)▒〖〖(d〗_i)〗^2 )/n

(4.2)

(4.3)

© 2017    Global Journals Inc.  (US)
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The mathematical representation of these 
performance indicating metric are as follows: 

where “d” is the average of all 𝑑𝑑𝑀𝑀 , 𝑀𝑀𝑃𝑃𝐹𝐹𝑃𝑃 is the total 
number of achieved Pareto optimal solutions, and 
𝑑𝑑𝑀𝑀 = min𝑆𝑆 �|𝑓𝑓1

𝑀𝑀(𝑚⃗𝑚) − 𝑓𝑓1
𝑆𝑆 (𝑚⃗𝑚)| + |𝑓𝑓2

𝑀𝑀(𝑚⃗𝑚) − 𝑓𝑓2
𝑆𝑆 (𝑚⃗𝑚)� for all

i,j=1,2,…,n. Smallest value of “S” metric gives the global 
best non-dominated solutions are uniformly distributed, 
thus if numeric value of  𝑑𝑑𝑀𝑀 and 𝑑𝑑 are same then value of 
“S” metric is equal to zero.

with wind power (ECEDWP). These can be classified 
into four groups given below:



Table 1:  Results of the multi-objective NSWOA algorithms (using GD, Δ, CT) on the unconstrained test functions 
employed 

Non-Dominated Sorting Whale Optimization Algorithm (NSWOA): A Multi-Objective Optimization 
Algorithm for Solving Engineering Design Problems

Algorithm

Function ↓
PFs

NSWOA
MEAN±SD

MOSOS
MEAN±SD

MOCBO
MEAN±SD

MOPSO
MEAN±SD

NSGA- II
MEAN±SD

GD 0.00722±0.00211 0.0075±0.0042 0.0083±0.0062 0.015±0.0075 0.0301±0.0043

KUR Δ 0.02699±0.00025 0.0295±0.0122 0.0357±0.0236 0.0991±0.031 0.0362±0.0240
CT 7.55752±0.43359 10.7413±0.822 7.9531±0.5823 8.0532±0.621 20.4368±3.102

GD 0.00163±0.00022 0.0019±0.0002 0.0022±0.0003 0.0042±0.000 0.0026±0.0003

FON Δ 0.28815±0.03648 0.3875±0.0062 0.3955±0.0068 0.4158±0.008 0.3987±0.0082
CT 09.6571±0.54537 11.4013±1.140 8.6606±0.8862 8.732±0.9134 22.0323±4.522

GD 0.36659±0.06618 0.3325±0.0256 0.3337±0.0319 0.3348±0.035 0.3352±0.038

ZDT-1 Δ 0.34579±0.00775 0.3803±0.0122 0.3825±0.0125 0.3876±0.024 0.3905±0.0220

CT 6.59899±0.00371 8.2351±0.0204 3.1435±0.0193 3.7533±0.006 11.2681±0.364

GD 0
.
07001±0.00066 0.0731±0.0010 0.0729±0.0005 0.0733±0.001 0.0725±0.0004

ZDT-2 Δ 0.04133±0.06577 0.4307±0.0007 0.4316±0.0007 0.4321±0.001 0.431±0.00075

CT 4.65825±0.02000 8.2345±0.0457 3.1502±0.0130 3.6113±0.014 11.2811±0.024

GD 0.07132±0.03917 0.1022±0.5187 0.0982±0.5007 0.1235±0.009 0.1147±0.0039

ZDT-3 Δ 0.69774±0.23268 0.6537±0.0052 0.65325±0.002 0.8234±0.108 0.7386±0.0474

CT 8.77756±0.34789 13.4567±0.129 6.2846±0.1059 8.3764±0.231 14.3406±0.144

GD 0.49888±0.00022 0.5015±0.0006 0.5078±0.0013 0.5146±0.001 0.5204±0.0019

ZDT-4 Δ 0.35779±0.01477 0.4585±0.0073 0.4795±0.0079 0.6543±0.024 0.7003±0.0089

CT 7.87855±0.12275 13.9022±0.121 6.6922±0.1440 8.8203±0.218 14.8102±0.170

GD 0.00999±0.00075 0.0028±0.0024 0.0031±0.0032 0.0032±0.003 0.0034±0.0042

SCHN-1 Δ 0.50066±0.01477 0.5295±0.1312 0.5302±0.1356 0.8582±0.164 0.5502±0.1360

CT 11.7600±1.23165 8.2135±1.121 5.4845±1.1320 5.5721±1.133 17.9121±2.162

GD 0.04977±0.00188 0.0705±0.0215 0.0932±0.0228 0.1497±0.022 0.3096±0.0217

SCHN-2 Δ 0.65698±0.02888 0.7821±0.0512 0.801±0.08326 0.8652±0.060 0.9562±0.0921

CT 5.79912±0.14008 8.7015±0.4532 5.9751±0.2821 6.0272±0.582 18.421±2.1802

© 2017    Global Journals Inc.  (US)
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b) Results on constrained test problems 

The next set of standard test functions 
consisting of constrained functions. For constrained test 
function it should be necessary that NSWOA algorithm 

 

 

The next set of standard test functions 
consisting of constrained functions. For constrained test 
function it should be necessary that NSWOA algorithm 
has a capability of handling constraints so algorithm is 
equipped with a death penalty function to search
that violate any of the constraints at any level [41].  For 
comparing the results of different algorithms, we have 
utilized GD and Δ metrics.  

 

 

has a capability of handling constraints so algorithm is 
equipped with a death penalty function to search agents 
that violate any of the constraints at any level [41].  For 
comparing the results of different algorithms, we have 
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Fig. 5: Best Pareto optimal front of KUR, FON, ZDT1, ZDT2, ZDT3, ZDT4, SCHN1 and SCHN2 obtained by the 
NSWOA algorithm
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Table 2:  Results of the multi

Algorithm 

Function ↓ 
PFs

 NSWOA 

MEAN±SD 

 
GD 0.14566±0.00216 

TNK Δ
 

0.09996±0.05027 

 
CT 10.7775±0.04668 

 
GD 0.10004±0.00029 

OSY Δ
 

0.54798±0.06679 

 
CT 15.4470±0.02008 

 
GD 0.14447±0.00488 

BNH Δ
 

0.44477±0.03786 

 
CT 07.5524±0.04587 

 
GD 0.05881±0.01499 

SRN Δ
 

0.20444±0.00098 

 
CT 7.24456±0.00122 

 
GD 0.42115±0.02998 

CONST Δ
 

0.7865±0.000666
 

 
CT 16.7555±0.00050 

Results of the multi-objective NSWOA algorithms on constrained test problems

 

 

 

 
 

 

MOSOS 

MEAN±SD 

MOCBO 

MEAN±SD 

MOPSO 

MEAN±SD 

0.1508±0.0040 0.1528±0.0051 0.1576±0.0062 0.1542±0.0072

0.1206±0.0423 0.1242±0.0512 0.1286±0.0522 0.126±0.06242

15.1286±0.063 11.0104±0.052 12.0212±0.054 17.
4204±0.055

0.1196±0.0031 0.1210±0.0041 0.1282±0.0042 0.1
242±0.0043

0.5354±0.0616 0.5422±0.0712 0.5931±0.0721 0.5682±0.0751

20.2124±0.032 12.2104±0.030
 

14.6420±0.042 24.
2204±0.039

0.1436±0.0062 0.1498±0.0076 0.1644±0.0078 0.1
566±0.0042

0.4288±0.0625 0.4798±0.0721 0.4975±0.0632 0.4892±0.0832

16.2664±0.054 9.1544±0.0420 9.7452±0.0464 19.
652±0.0511

0.0988±0.0014 0.1018±0.0015 0.1125±0.0026 0.1
024±0.0032

0.2295±0.0017 0.2352±0.0019 0.2730±0.0023 0.
2468±0.0018

12.3254±0.012 7.3251±0.0082 9.2134±0.0083 17.
0231±0.023

0.5162±0.0021 0.5202±0.0034 0.5854±0.0036 0.5532±0.0041

0.7122±0.0072 0.7235±0.0083 0.7344±0.0084 0.8126±0.0087

10.0112±0.003 5.2252±0.0028
 

6.4766±0.0035 14.
0892±0.003

problems 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

NSGA-II 

MEAN±SD 

0.1542±0.0072 

0.126±0.06242 

17.4204±0.055 

0.1
242±0.0043 

0.5682±0.0751 

24.
2204±0.039 

0.1566±0.0042 

0.4892±0.0832 

19.
652±0.0511 

0.1
024±0.0032 

0.2
468±0.0018 

17.
0231±0.023 

532±0.0041 

126±0.0087 

14.
0892±0.003 

Non-Dominated Sorting Whale Optimization Algorithm (NSWOA): A Multi-Objective Optimization 
Algorithm for Solving Engineering Design Problems
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Fig. 6: Best Pareto optimal front TNK, OSY, BNH, SRN and CONST obtained by NSWOA 

Table 2 suggests that the NSWOA algorithm 
comparatively performs better than other four algorithms 
for most of the standard constrained test functions 
employed. The best Pareto optimal fronts in Fig. 6 also 
helps in proving since all the Pareto optimal solutions 
exactly follow the true pare to fronts obtained from by 
NSWOA algorithm. 

 
 
 

Best Pareto optimal front TNK, OSY, BNH, SRN and CONST obtained by NSWOA 

Table 2 suggests that the NSWOA algorithm 
comparatively performs better than other four algorithms 
for most of the standard constrained test functions 
employed. The best Pareto optimal fronts in Fig. 6 also 

ptimal solutions 
to fronts obtained from by 

c) Results On Constrained Engineering Design 
Problems 

The third set of test functions is the most 
complicated one and consists of four real engineering 

design problems. Mathematical model of all the four 

engineering design problem are given in Appendix C. 
Same as before both GD and diversity matrix is 
employed to measure the performance of NSWOA 
algorithm with respect to other algorithms to solve them, 
numeric results are given in Tables and Figure 
respectively shows the best optimal front obtained by 
NSWOA algorithm.  

i. Four-bar truss design problem 

The statistical results of four bar truss design 
problem [42] in given in Table 3 and best optimal front is 
given in Fig. 7. It consists of two minimization objectives 
displacement and volume with four design control 
variable mathematically given in Append

 

 

Best Pareto optimal front TNK, OSY, BNH, SRN and CONST obtained by NSWOA algorithm

On Constrained Engineering Design 

set of test functions is the most 
complicated one and consists of four real engineering 

design problems. Mathematical model of all the four 

engineering design problem are given in Appendix C. 
Same as before both GD and diversity matrix is 

ure the performance of NSWOA 
algorithm with respect to other algorithms to solve them, 
numeric results are given in Tables and Figure 
respectively shows the best optimal front obtained by 

The statistical results of four bar truss design 
problem [42] in given in Table 3 and best optimal front is 
given in Fig. 7. It consists of two minimization objectives 
displacement and volume with four design control 
variable mathematically given in Appendix C.  
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CONST function consists of concave front with 
linear front, OSY is similar to CONST but consists of 
many linear regions with different slops while TNK 
almost similar to wave shaped. These also suggests 
that NSWOA algorithm has a capability to solve various 
type of constraint problem. All the constraint test 
functions are mathematically given in Appendix B.



PFs
 
Methods ↓

 

NSWOA
 

MOWCA 

NSGA-II 

MOPSO 

μ- GA 

PAES 

 

Fig.7: Pareto optimal front obtained by the NSWOA Algorithm for “Four 

ii      Speed-reducer design problem 

The statistical results of speed reducer design 
problem [43] is given in Table 4 and best optimal front is 
given in Fig. 8. It is a well-known mechanical design 

PFs
 

Methods ↓ 

NSWOA 

MOWCA 

NSGA-II 

μ- GA 

PAES 

 

GD S 

MEAN±SD MEAN±SD 

0.1875±0.0414 1.9829±0.1102 

0.2076±0.0055 2.5816±0.0298 

0.3601±0.0470 2.3635±0.2551 

0.3741±0.0422 2.5303±0.2275 

0.9102±1.7053 8.2742±16.831 

0.9733±1.8211 3.2314±5.9555 

Pareto optimal front obtained by the NSWOA Algorithm for “Four –bus truss design problem”

The statistical results of speed reducer design 
problem [43] is given in Table 4 and best optimal front is 

known mechanical design 

problem consists of two minimization objectives stress 
and weight with seven design control var
mathematically given in Appendix C.  

GD S 

MEAN±SD 

0.96469±0.41014800 1.778124±04.943415

0.98831±0.17894217 16. 68520±2.6969443

9.843702±7.0810303 02.7654494±3.534978

3.117536±1.6781086 47.80098±32.8015157

77.99834±4.2102608 16.20129±4.26842769

bus truss design problem”

problem consists of two minimization objectives stress 
and weight with seven design control variable 
mathematically given in Appendix C.   

 

 

1.778124±04.943415 

16. 68520±2.6969443 

02.7654494±3.534978
 

47.80098±32.8015157
 

16.20129±4.26842769
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MEAN±SD 
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Table 3: Results of the multi-objective NSWO Aalgorithm on four-bar truss design problem in terms mean and 
standard deviation

Table 4: Results of the multi-objective NSWOA algorithm on speed-reducer design problem in terms mean and 
standard deviation
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Fig.8: Pareto optimal front obtained by the NSWOA Algorithm for “Speed Reducer design problem”

iii. Welded-beam design problem 
The statistical results of welded beam design 

problem [44] is given in Table 5 and best optimal front is 
given in Fig. 9. It is a well-known mechanical design 

PFs
 

Methods ↓ 

NSWOA 

MOWCA 

NSGA-II 

paɛ-ODEMO  

Fig.9: Paretooptimal front obtained by the NSWOA Algorithm for “Welded Beam Design problem”

Pareto optimal front obtained by the NSWOA Algorithm for “Speed Reducer design problem”

The statistical results of welded beam design 
problem [44] is given in Table 5 and best optimal front is 

known mechanical design 

problem consists of two minimization objectives 
fabrication cost and deflection of beam with four
control variable mathematically given in Appendix C.  

GD Δ 

MEAN±SD MEAN±SD

0.03641±0.02588 0.75543±0.02777

0.04909±0.02821 0.22478±0.09280

0.16875±0.08030 0.88987±0.11976

0.09169±0.00733 0.58607±0.04366

optimal front obtained by the NSWOA Algorithm for “Welded Beam Design problem”

Pareto optimal front obtained by the NSWOA Algorithm for “Speed Reducer design problem” 

problem consists of two minimization objectives 
fabrication cost and deflection of beam with four design 
control variable mathematically given in Appendix C.   

 

MEAN±SD 

0.75543±0.02777 

0.22478±0.09280 

0.88987±0.11976 

0.58607±0.04366 

optimal front obtained by the NSWOA Algorithm for “Welded Beam Design problem” 
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Table 5: Results of the multi-objective NSWOA algorithms on welded-beam design problem in terms mean and 
standard deviation
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 Disk brake design problem 
The statistical results of welded beam design 

problem [44] is given in Table 6 and best optimal front is 
given in Fig. 10. It is a well-known mechanical design 

Fig.10: Paretooptimal front obtained by the NSWOA Algorithm for “Disk brake design problem”

Due to high complexity of engineering design 
problem it is really hard to gain results alike true pare
front but we can clearly see that optimal pare
obtained by NSWOA algorithm is covers almost whole 
solutions that are the actual/true solutions of an 
engineering design problem. From all above tested 
function we can conclude that problem either it consists 
of constraints or unconstraint problem NSWOA 
algorithm shows its capability to solve any kind of linear, 
non-linear and complex real world problem.
next section we attached a highly non-linear complex 
real problem to show its effectiveness regarding the real 
world complex application with many objectives.

 
 

The statistical results of welded beam design 
problem [44] is given in Table 6 and best optimal front is 

known mechanical design 

problem consists of two minimization objectives 
stopping time and mass of brake of a disk brake 
four design control variable mathematically given in 
Appendix C.   

optimal front obtained by the NSWOA Algorithm for “Disk brake design problem”

Due to high complexity of engineering design 
problem it is really hard to gain results alike true pare to 

optimal pare to 
obtained by NSWOA algorithm is covers almost whole 
solutions that are the actual/true solutions of an 
engineering design problem. From all above tested 
function we can conclude that problem either it consists 

problem NSWOA 
algorithm shows its capability to solve any kind of linear, 

linear and complex real world problem. So in the 
linear complex 

real problem to show its effectiveness regarding the real 
ication with many objectives. 

d) Formulation Of Economic Constrained Emission
Dispatch (ECED) With Integration Of 
(WP) 

i. Mathematical Formulation Of Wind Power
In case of wind power generation, the output

power of wind generator is calculated with the help of a 
stochastic variable wind speed υ (meter/seconds). Wind 
speed is a variable function so their probability 
distribution plays a very important role. Wind sp
mathematically formulated as two
distribution function, probability density function (PDF) 
and cumulative distribution function (CDF) as follows:

       �(�) = (� �)⁄ (� �)⁄ �� �
∗ exp�− ( �

      �(�) = 1 − exp�− (� �)⁄ �
�, � ≥ 0  

problem consists of two minimization objectives 
stopping time and mass of brake of a disk brake with 
four design control variable mathematically given in 

optimal front obtained by the NSWOA Algorithm for “Disk brake design problem”

Economic Constrained Emission 
) With Integration Of Wind Power 

Formulation Of Wind Power 
In case of wind power generation, the output 

power of wind generator is calculated with the help of a 
(meter/seconds). Wind 

speed is a variable function so their probability
distribution plays a very important role. Wind speed 
mathematically formulated as two-parametric Weibull 
distribution function, probability density function (PDF) 
and cumulative distribution function (CDF) as follows: 

� � �)⁄ �
�, � ≥ 0     (4.1)

     (4.2) 

Non-Dominated Sorting Whale Optimization Algorithm (NSWOA): A Multi-Objective Optimization 
Algorithm for Solving Engineering Design Problems
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Table 6: Results of the multi-objective NSWOA algorithms on the Disk brake design problem in terms mean and 
standard deviation

      

G
lo
ba

l 
J o

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
   

  
(

)
V
ol
um

e 
 X

V
II
  

Is
su

e 
 I
V
  

V
er
si
on

 I
  

  
  
 

  

29

Y
e
a
r

20
17

F

PFS Methods ↓
GD Δ

MEAN±SD MEAN±SD
NSWOA 0.0577±0.27030 0.23341±0.05226

paɛ-ODEMO 2.6928±0.24051 0.84041±0.20085

NSGA-II 3.0771±0.10782 0.79717±0.06608
MOWCA 0.0244±0.12314 0.46041±0.10961

iv.



where, S(v) and s(v) are CDF and PDF respectively. 
Shape factor and scale factor are k and c respectively. 
 The wind speed and output wind power are related as: 

     ����� = �

0,                             � < ��� �� � ≥ ����

������ �� ���

������� ���
��� ≤ � < ������

���������   ≤ � < ����

�    (4.3) 

where,  ������ and ������ are the rated speed of wind 
and rated power output.  ���� and ��� are cut-out and 
cut-in speed of wind respectively. The CDF of ����� in 
the boundary of [0, ������] on an accordance with the 
speed range of wind can be formulated as: 

                                           �(�����) = 1 − ��� �
− ��1 +

������� ���

���∗� �����
������

���

�
�

�

} + exp [− (���� �)⁄ �
],       

0 ≤ ����� < ������

�  (4.4)

Above equation is very meaningful to calculate 
the ECED problems with speculative wind power with 
variable speed. 

ii. Modeling of ECEDWP problem 
As wind power is formulated as system 

constraint, so the objective function of economic 
emission dispatch problem (EEDP) stays on unchanged 
as classical EEDP: 

Fuel cost objective is given by: 

       ������������      �(��) = ∑ (�� + ���� + ����
�)�

�     (4.5) 

where, the thermal power generators cost coefficients 
are ��, ��, ��  for i-th generator, Sum of the total fuel cost 
of the system and N is the total number of generators. 
Total Emission is calculated by: 

                                     ������������  �(��) =  ∑ [{(�� + ���� + ����
�) ∗ 10 � �} + �� ∗�

� exp (� � ∗ ��)]                     (4.6)

where,  ��, ��, ��, �� and �� are emission coefficients with 
valve point effect taking into consideration for i-th 
thermal generator.  

iii. System Constraints 
As wind power generation is considered as 

system constraint with the summation of stochastic 
variables the classical power balance constraint 
changes to fulfill the predefined confidence level. 

            �� ∑ (��
�
�� � + ����� ≥ �� + �����) ≥ ����    (4.7) 

where, ���� is confidence level that a power system 

must follow the load demand and so as it is selected 
nearer to unity as values lesser than unity represents 
high operational risk. �����represents system losses can 
be calculated by B-coefficient method given below: 

          ����� = ∑ ∑ �������
�
�� �

�
�� � + ∑ ����� + ���

�
�� �     (4.8) 

So as to change above described power 
balance constrained equation into deterministic form 
can be solved as: 

                                            ��{����� < �� + ����� − ∑ ��
�
�� � } = �(�� + ����� − ∑ ��

�
�� � ) ≤ 1 − ����                   (4.9)

                                               �� + ����� − ∑ ��
�
�� � ≤

�������

������� ���
� ��� + ��� ∗ �

����
�

�� ���

�

�
−

���∗� �����

������� ���

                 (4.10)

iv. Reserve capacity system constraint 
So as to reduce the impact of stochastic wind 

power on system, up and down spinning reserve needs 

to be maintained [22]. Such reserve constraints 
formulated as [15] and [16] respectively: 

      ��{∑ (��
��� − ��) ≥ ��� +�

�� � �� ∗ �����} ≥ ����  (4.11) 

                                                      ���∑ ��� − ��
���� ≥ ��

�
�� � ∗ (������ − �����)�≥ � ���                                                     (4.12) 

where, ��� represents the reserve demand of 
conventional thermal power plant system and it 
generally keeps the maximum value of thermal unit, 

��
��� and ��

��� are maximum and minimum output level 
of operational generators of i-th unit, ���� and ���� are 
predefined down and upper confidence level parameter 
respectively, �� and �� are the demand coefficients of up 
and down spinning reserves.  
 

v. Generational capacity constraint 

The real output power is bounded by each 
generators upper and lower bounds given as: 

                     �
�
������� ≤ �� ≤ ��

�������  (4.13) 
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Assume that the wind turbine has same speed and same direction and combination of Eqs. (4) and (9), the 
power balance constraint is represented as:

ln�𝜂𝜂
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V. Test System For Economic Emission 
Dispatch Problem 

a) 40-Operational Thermal Generating Unit 

i. Case Study I- 40 Thermal-Generator Lossless 
System Without Wind Power 

In this case forty operational generating unit is 
consider without integration of wind power means all the 
generating units are coal fired. Input parameters like 
generators operating limit, fuel cost coefficients and 
emission coefficients are given in Appendix D and in 

Table 11. extracted from [45]. System is considered 

lossless and its solution is compared with three well 
known multi-objective algorithms like SMODE [45], 
NSGA-II [45]and MBFA [46] in terms of various 

objectives such as best cost, best emission and best 
compromise between both objectives. Best compromise 
solution is then obtained by the fuzzy based method 
[47]. Total power demand for this system is 10500 MW. 

Results obtained by NSWOA algorithm is added to table 
7 and best pare to front obtained by NSWOA algorithm 
is represented in Fig. 12. 
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ii.  Case study II- 40 thermal-generator lossless system 
with wind power 

All the conditions are remaining same as case 
study I like input parameters and power demand. While 

generator lossless system 

All the conditions are remaining same as case 
y I like input parameters and power demand. While 

 
 

integrating with wind power plant, the total rated output 
power of wind farm is set to 1000 MW [45, 47].Statistical 
results obtained by NSWOA algorithm is reported in 
Table 8 and best optimal front is represented in Fig. 13.

integrating with wind power plant, the total rated output 
power of wind farm is set to 1000 MW [45, 47].Statistical 
results obtained by NSWOA algorithm is reported in 

sented in Fig. 13. 
 
 

Best
emission

Best
cost

Best
compromise

Best
emission

Best
Cost

Best
compromise

Best
emission

Best 
cost

Best
compromise

Best
emission

Best 
cost

Best
compromise

Cost
($/h)

156,700 119,650 124,230 128,490 124,380 126,180 129,995 121,415 123,638 127,555 119,310 124,831

Emission
(tons/h) 66,799 377,560 96,578 93,002 153,560 99,671 176,682 356,424 188,963 87,123 408,020 94,450

SMODE [45] NSGAII [45] MBFA [46] NSWOA
Case

Study I

© 2017    Global Journals Inc.  (US)

Table 7 : Results of the multi-objective NSWOA algorithms for case study I- 40 thermal-generator lossless system 
without wind power

Fig. 12: Pareto optimal front obtained by the NSWOA Algorithm for “40 thermal-generator lossless system without 
wind power”
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Table. 8: Results of WilcoxResults of Wilcox on test and simulation/computational time or speedon test and simulation/computational time or speed 

Case
Study-II

SMODE[45] NSGAII [45] MOEA/D[51] NSWOA

Best
emission Best cost

Best
emission Best cost Best

emission Best cost

 

Best cost

∑P G

PW

Cost 

Emission

10,245.76
254.24
153,830
54,055

10,177.55
322.45
116,430
385,770

10,225.71
274.29
123,590
68,855

10,241.72
258.28
132,410
73,894

10,242.09
257.91
122,610
121,850

10,241.63
258.37
126,240
78,860

10,244.43
255.568
154,0 0 0
55,754

10,242.71
257.294
115,770
440,240

10,242.8
257.156
120,950
79,485

10,241.6
255.321
145,636
56,508

10,224.18
276.81
118,789
179,098

10,236.58
263.75
123,449
68,804

Best
emission

Best
Compromise
- Point

Best
Compromise
- Point

Best
Compromise
- Point

Best
Compromise
- Point

Fig. 13: Pareto optimal front obtained by the NSWOA Algorithm for “40 thermal-generator lossless system with wind 
power”
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Table 9 9: Results of Wilcox on test and simulation/computational time or speed

NSWOA NSGAII[45] NSWOA NSGAII[45]

Case
Study I
Cost

Best
Worst
Mean Wilcox
on
test (H/P)
Simulation 
speed (s)

119310
127555
124831
1/5.38e−10
14.98

124,380
147,760
131,710

Case
Study II
Cost

Best
Worst
Mean
Wilcox on test 
(H/P)
Simulation 
speed (s)

118,789
145,636
123,449
1/5.65e

−10

19.876

122,610
173,060
134,880

Case
Study I
Emission

Best
Worst
Mean Wilcoxon
test (H/P) 

Simulation 
speed (s)

87,123
408.020
189,284
1/5.54e−10

40.57

93,002
194,830
141,800

154.78

Case
Study II
Emission

Best
Worst
Mean
Wilcox on
test (H/P)
Simulation 
speed (s)

56,508
179,098
104,185
1/5.65e−10

45.67

73,894
158,250
102,120

127.57

b) Test system with six operational generating unit
This test system consists of six operational 

generating unit with simply a quadratic fuel and 
emission objective function for a power demand of 1200 
MW. Input data for operational generating unit loading 
limits and loss parameters are given in Table 12 of 
Appendix D extracted from [52, 53].

It is represented in Table 10 that with the 
objective of least cost objective minimum fuel cost is 
6.4197e+04 $ and emission value is 1345.9 lb. But fuel 
cost increases to 6.992e+04 $ and emission value 
reduced to a numeric value 1242.7 lb with the objective 
of emission minimization. Compromise point or true 
operating point obtained by NSWOA algorithm for multi-

objective combined economic emission dispatch 
(MOCEED) problem is as fuel cost is 6.4830e+04 $ that 
is higher than minimum fuel cost 6.4197e+04$ and 
lower than 6.992e+04 $ obtained during least cost and 
emission value objectives respectively. So as with 
emission value for true operating point is 1285 lb that is 
lower than 1345.9 lb and higher than 1242.7 lb obtained 
during least cost and emission value objectives 
respectively. Statistical value obtained for compromise 
point is compared with other techniques solves same 
MOCEED problem like SPEA2, NSGA-II and PDE in 
Table 10. Fig. 14 shows 100 non-dominated solutions 
as true pare to front for 6-opertaional generating for 
PD=1200 MW.

Table 10: Statistical performance comparison of NSWOA Algorithm for 6-operational generating unit system.

Parameters
NSWOA MODE[53] PDE [53] NSGAII[53] SPEA2[53]

Economic 
dispatch

Emission 
dispatch EED EED EED EED EED

P1 (MW) 84.7275 125 107.9932 108.6284 107.3965 113.1259 104.1573

P2 (MW) 93.4118 150 118.3631 115.9456 122.1418 116.4488 122.9807

P3 (MW) 210 201.4824 210 206.7969 206.7536 217.4191 214.9553

P4 (MW) 211.8607 198.8723 204.65 210.0000 203.7047 207.9492 203.1387

P5 (MW) 315 288.5129 306.6592 301.8884 308.1045 304.6641 316.0302

P6 (MW) 325 286.2913 303.8712 308.4127 303.3797 291.5969 289.9396

Cost ($) 64,197 65,992 64,830 64,843 64,920 64,962 64,884

Emission (lb) 1345.9 1242.7 1285 1286.0 1281.0 1281.0 1285
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Fig. 14: Pare to optimal front obtained by the NSWOA Algorithm for “six operational generating unit system”

VI. Result Discussion

In almost all the cases that we consider in this 
article where NSWOA algorithm proves its effectiveness
in both prospective quantitative and qualitative. From 
plots also evident that NSWOA algorithm follows the 
exact pare to front similar to the true pare to front for all 
constrained, unconstrained and complex engineering 
design problem. So as for real world application of 
economic emission dispatch problem and its integration 
with stochastic wind power generation. So for this 
application Wilcox on test (statistical test)is performed.

In Table 9 the signed rank test is presented in 
third row of each results whereas the calculation time is 
represented in forth row. For this test null hypothesis 
cannot be rejected at 5% level for numeric value ‘0’ while 
null hypothesis is rejected at 5% level with the value of 
‘1’. Where NSWOA algorithm performs superior to other 
algorithms that are considered for comparative purpose.

NSWOA algorithm shows good performance in 
both coverage and convergence as main mechanism 
that guarantee convergence in WOA and NSWO
Aalgorithms are continuously shrink its virtual limitation 
using helix shaped or 9-shaped path strategy in the 
movement of whales for their random walk. Both 
mechanism emphasizes convergence and exploitation 
proportional to maximum number of generation 
(iteration). Since this complex task might degrade its 
performance compare to without limitation or free 
movement should be a concern. However, the numerical 
results expresses that NSWOA algorithm has a little 
effect of slow convergence at all.

NSWOA algorithm has an advantage of high 
coverage, which is the result of the selection of position 
of whales and archive selection procedure. All the 
position is updated according to their fitness value that 
enable the algorithm to direct the search space in right 
direction to find the best solution without trapped in local 
solution. Archive selection criteria follow all the rules of 
the entrance and exhaust of any value in it for each 
iteration and updated when its size full. Solutions of 
higher fitness in archive have higher probability to 
thrown away first to improve the coverage of the pare to 
optimal front obtained during the optimization process.

VII. Conclusion

In this paper the non-dominated sorting whale 
optimization algorithm-multi-objective version of recently 
proposed whale optimizationalgorithm (WOA) is 
proposed known as NSWOA algorithm. This paper also 
utilizes the bubble-net swarming strategy for exploration 
purpose used in its parent WOA version.  The NSWOA 
algorithm is developed with equipping whale 
optimization algorithm with crowding distance criterion, 
an archive and whales position (accordance to ranking) 
selection method based on Pareto optimal dominance 
nature. The NSWOA algorithm is first applied on 17 
standard test functions (including eight unconstraint, five 
constraint and four engineering design multi-objective 
problems) to prove its capability in terms of qualities and 
quantities showing numerical as well as convergence 
and coverage of pare to optimal front with respect to 
true pare to front. Then after NSWOA algorithm is 
applied to real world complex ECEDWP problem where 
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algorithm proves its dominance over other well 
recognized contemporary algorithms. The numeric 
results are stored and represented in performance 
indices: GD, metric of diversity, metric of spacing and 
computational time. The qualitative results are reported 
as convergence and coverage in best pare to optimal 
front found in 15 independent runs. To check 
effectiveness of proposed version of algorithm the 
results are verified with SMODE, MOSOS, MOCBO, 
MOPSO, NSGA-II and other well recognize algorithms in 
the field of multi-objective algorithms. We can also 
conclude from the standard test functions results that 
NSWOA algorithm is able to find pare to optimal front of 
any kind of shape. Finally, the result of complex real 
world ECEDWP problem validates that NSWOA 
algorithm is capable of solving any kind of non-linear 
and complex problem with many constraint and 
unknown search space. Therefore, we conclude that 
proposed non-dominated version of WOA algorithm has 
various merits among the contemporary multi-objective 
algorithms as well as provides an alternative for solving 
multi or many objective problems. 

For future works, it is suggested to test NSWOA 
algorithm on other real world complex problems. Also, it 
is worth to investigate and find the best constrained 
handling technique for this algorithm. 
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Appendix A: Unconstrained multi-objective test problems utilized in this work.

KUR:

Minimize:        𝑓𝑓1(𝑚𝑚) = ∑ �−10exp⁡(−0.2�𝑚𝑚𝑀𝑀2 + 𝑚𝑚𝑀𝑀+1
2 )�2

𝑀𝑀=1

𝑓𝑓2(𝑚𝑚) = ∑ [|𝑚𝑚𝑀𝑀|0.8 + 5𝑃𝑃𝑀𝑀𝑀𝑀(𝑚𝑚𝑀𝑀3)]2
𝑀𝑀=1

5 5
1 3

ix
i

− ≤ ≤
≤ ≤

FON:

2
1

1

2
2

1

1( ) 1 exp ( )
min

1( ) 1 exp ( )

n

i
i

n

i
i

f x x
n

imize
f x x

n

=

=

  = − − −    = 
  = − − +   

∑

∑

4 4
1

ix
i n

− ≤ ≤
≤ ≤

ZDT1:

ZDT2:

Minimise:      𝒇𝒇𝟏𝟏(𝒙𝒙) = 𝒙𝒙𝟏𝟏

Minimise:     𝑓𝑓2(𝑚𝑚) = 𝑔𝑔(𝑚𝑚) × ℎ�𝑓𝑓1(𝑚𝑚),𝑔𝑔(𝑚𝑚)�

𝐺𝐺(𝑚𝑚) = 1 +
9

𝑁𝑁 − 1
�𝑚𝑚𝑀𝑀

𝑁𝑁

𝑀𝑀=2

ℎ�𝑓𝑓1(𝑚𝑚),𝑔𝑔(𝑚𝑚)� = 1 − �
𝑓𝑓1(𝑚𝑚)
𝑔𝑔(𝑚𝑚) 0 ≤ 𝑚𝑚𝑀𝑀 ≤ 1, 1 ≤ 𝑀𝑀 ≤ 30

Where:      

 

Minimise:      𝑓𝑓1(𝑚𝑚) = 𝑚𝑚1

Minimise:     𝑓𝑓2(𝑚𝑚) = 𝑔𝑔(𝑚𝑚) × ℎ�𝑓𝑓1(𝑚𝑚),𝑔𝑔(𝑚𝑚)�

Where:       𝐺𝐺(𝑚𝑚) = 1 + 9
𝑁𝑁−1

∑ 𝑚𝑚𝑀𝑀𝑁𝑁
𝑀𝑀=2 ℎ�𝑓𝑓1(𝑚𝑚),𝑔𝑔(𝑚𝑚)� = 1 − �𝑓𝑓1(𝑚𝑚)
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Where:      

 

𝐺𝐺(𝑚𝑚) = 1 + 9
29
∑ 𝑚𝑚𝑀𝑀𝑁𝑁
𝑀𝑀=2 ℎ�𝑓𝑓1(𝑚𝑚),𝑔𝑔(𝑚𝑚)� = 1 −�𝑓𝑓1(𝑚𝑚)

𝑔𝑔(𝑚𝑚)
− �𝑓𝑓1(𝑚𝑚)

𝑔𝑔(𝑚𝑚)
� sin�10𝜋𝜋𝑓𝑓1(𝑚𝑚)� 0 ≤ 𝑚𝑚𝑀𝑀 ≤ 1, 1 ≤ 𝑀𝑀 ≤ 30

ZDT4:

Minimise:      𝑓𝑓1(𝑚𝑚) = 𝑚𝑚1

Minimise:    

 

𝑓𝑓2(𝑚𝑚) = 𝑔𝑔(𝑚𝑚) × ℎ�𝑓𝑓1(𝑚𝑚),𝑔𝑔(𝑚𝑚)�

ℎ�𝑓𝑓1(𝑚𝑚),𝑔𝑔(𝑚𝑚)� = 1 − �
𝑓𝑓1(𝑚𝑚)
𝑔𝑔(𝑚𝑚)

g(x) = 91 + �(𝑚𝑚𝑀𝑀2 − 10 ∗ cos⁡(4𝜋𝜋𝑚𝑚𝑀𝑀))
10

𝑀𝑀=2

SCHN-1 :

Minimize: 𝑓𝑓1(𝑚𝑚) = 𝑚𝑚𝑀𝑀2

𝑓𝑓2(𝑚𝑚) = (𝑚𝑚 − 2)2 A x A− ≤ ≤
                    

Where: value

 

of can be from 10 to 10^5.

SCHN-2 :

Minimize:          

( )

1

2
2

x,                  
 

1
x 2,              1  3

( )     
4 x,                3 4
x 4,                 4

( ) 5

if x
if x

f x
if x
if x

f x x

 − ≤
  − < ≤ =  − < ≤ 
  − >
 = −

5 10x− ≤ ≤

Appendix B: Constrained multi-objective test problems utilised in this work.

TNK:

Minimise:      𝑓𝑓1(𝑚𝑚) = 𝑚𝑚1

Minimise:     𝑓𝑓2(𝑚𝑚) = 𝑚𝑚2

Where:      𝑔𝑔1(𝑚𝑚) = −𝑚𝑚1
2 − 𝑚𝑚2

2 + 1 + 0.1𝐶𝐶𝑛𝑛𝑃𝑃(16𝑚𝑚𝑟𝑟𝑆𝑆𝑆𝑆𝑚𝑚𝑀𝑀 �𝑚𝑚1
𝑚𝑚2
�)

𝑔𝑔2(𝑚𝑚) = 0.5 − (𝑚𝑚1 − 0.5)2 − (𝑚𝑚2 − 0.5)2 0.1 ≤ 𝑚𝑚1 ≤ 𝜋𝜋, 0 ≤ 𝑚𝑚2 ≤ 𝜋𝜋

BNH:

This problem was first proposed by Binh and Korn [48]:

Minimise:      𝒇𝒇𝟏𝟏(𝒙𝒙) = 𝟒𝟒𝒙𝒙𝟏𝟏𝟐𝟐 + 𝟒𝟒𝒙𝒙𝟐𝟐𝟐𝟐

Minimise:     𝑓𝑓2(𝑚𝑚) = (𝑚𝑚1 − 5)2 + (𝑚𝑚2 − 5)2
  

      𝑔𝑔1(𝑚𝑚) = (𝑚𝑚1 − 5)2 + 𝑚𝑚2
2 − 25

𝑔𝑔2(𝑚𝑚) = 7.7 − (𝑚𝑚1 − 8)2 − (𝑚𝑚2 + 3)2 0 ≤ 𝑚𝑚1 ≤ 5,0 ≤ 𝑚𝑚2 ≤ 3

OSY:
The OSY test problem has five separated regions proposed by Osyczka and Kundu [49]. Also, there are six 

constraints and six design variables.

Minimise:      𝑓𝑓1(𝑚𝑚) = 𝑚𝑚1
2 + 𝑚𝑚2

2+𝑚𝑚3
2 + 𝑚𝑚4

2+𝑚𝑚5
2 + 𝑚𝑚6

2

Where:
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Minimise:     𝑓𝑓2(𝑚𝑚) − [25(𝑚𝑚1 − 2)2 + (𝑚𝑚2 − 1)2 + (𝑚𝑚3 − 1)2 + (𝑚𝑚4 − 4)2 + (𝑚𝑚5 − 1)2]

  Where:       𝑔𝑔1(𝑚𝑚) = 2 − 𝑚𝑚1 − 𝑚𝑚2
𝑔𝑔2(𝑚𝑚) = −6 + 𝑚𝑚1 + 𝑚𝑚2
𝑔𝑔3(𝑚𝑚) = −2 − 𝑚𝑚1 + 𝑚𝑚2
𝑔𝑔4(𝑚𝑚) = −2 + 𝑚𝑚1 − 3𝑚𝑚2
𝑔𝑔5(𝑚𝑚) = −4 + 𝑚𝑚4 + (𝑚𝑚3 − 3)2

𝑔𝑔6(𝑚𝑚) = 4 − 𝑚𝑚6 − (𝑚𝑚5 − 3)20 ≤ 𝑚𝑚1 ≤ 10,0 ≤ 𝑚𝑚2 ≤ 10,1 ≤ 𝑚𝑚3 ≤ 5,0 ≤ 𝑚𝑚4 ≤ 6,1 ≤ 𝑚𝑚5 ≤ 5,0 ≤ 𝑚𝑚6 ≤ 10
SRN:

The third problem has a continuous Pareto optimal front proposed by Srinivas and Deb [50].

Minimise:      𝑓𝑓1(𝑚𝑚) = 2 + (𝑚𝑚1 − 2)2 + (𝑚𝑚2 − 1)2

Minimise:     𝑓𝑓2(𝑚𝑚) = 9𝑚𝑚1 − (𝑚𝑚2 − 1)2

Where:      𝑔𝑔1(𝑚𝑚) = 𝑚𝑚1
2 + 𝑚𝑚2

2 − 255

𝑔𝑔2(𝑚𝑚) = 𝑚𝑚1 − 3𝑚𝑚2 + 10 −20 ≤ 𝑚𝑚1 ≤ 20,−20 ≤ 𝑚𝑚2 ≤ 20

CONSTR:
This problem has a convex Pareto front, and there are two constraints and two design variables.

Minimise:      𝑓𝑓1(𝑚𝑚) = 𝑚𝑚1

Minimise:     𝑓𝑓2(𝑚𝑚) = (1 + 𝑚𝑚2)/(𝑚𝑚1)

Where:      𝑔𝑔1(𝑚𝑚) = 6 − (𝑚𝑚2 + 9𝑚𝑚1), 𝑔𝑔2(𝑚𝑚) = 1 + 𝑚𝑚2 − 9𝑚𝑚1 0.1 ≤ 𝑚𝑚1 ≤ 1,0 ≤ 𝑚𝑚2 ≤ 5

Appendix C: Constrained multi-objective engineering problems used in this work.

Four-bar truss design problem:
The 4-bar truss design problem is a well-known problem in the structural optimisation field [42], in which 

structural volume (f1) and displacement (f2) of a 4-bar truss should be minimized. As can be seen in the following 
equations, there are four design variables (x1-x4) related to cross sectional area of members 1, 2, 3, and 4.

Minimise:      𝒇𝒇𝟏𝟏(𝒙𝒙) = 𝟐𝟐𝟐𝟐𝟐𝟐 ∗ (𝟐𝟐 ∗ 𝒙𝒙(𝟏𝟏) + 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝟐𝟐 ∗ 𝒙𝒙(𝟐𝟐)) + 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒙𝒙(𝟑𝟑)) + 𝒙𝒙(𝟒𝟒))

Minimise:     𝑓𝑓2(𝑚𝑚) = 0.01 ∗ (� 2
𝑚𝑚(1)

� + �2∗𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆 (2)
𝑚𝑚(2)

� − ((2 ∗ 𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆(2))/𝑚𝑚(3)) + (2/𝑚𝑚(1)))

1 ≤ 𝑚𝑚1 ≤ 3,1.4142 ≤ 𝑚𝑚2 ≤ 3,1.4142 ≤ 𝑚𝑚3 ≤ 3,1 ≤ 𝑚𝑚4 ≤ 3

Speed reducer design problem:
The speed reducer design problem is a well-known problem in the area of mechanical engineering [43], in 

which the weight (f1) and stress (f2) of a speed reducer should be minimized. There are seven design variables: 
gear face width (x1), teeth module (x2), number of teeth of pinion (x3 integer variable), distance between bearings 1 
(x4), distance between bearings 2 (x5), diameter of shaft 1 (x6), and diameter of shaft 2 (x7) as well as eleven 
constraints.

Minimise:      𝑓𝑓1(𝑚𝑚) = 0.7854 ∗ 𝑚𝑚(1) ∗ 𝑚𝑚(2)2 ∗ (3.3333 ∗ 𝑚𝑚(3)2 + 14.9334 ∗ 𝑚𝑚(3) − 43.0934) − 1.508 ∗ 𝑚𝑚(1) ∗
(𝑚𝑚(6)^2 + 𝑚𝑚(7)^2) + 7.4777 ∗ (𝑚𝑚(6)^3 + 𝑚𝑚(7)^3) + 0.7854 ∗ (𝑚𝑚(4) ∗ 𝑚𝑚(6)^2 + 𝑚𝑚(5) ∗ 𝑚𝑚(7)^2)

Minimise:     𝑓𝑓2(𝑚𝑚) = ((𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆(((745 ∗ 𝑚𝑚(4))/(𝑚𝑚(2) ∗ 𝑚𝑚(3)))^2 + 16.9𝑀𝑀6))/(0.1 ∗ … 𝑚𝑚(6)^3))

Where:      𝑔𝑔1(𝑚𝑚) = 27/(𝑚𝑚(1) ∗ 𝑚𝑚(2)^2 ∗ 𝑚𝑚(3)) − 1

𝑔𝑔2(𝑚𝑚) = 397.5/(𝑚𝑚(1) ∗ 𝑚𝑚(2)^2 ∗ 𝑚𝑚(3)^2) − 1

𝑔𝑔3(𝑚𝑚) = (1.93 ∗ 𝑚𝑚(4)^3)/(𝑚𝑚(2) ∗ 𝑚𝑚(3) ∗ 𝑚𝑚(6)^4) − 1

𝑔𝑔4(𝑚𝑚) = (1.93 ∗ 𝑚𝑚(5)^3)/(𝑚𝑚(2) ∗ 𝑚𝑚(3) ∗ 𝑚𝑚(7)^4) − 1

𝑔𝑔5(𝑚𝑚) = ((𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆(((745 ∗ 𝑚𝑚(4))/(𝑚𝑚(2) ∗ 𝑚𝑚(3)))^2 + 16.9𝑀𝑀6))/(110 ∗ 𝑚𝑚(6)^3)) − 1
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𝑔𝑔6(𝑚𝑚) = ((𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆(((745 ∗ 𝑚𝑚(5))/(𝑚𝑚(2) ∗ 𝑚𝑚(3)))^2 + 157.5𝑀𝑀6))/(85 ∗ 𝑚𝑚(7)^3)) − 1

𝑔𝑔7(𝑚𝑚) = ((𝑚𝑚(2) ∗ 𝑚𝑚(3))/40) − 1

𝑔𝑔8(𝑚𝑚) = (5 ∗ 𝑚𝑚(2)/𝑚𝑚(1)) − 1

𝑔𝑔9(𝑚𝑚) = (𝑚𝑚(1)/12 ∗ 𝑚𝑚(2)) − 1

𝑔𝑔10(𝑚𝑚) = ((1.5 ∗ 𝑚𝑚(6) + 1.9)/𝑚𝑚(4)) − 1

𝑔𝑔11(𝑚𝑚) = ((1.1 ∗ 𝑚𝑚(7) + 1.9)/𝑚𝑚(5)) − 1

2.6 ≤ 𝑚𝑚1 ≤ 3.6,0.7 ≤ 𝑚𝑚2 ≤ 0.8,17 ≤ 𝑚𝑚3 ≤ 28,7.3 ≤ 𝑚𝑚4 ≤ 8.3,7.3 ≤ 𝑚𝑚5 ≤ 8.3,2.9 ≤ 𝑚𝑚6 ≤ 3.95 ≤ 𝑚𝑚7 ≤ 5.5

Welded beam design problem:
The welded beam design problem has four constraints first proposed by Ray and Liew [44]. The fabrication 

cost (f1) and deflection of the beam (f2) of a welded beam should be minimized in this problem. There are four 
design variables: the thickness of the weld (x1), the length of the clamped bar (x2), the height of the bar (x3) and the 
thickness of the bar (x4).

Minimise:      𝑓𝑓1(𝑚𝑚) = 1.10471 ∗ 𝑚𝑚(1)^2 ∗ 𝑚𝑚(2) + 0.04811 ∗ 𝑚𝑚(3) ∗ 𝑚𝑚(4) ∗ (14.0 + 𝑚𝑚(2))

Minimise:     𝑓𝑓2(𝑚𝑚) = 65856000/(30 ∗ 10^6 ∗ 𝑚𝑚(4) ∗ 𝑚𝑚(3)^3)

Where:      𝑔𝑔1(𝑚𝑚) = 𝑆𝑆𝑚𝑚𝑆𝑆 − 13600

𝑔𝑔2(𝑚𝑚) = 𝑃𝑃𝑀𝑀𝑔𝑔𝑀𝑀𝑚𝑚 − 30000

𝑔𝑔3(𝑚𝑚) = 𝑚𝑚(1) − 𝑚𝑚(4)

𝑔𝑔4(𝑚𝑚) = 6000 − 𝑃𝑃

0.125 ≤ 𝑚𝑚1 ≤ 5,0.1 ≤ 𝑚𝑚2 ≤ 10,0.1 ≤ 𝑚𝑚3 ≤ 10,0.125 ≤ 𝑚𝑚4 ≤ 5

Where

𝑄𝑄 = 6000 ∗ �14 +
𝑚𝑚(2)

2
� ;𝐷𝐷 = 𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆 �

𝑚𝑚(2)2

4
+
�𝑚𝑚(1) + 𝑚𝑚(3)�2

4
�

𝐽𝐽 = 2 ∗ �𝑚𝑚(1) ∗ 𝑚𝑚(2) ∗ 𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆(2) ∗ �
𝑚𝑚(2)2

12
+
�𝑚𝑚(1) + 𝑚𝑚(3)�2

4
��

𝑚𝑚𝑙𝑙𝑝𝑝ℎ𝑚𝑚 =
6000

𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆(2) ∗ 𝑚𝑚(1) ∗ 𝑚𝑚(2)

𝑆𝑆𝑀𝑀𝑆𝑆𝑚𝑚 = 𝑄𝑄 ∗
𝐷𝐷
𝐽𝐽

𝑆𝑆𝑚𝑚𝑆𝑆 = 𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆 �𝑚𝑚𝑙𝑙𝑝𝑝ℎ𝑚𝑚2 + 2 ∗ 𝑚𝑚𝑙𝑙𝑝𝑝ℎ𝑚𝑚 ∗ 𝑆𝑆𝑀𝑀𝑆𝑆𝑚𝑚 ∗
𝑚𝑚(2)
2 ∗ 𝐷𝐷

+ 𝑆𝑆𝑀𝑀𝑆𝑆𝑚𝑚2�

𝑃𝑃𝑀𝑀𝑔𝑔𝑀𝑀𝑚𝑚 =
504000

𝑚𝑚(4) ∗ 𝑚𝑚(3)2

𝑆𝑆𝑀𝑀𝑝𝑝𝑓𝑓 = 4.013 ∗
30 ∗ 106

196

𝑃𝑃 = 𝑆𝑆𝑀𝑀𝑝𝑝𝑓𝑓 ∗ 𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆 �𝑚𝑚(3)2 ∗
𝑚𝑚(4)6

36
� ∗ �1 − 𝑚𝑚(3) ∗

𝑃𝑃𝑞𝑞𝑟𝑟𝑆𝑆 �30
48�

28
�

Disk Brake Design Problem:
The disk brake design problem has mixed constraints and was proposed by Ray and Liew [44]. The 

objectives to be minimized are: stopping time (f1) and mass of a brake (f2) of a disk brake. As can be seen in 
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following equations, there are four design variables: the inner radius of the disk (x1), the outer radius of the disk (x2), 
the engaging force (x3), and the number of friction surfaces (x4) as well as five constraints.

Minimise:      𝑓𝑓1(𝑚𝑚) = 4.9 ∗ (10^(−5)) ∗ (𝑚𝑚(2)^2 − 𝑚𝑚(1)^2) ∗ (𝑚𝑚(4) − 1)

Minimise:     𝑓𝑓2(𝑚𝑚) = (9.82 ∗ (10^(6)) ∗ (𝑚𝑚(2)^2 − 𝑚𝑚(1)^2))/((𝑚𝑚(2)3 − 𝑚𝑚(1)^3) ∗ … 𝑚𝑚(4) ∗ 𝑚𝑚(3))

Where:      𝑔𝑔1(𝑚𝑚) = 20 + 𝑚𝑚(1) − 𝑚𝑚(2)

𝑔𝑔2(𝑚𝑚) = 2.5 ∗ (𝑚𝑚(4) + 1) − 30

𝑔𝑔3(𝑚𝑚) = (𝑚𝑚(3))/(3.14 ∗ (𝑚𝑚(2)^2 − 𝑚𝑚(1)^2)^2) − 0.4

𝑔𝑔4(𝑚𝑚) = (2.22 ∗ 10^(−3) ∗ 𝑚𝑚(3) ∗ (𝑚𝑚(2)^3 − 𝑚𝑚(1)^3))/((𝑚𝑚(2)^2 − 𝑚𝑚(1)^2)^2) − 1

𝑔𝑔5(𝑚𝑚) = 900 − (2.66 ∗ 10^(−2) ∗ 𝑚𝑚(3) ∗ 𝑚𝑚(4) ∗ (𝑚𝑚(2)^3 − 𝑚𝑚(1)^3))/((𝑚𝑚(2)^2 − 𝑚𝑚(1)^2))

55 ≤ 𝑚𝑚1 ≤ 80,75 ≤ 𝑚𝑚2 ≤ 110,1000 ≤ 𝑚𝑚3 ≤ 3000,2 ≤ 𝑚𝑚4 ≤ 20

Appendix D: 
Test system 1: 40-operational thermal generating unit

Unit Pmin Pmax ai bi ci αi βi γi ζi λi

1 36 114 0.00690 6.73 94.705 0.048 -2.22 60 1.31 0.0569
2 36 114 0.00690 6.73 94.705 0.048 -2.22 60 1.31 0.0569
3 60 120 0.02028 7.07 309.54 0.0762 -2.36 100 1.31 0.0569
4 80 190 0.00942 8.18 369.03 0.054 -3.14 120 0.9142 0.0454
5 47 97 0.01140 5.35 148.89 0.085 -1.89 50 0.9936 0.0406
6 68 140 0.01142 8.05 222.33 0.0854 -3.08 80 1.31 0.0569
7 110 300 0.00357 8.03 287.71 0.0242 -3.06 100 0.655 0.02846
8 135 300 0.00492 6.99 391.98 0.0335 -2.32 130 0.655 0.02846
9 135 300 0.00573 6.6 455.76 0.425 -2.11 150 0.655 0.02846

10 130 300 0.00605 12.9 722.82 0.0322 -4.34 280 0.655 0.02846
11 94 375 0.00515 12.9 635.20 0.0338 -4.34 220 0.655 0.02846
12 94 375 0.00569 12.8 654.69 0.0296 -4.28 225 0.655 0.02846
13 125 500 0000421 12.5 913.40 0.0512 -4.18 300 0.5035 0.02075
14 125 500 0.00752 8.84 1760.4 0.0496 -3.34 520 0.5035 0.02075
15 125 500 0.00708 9.15 1728.3 0.0496 -3.55 510 0.5035 0.02075
16 125 500 0.00708 9.15 1728.3 0.0151 -3.55 510 0.5035 0.02075
17 220 500 0.00313 7.97 647.85 0.0151 -2.68 220 0.5035 0.02075
18 220 500 0.00313 7.95 649.69 0.0151 -2.66 222 0.5035 0.02075
19 242 550 0.00313 7.97 647.83 0.0151 -2.68 220 0.5035 0.02075
20 242 550 0.00313 7.97 647.81 0.0145 -2.68 220 0.5035 0.02075
21 254 550 0.00298 6.63 785.96 0.0145 -2.22 290 0.5035 0.02075
22 254 550 0.00298 6.63 785.96 0.0138 -2.22 285 0.5035 0.02075
23 254 550 0.00284 6.66 794.53 0.0138 -2.26 295 0.5035 0.02075
24 254 550 0.00284 6.66 794.53 0.0132 -2.26 295 0.5035 0.02075
25 254 550 0.00277 7.10 801.32 0.0132 -2.42 310 0.5035 0.02075
26 254 550 0.00277 7.10 801.32 1.842 -2.42 310 0.5035 0.02075
27 10 150 0.52124 3.33 1055.1 1.842 -1.11 360 0.9936 0.0406
28 10 150 0.52124 3.33 1055.1 1.842 -1.11 360 0.9936 0.0406
29 10 150 0.52124 3.33 1055.1 1.842 -1.11 360 0.9936 0.0406
30 47 97 0.01140 5.35 148.89 0.085 -1.89 50 0.9936 0.0406
31 60 190 0.00160 6.43 222.92 0.0121 -2.08 80 0.9142 0.0454
32 60 190 0.00160 6.43 222.92 0.0121 -2.08 80 0.9142 0.0454
33 60 190 0.00160 6.43 222.92 0.0121 -2.08 80 0.9142 0.0454
34 90 200 0.00010 8.95 107.87 0.0012 -3.48 65 0.655 0.02846
35 90 200 0.00010 8.62 116.58 0.0012 -3.24 70 0.655 0.02846
36 90 200 0.00010 8.62 116.58 0.0012 -3.24 70 0.655 0.02846
37 25 110 0.01610 5.88 307.45 0.095 -1.98 100 1.42 0.0677
38 25 110 0.01610 5.88 307.45 0.095 -1.98 100 1.42 0.0677

      

G
lo
ba

l 
J o

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
   

  
(

)
V
ol
um

e 
 X

V
II
  

Is
su

e 
 I
V
  

V
er
si
on

 I
  

  
  
 

  

41

Y
e
a
r

20
17

F



 
 

 
 

 
 
 
 
 
 
 
 
 
 

39 25 110 0.01610 5.88 307.45 0.095 -1.98 100 1.42 0.0677
40 242 550 0.00313 7.97 647.83 0.0151 -2.68 220 0.5035 0.02075

Table 12: Input data for operational generating unit like loading limits and loss parameters of 6-unit system.

Test system 2: 6-operational thermal generating unit

Loss parameters:

𝐴𝐴 =

⎣
⎢
⎢
⎢
⎢
⎡

0.000140 0.000017 0.000015 0.000019 0.000026 0.000022
0.000017 0.000060 0.000013 0.000016 0.000015 0.000020
0.000015 0.000013 0.000065 0.000017 0.000024 0.000019
0.000019 0.000016 0.000017 0.000071 0.000030 0.000025
0.000026 0.000015 0.000024 0.000030 0.000069 0.000032
0.000022 0.000020 0.000019 0.000025 0.000032 0.000085⎦

⎥
⎥
⎥
⎥
⎤

A1 = [0 0 0 0 0 0]

A3 = 0

Unit 𝑷𝑷𝒊𝒊
𝒎𝒎𝒊𝒊𝒎𝒎

(MW)
𝑷𝑷𝒊𝒊
𝒎𝒎𝒎𝒎𝒙𝒙

(MW)
𝒎𝒎𝒊𝒊

($/𝒉𝒉𝒔𝒔)
𝒃𝒃𝒊𝒊

($/𝑴𝑴𝑴𝑴𝒉𝒉𝒔𝒔)
𝒄𝒄𝒊𝒊

($/𝑴𝑴𝑴𝑴𝟐𝟐𝒉𝒉𝒔𝒔)
𝜶𝜶𝒊𝒊

(𝒍𝒍𝒃𝒃/𝒉𝒉𝒔𝒔)
𝜷𝜷𝒊𝒊

(𝒍𝒍𝒃𝒃/𝑴𝑴𝑴𝑴𝒉𝒉𝒔𝒔)
𝜸𝜸𝒊𝒊

(𝒍𝒍𝒃𝒃/𝑴𝑴𝑴𝑴𝟐𝟐𝒉𝒉𝒔𝒔)

1 10 125 756.7988 38.539 0.15247 13.8593 0.32767 0.00419

2 10 150 451.3251 46.1591 0.10587 13.8593 0.32767 0.00419

3 35 210 1243.531 38.3055 0.03546 40.2669 −0.54551 0.00683

4 35 225 1049.998 40.3965 0.02803 40.2669 −0.54551 0.00683

5 125 315 1356.659 38.2704 0.01799 42.8955 −0.51116 0.00461

6 130 325 1658.57 36.3278 0.02111 42.8955 −0.51116 0.00461

Non-Dominated Sorting Whale Optimization Algorithm (NSWOA): A Multi-Objective Optimization 
Algorithm for Solving Engineering Design Problems

© 2017    Global Journals Inc.  (US)
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Abstract- In GaN is one of the most promising group III-V nitride materials recently focused for 
semiconductor based device fabrication. The advent of long haul optical communication system 
requires sophisticated and reliable lasing device. InGaN based lasers composited to have 0.8 eV 
bandgap energy produce coherent light of 1.55 μm. In this paper, the output characteristics of a 
heterostructured laser with InGaN as active layer is presented systematically. The circuit-level 
laser modeling is developed by solving the respective rate equations. This includes the 
conversion of the complete laser system into its equivalent electrical circuits. Thereafter, 
simulation was carried out using PSPICE to evaluate the electrical quantities e.g. output power, I-
V characteristics, slope efficiency and transient response.  
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Abstract- InGaN is one of the most promising group III-V 
nitride materials recently focused for semiconductor based 
device fabrication. The advent of long haul optical 
communication system requires sophisticated and reliable 
lasing device. InGaN based lasers composited to have 0.8 eV 
bandgap energy produce coherent light of 1.55 μm. In this 
paper, the output characteristics of a heterostructured laser 
with InGaN as active layer is presented systematically. The 
circuit-level laser modeling is developed by solving the 
respective rate equations. This includes the conversion of the 
complete laser system into its equivalent electrical circuits.
Thereafter, simulation was carried out using PSPICE to 
evaluate the electrical quantities e.g. output power, I-V 
characteristics, slope efficiency and transient response. A bias 
voltage of 1.2 volts, threshold current of approximately 6 mA, 
turn on delay time of 3 ns and slope efficiency of 0.368 W/A 
are found. The findings are summarized in graphical 
representation and found to be consistent with numerical 
simulation of the system model.
Keywords: equivalent circuit modeling, rate equations, 
hetero structure, quantum well laser (QWL),

I. Introduction

erhapse, the invention of lasers has been proven 
to be one of the most significant breakthroughs 
for technology in the last century [1]. Their

applications extend to high speed communications, 
optical storage (e.g. CDs, DVDs, optical memories),
barcode scanners in industrial machines, printers and 
even in medical science for spectroscopy and imaging, 
and also in destroying cancer tissues and unnecessary 
cells in human bodies [1-2]. In addition, modern 
technology facilitates with distance learning, online 
education and high speed online entertainment as well 
as instant communication from each corner of the world.
This requires enormously data to be transported within a 
short period of time. Optical fiber communication 
system is one of the strongest candidates to  overcome 
the associated problems.  The issues with the 
constraints  of  noise, bulk  volume  of  data, amount of 
signal power transmission, interference with other 
networks   and   nearby   RF  electromagnetic  fields  are

greatly settle down with optical fiber system [3-4]. 
Ideally, 1.55 μm lasers are well suited for long haul 
communication at higher data rates due to minimal loss 
[5].

A growing interest on the group III-IV nitride 
based semiconductor materials has recently been 
prompted towards light emitting diodes, lasers and solar 
cells [9-11]. The wider (0.7 – 6.2 eV) and direct 
bandgap, low electron effective mass, and high 
theoretical mobilities of these materials made them 
suitable for device applications [12]. A small amount of 
Ga in InN results in InGaN composite with 0.8 eV 
bandgap energy which is compatible with 1.55 μm
wavelength. 

The equivalent circuit modeling (ECM) is 
required to clearly understanding the lasers’ working 
conditions and to verify compatibility with associated 
electrical driver circuits. The ECM using Shockley 
equation transfers the carrier and photonics numbers 
into current and voltage quantities, respectively. 
Numbers of studies investigated the ECM for quantum 
dot and quantum cascaded lasers [13-15]. However, to 
the best of authors’ knowledge, the ECM of the 
proposed In GaN based laser is still unreported, and 
thus requires attention. 

P

In this paper, we investigate the electrical 
equivalent circuit characteristics of a previously 
proposed [16] InGaN based heterostructure laser diode. 
The static current-voltage (I-V), output power-input 
current (L-I), output voltage, and transient conditions are 
discussed briefly. PSPICE circuit simulator has been 
used to demonstrate the lasers’ electrical 
characteristics.

A number of semiconductor alloys such as 
ternary, quaternary and quintuplet elements are used to 
fabricate 1.55 μm laser diodes. For instance, materials 
including AlGaInAs, GaInNAsSb/GaAs, InGaAs/ InGaAs
P, and GaInN AsSb/GaNAs [6-8] are the choices for the 
active layer of the lasers. However, often these ternary, 
quaternary and quintuplet materials are difficult to grow, 
and results in lasing problem.

PSPICE.

Author α σ : Department of Electrical and Electronic Engineering, 
Khulna University of Engineering & Technology (KUET), Khulna-9203, 
Bangladesh. e-mails:  jahirul_kuet@yahoo.com, rafiq043@yahoo.com



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1: Schematic structure of the proposed InGaN based Quantum Well Laser (After Ref. [16]).

 II.

 

PROPOSED LASER STRUCTURE

 
The schematic structure of the proposed 1.55

 

μm quantum-well hetero

 

structure lasers using InGaN is 
shown in Fig.1. A c-plane sapphire wafer is used as the 
substrate. The LD structure consists of 0.6 µm thick n-
In0.15Ga0.85N contact layer, 0.1 µm thick GaN cladding 
layer, 0.2 µm thick In0.15Ga0.85N guiding layer, and a 0.1 
µm thick InGaN active layer.

 
III.

 

MATHEMATICAL MODEL

 

The rate equations for quantum well lasers are 
given by [17-18]

 
        

( ) ( ) ( ) ( ) ( )
( )i 0

a n

d N t I t N t N t S t
η g

dt eV τ 1 εS t
= − −

+
         

 

(1)

 

      

    

                                   

p

f c a

λτS
P η V hc

ϑ= =                  (3)
         

where N = equilibrium carrier concentration; I = 

injection current; ( )
n

N t
τ

 = the carrier recombination rate 

= AN+BN2+CN3, where A, B, and C are the 
unimolecular, radiative, and Auger recombination 
coefficients, respectively; S = photon density = Stot/Va, 
where, Stot is again the total number of photons in the 
active volume; β = βAAN+βBBN2+βCCN3, where β A, βB, 
and βC are coupling coefficients; Pf = the output power, 

Va = is the volume of a single QW; η i = is the current-
injection efficiency; Γc = is the optical confinement 
factor of one QW; g0 = is the carrier dependent gain

 
coefficient; τ p = is the photon lifetime; 
wavelength; ηc = is the output-power coupling 

coefficient; and 
( )

1
1 εS t

=
+

 

the gain saturation term. 

IV.
 

MODEL IMPLEMENTATION

 To convert the rate equations into circuit model, 

multiplying Eqn. (1) by a

i

eV
η

 

and then simplifying we get

 

( )

( )
e

an n
n 0

 
i i i

eVN exp S t
eVτ dI1 nkTI I g

η η dt η 1 εS t

 
 
 = + +
+

   (4)
 

where, 
( )a

n
n

eV N t
I

τ
=   and  e

eVN N exp
nkT

 =  
 

.   

Therefore, 
( )a n n

i i

dN teV τ dI 
η dt η dt

=                           (5) 
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λ= is the lasing 



 
 
 
 
 
 
 
 
 
 
 
 
 

Current I of Eqn. (4) is equal to three related 
current components at quantum well regions i.e. In, 

n n
1

a

τ dII
eV dt

=  and the stimulated emission component 

I2. The p-n heterojunction voltage Vj can be represented 
by one ohmic resistance Re, series-connected with 
Shockley p-n junction diode (shown in Fig.2).   

1
2

j
d 0

d

V
C C   1

V

−
 

= − 
 

, a junction depletion capacitance is 

added to the circuit, where C0 is the zero bias depletion 
capacitance, Vj is the junction voltage, Vd is the build-in 
potential.  
Now, multiplying Eqn. (2) by eVa we get, 

 
 
 
 
 
 
 
 
 
 
 
 
 

( ) ( ) ( ) ( ) ( )
( )

0 a a a c a c
p n

d S t S t βN t g N t S t
eV eV eV Γ eV Γ

dt τ τ 1 εS t
=− + +

+
   (6)       

which later reduces to  

       

( ) ( ) ( ) ( )
( )p 0  c n c

p

d S t S t N t S t
C G Γ βI Γ

dt R 1 εS t
+ = +

+
         (7)     

Rearranging Eqn. (7), one can get 

     

( ) ( ) ( )
( )

p
0  n

c p c

CS t d St N t S t
G βI

Γ R Γ dt 1 εS t
+ = +

+
             (8)                                                 

Where
 

the parameters Rp

 
and G0

 
are defined by [19],

 

p
p

p

τ
R

C
=  , ( )213

0

 

nomG D J 2 10

 

= − × .

 

 
Also,

 
D= a constant and n

nom
a

I 
J

V
= . 

 

 

  

stimulated component 
( ) ( )

( )0 

N t S t
 G

1 εS t+
. These two 

components are modeled by two (I3 and I2) current 
sources as shown in Fig.3. Thus, the light output is 
proportional to the output node in voltage 
representation. The voltage representation is applicable 
if transmission channel and receiver circuit are included 
in the simulation. 

Now from Eqns. (4) and (8), the total equivalent 
circuit for a single QW laser has been illustrated in Fig.4.  

V. PSPICE CIRCUIT SIMULATION RESULTS 

 
 

 Fig. 2:  PSP CE  circuit model of Eqn. (4). 
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Fig. 3: PSPICE circuit model of Eqn. (8). 
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In Eqn. (8), the first two terms represent a 
resistance (in parallel) and a capacitance. Again, the 
optical emission consists of a spontaneous component

Unlike electronic devices that are usually 
characterized by current and voltage, optoelectronic 
devices are normally characterized by light intensity and 
current. Since light intensity cannot be represented by 



 

  

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1: Parameters used in PSPICE circuit simulations [20].

Parameter Unit Value 
Re

 Ω 0.468 

Rp
 Ω 29.4 

Rs
 Ω 2.0 

τns
 ns 2.25 

τnp
 ns 3 

Cp
 pF 0.102 

Cd
 pF 10 

Sc
 m-3 1018 

D V-1A-1m6 1.79x10-29 

βs
 - 10-5 

In
pu

t C
ur

re
nt

 (m
A

)

15

10

5

0
0

0.5 1.0 1.5 2.0
Input Voltage (Volts)

Fig.5:

 

Current vs. voltage relationship for InGaN laser.

 The PSPICE circuit simulation evaluates the 
electrical characteristics such as current-voltage, 
transient response of the laser

 

equivalent circuit. Figure 
5

 

depicts the I-V response of the laser. As it is shown in 
the figure, the current initiates to flow at an applied 
voltage of approximately 1.20 volts and then increases 
abruptly. The threshold value of the voltage is 
approximately 1.20 volts. 

 
 

Fig. 4: 

 
Equivalent circuit model of a single quantum well laser.
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any physical circuit quantities, modeling optoelectronic 
devices by PSPICE circuit model is certainly not 
physically transparent. 

The results of PSPICE circuit model for InGaN 
based laser developed according to the electrical 

equivalent circuit discussed in section IV, is presented in 
this section. The parameters used for the PSPICE 
simulation are listed in Table 1.
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Fig.6:

 

Output power-input current (L-I) characteristic of the proposed laser.
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Output transient voltage of the laser.
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Fig.8: Turn on delay time of the quantum well laser.

The transient response of the laser is shown in 
Fig.7. The steady state values of output voltage are 
found after 60 ns. Turn on delay of 3 ns is calculated 

from Fig.8 for InGaN based laser. These results are in 
well consistent with the results obtained from the 
previous [16] discussions.  
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Moreover, Fig.6 represents the output power 
with the variation of input current (L-I characteristics).The 
power output increases with the increase of input 
current. Threshold current of 6 mA and the slope 

efficiency of approximately 0.368 W/A are found from 
Fig.6.



 

 

 
  

 

 

VI.

 

CONCLUSION

 

A detailed electrical equivalent circuit model of 
1.55 μm InGaN based laser has been studied 
numerically.  The

 

characteristics are realized through the 
development of the equivalent circuit modeling of the 
quantum well laser. The electrical circuit modeling of the 
laser is important to find out the electrical parameters. 
The PSPICE circuit simulation resulted in an increase in 
output power with the increase of input current. 
Threshold current of approximately 6 mA, bias voltage of 
1.20 volts, slope efficiency of 0.368

 

W/A and turn on 
delay of 3

 

ns have been found from this circuit analysis. 
These electrical

 

properties present the richness of 
InGaN based lasers, and are in agreement with the 
results of numerical simulations of the same model. 
Attention on ECM

 

for the laser is important to 
understanding the electrical mechanism, and requires 
exhaustive investigation to be matched with electrical 
automatic power control, modulation scheme, level 
shifter and slow start circuits.
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Largescale Unit Commitment Problem 
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Abstract- This paper presents a novel approach population 
based metaheuristics algorithm known as Quasi Oppositional 
Passing Vehicle Search (QOPVS) algorithm for solve the Unit 
commitment problem (UCP) of thermal units in an electrical 
power system. Passing vehicle search (PVS) algorithm is a 
population based algorithm which mechanism is inspired by 
passing vehicles on two-lane rural highways. As algorithms are 
population based so enables to provide improved solution 
with integration of powerful techniques. In this article, such a 
powerful technique named Opposite based learning 
techniques (OBLT) is integrated with proposed PVS algorithm. 
OBLT provides enough strength to proposed PVS algorithm to 
gain a better approximation for both current and opposite 
population at the same time, as it provide a solution which is 
more nearer solution from optimal based from starting by 
checking both solutions. Thermal unit scheduling problem is a 
nonlinear, non convex, discrete, complex and constrained 
optimisation problem. To verify the effectiveness of the 
proposed QOPVS algorithm is applied to some standard 
benchmark test function and various IEEE test systems with 
the number of thermal units 5-, 6-, 10-, 20-, and 40-unit in a 
24-hour load scheduling horizon. The results show an 
improvement in the quality of solutions obtained compared 
with other methods results in the literature. The proposed 
algorithm is considerably fast and provides feasible near-
optimal solutions. Simulations results have proved the 
performance of the proposed QOPVS algorithm to solving 
large UC problems within a faster convergence and 
reasonable execution time. 
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I. Introduction 

n general, real world problems are complex and 
nonlinear so it is a very difficult task to find out its 
solution. Optimization stands with every person wants 

to maximize its outcomes with its least possible 
utilization of resources. World surround us is a lot of 
natural behaviors for performing various task. Although 
the target of all individuals is to be survive, helping each 
other and working in a group. Basic theme of every 
meta-heuristic algorithms is come from natural incidents 
happening around us. 

Now a day, engineering optimization is in its 
third generation of algorithms/techniques. In the first 
generation in early 1960s some mathematical 
techniques or deterministic techniques [1]-[3] are 
proposed like Linear programming (LPs), gradient 
based algorithm etc. to solve various engineering 
design problems. Advantages associated with 
deterministic technique is that they are less time 
consuming to find a solution, but disadvantage [4] is 
that they will not guarantees that a solution achieved 
with them is an optimal one. With first generation 
algorithms, there is high possibility to trap in local 
minima/maxima rather finding global optimal solution. 
Second generation of algorithms are problem specific 
algorithms and also their functionality depends on the 
initial guess of the solution, so these algorithms 
(simulated annealing) also need problem specific man 
power. These algorithms are also known as heuristic 
techniques.  

Third generation of algorithms are known as 
meta-heuristic, improved heuristic techniques or 
evolutionary algorithms. This type of stochastic 
algorithms are basically population based or fitness 
oriented. These algorithms are basically inspired from 
natural activities incidents around us. Some of the 
natural behaviors are herding, migration, hunting, 
defending, navigation etc. The strength of meta-heuristic 
algorithms is based strongly on randomly generated 
initial solutions.  Meta-heuristics algorithm consists of 
many solutions at each stage according to their fitness. 
So, there is almost negligible probability of entrapping in 
the local solution and higher probability of getting global 
optimal solution. Meta-heuristic techniques are also 
called direction search towards global best solution. As 
after each iteration solution of all individual are 
processed through sorting from higher quality solution 
to lower quality solutions. So, this technique is more 
efficient than other techniques. Meta-heuristic 
techniques are also integrated with some ‘intelligence’ 
or adaptive capability to converge towards global best 
solution. Other advantage of these type of algorithms is 
that they are not problem specific algorithms, having 
capability of solving many problems with negligible 
change in their structural computational model also no 
need to be an expertise in problem specific domain, so 

I 
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provides researchers a greater flexibility to apply them to 
number of problems. Only disadvantage associated with 
them is that they cannot provide global best solution in 
single run so researchers need to test their robustness 
by considering multiple runs for single problem to 
determine their performance or effectiveness to solve it. 

Sole objective optimization technique (SOOT) is 
to achieve “the best” solution, which either may be 
minimization or maximization value of a sole objective 
function with respective to all different objectives into 
one in the environment of various equality or inequality 
bound of decision variable parameters. So, SOOT 
increases the burden of decision making significantly on 
the shoulders of the researcher. Population-based 
metaheuristic techniques acquires a collection of 
solutions, called a population, to learn or optimize the 
problem in a parallel way. Population is a main principle 
of the metaheuristic techniques. Successful 
metaheuristic techniques have to be cautiously 
modelled without caring of the starting point, so there is 
negligible probability to visit each and every possible 
problem domain to get the feasible region. 

The electric power demand is much higher 
during day time compare night time due to larger 
industrial loads, larger usage by residential-population 
during early-morning & evening. The unit commitment 
problem has been approached by many techniques but 
only acceptably solved by two techniques: dynamic 
programming and Lagrangian relaxation. The problem 
of thermal unit scheduling is due to the integer nature of 
the problem that a unit can either be off-line or on-line. 
The modeling of thermal power plants, for accurate 
scheduling, is complicated. 

In the past, many optimization algorithms based 
on a gradient search for solving the linear and non-linear 
equation but in gradient search method value of 
objective function and constraint unstable and multiple 
peaks if problem having more than one local optimum. 
Population-based nature–inspiredis a meta-heuristic 
optimization algorithm have an ability to avoid local 
optima and get a globally optimal solution that makes it 
appropriate for practical applications without structural 
modifications in the algorithm for used in different 
constrained or unconstraint optimisation problems. In 
Fig. 1 over view of the proposed UC-ELD Problem is 
shown. 

In their article, the total fuel cost obtained 
through the Quasi Oppositional Passing vehicle search 
(QOPVS) algorithm is similar to the cost obtained 
through Passing vehicle search (PVS) algorithm. In this 
work, the QOPVS algorithm is used to solve the UC with 
more focus towards the tuning of algorithmic control 
parameters, thus producing an optimal solution in terms 
of minimum generation cost and less execution time. In 
all the literatures reported, either the Unit Commitment 

or the Economic Load Dispatch problem is solved 
individually. In this work meta heuristics techniques is 
proposed to dispatch the committed units thus 
minimizing the fuel cost and making the application 
more suitable for practical generating systems. For 
experiment analysis, the outcome of the experimental 
results is compared in terms of optimal solution, 
robustness, computational efficiency and algorithmic 
efficiency.

 

In

 

the

 

following

 

sections,

 

we discuss the Unit 
Commitment problem, Problem formulation in single 
area Unit Commitment problem with different 
constraints, PVS algorithm, passing vehicles mechanism 
on two-lane rural highway, opposite based learning 
techniques (OBLT), quasi oppositional passing vehicle 
search (QOPVS) algorithm, numerical results of 
benchmark objective function and case study, and 
finally conclusion of our work.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2017    Global Journals Inc.  (US)

A Novel Quasi Opposition Based Passing Vehicle Search Algorithm Approach for Largescale Unit 
Commitment Problem

      

G
lo
ba

l 
J o

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
   

  
(

)
V
ol
um

e 
 X

V
II
  

Is
su

e 
 I
V
  

V
er
si
on

 I
  

  
  
 

  

51

Y
e
a
r

20
17

F



 
Fig. 1: Over view of the proposed UC-ELD Problem.

II. Literature Survey Of Unit 
Commitment Problem 

The most talked-about optimization techniques 
for the solution of the unit commitment problem 
(UCP)are: (i) Priority-list schemes, (ii) Dynamic-
programming (DP), & (iii) Lagrange algorithm (LA). Unit 
Commitment problem can be formulated as [5]-[25]: 
minimize generating cost and subject to many 
constrained such as (a) Minimum up and new down 
time constraints (b) Crew-constraints (c) Ramp-rate 
limits (d) Maximum and Minimum Power Limits 
(Generation limit constraints) (e) Generation ramp limit 
constraints  (f) On/off line minimum level constraints (g) 
Transmission line constraints (g) Environmental 
constraints  (h) Fuel limitation constraints (i) Unit hourly 
fuel mixing ratio constraints (j) Spinning reserve 
constraint (k) Power balance constraint (l) Deration of 
units (m) Unit status. Dynamic Programming Approach 
for Unit Commitment [5], A Unit Commitment Expert 
System [6], Fuzzy Dynamic Programming: An 
Application to Unit Commitment [7], Branch-and-Bound 
Scheduling for Thermal Generating Units [8], Unit 
Commitment Literature Synopsis [9] [10], A genetic 
algorithm based approach to thermal unit commitment 
of electric power systems describe in ref.  [11]. A 
disadvantage of the GAs is that, since they are 
stochastic optimization algorithms, the optimality of the 
solution they provide cannot be guaranteed. 
Evolutionary Programming Based Economic Dispatch 
Units with Non-Smooth Fuel Cost Functions [12], Large 
scale unit commitment using a hybrid genetic algorithm 

[13], A Fuzzy Logic Approach to Unit Commitment [14], 
A Simulated Annealing Algorithm for Unit Commitment 
[15], A Genetic Algorithm for Solving the Unit 
Commitment Problem (UCP) of a Hydro-Thermal Power 
System [16], Unit Commitment with Transmission 
Security and Voltage Constraints [17], in ref., [18]-[29] 
UC and ELD problems with constraints are solved by 
different optimization techniques in power system. 

During 2002, a fast solution technique for large 
scale Unit Commitment Problem using Genetic 
Algorithm is presented [30]. To reduce search space, 
unit integration technique is used and an intelligent 
mutation is performed using local hill-climbing 
optimization technique. A Genetic Algorithm Solution to 
the Unit Commitment Problem Based on Real-Coded 
Chromosomes and Fuzzy Optimization is implemented 
in [31]. They have reported that the fuzzy optimization 
had an impact on guiding the GA search and therefore 
assured finding a better fuel cost. A Particle Swarm 
Optimization approach to solve the economic dispatch 
considering the generator constraints is presented in 
[32]. Many nonlinear characteristics of the generator, 
such as ramp rate limits, prohibited operating zone, and 
non-smooth cost functions are considered in their 
method for practical generator operations. In ref. [33] 
attempted to explore the application of Economic Load 
Dispatch using Bacterial Foraging Technique with 
Particle Swarm Optimization based evolution. They 
showed that their technique had better information 
sharing and conveying mechanisms than other 
evolutionary methods including PSO, Bacterial Foraging 
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Scheduling ON/OFF status 
for each generating unit

Allocation of power 
to be shared by each 
scheduled unit

Input characteristics
of generator

Input load profile 
(24-hour demand)

Unit Commitment 
Problem (UCP)

Economic Load
Dispatch (ELD)

Optimized
Solution

Nature Inspired Population based Meta-Heuristics 

Algorithm 1. Passing Vehicle Search Algorithm 
2. Grey Wolf Algorithm
3. Monarch Butterfly Optimization
4. Moth Flame Optimizer
5. Krill Heard Algorithm
6. Cuckoo Search (CS) algorithm

Optimal ON/OFF Schedule, 

Optimal Dispatch of Power, 

Optimal Generation Cost, 

Total Power Loss, 

Total Power and 

Total Computational Time



Differential Evolution (DE) for solving ELD problems with 
specialized constraint handling mechanisms. A 
Comparative Study on Heuristic Optimization 
Techniques with an Improved Coordinated Aggregation-
Based PSO [35] for ELD and UC problem by adding the 
regenerating population procedure in order to improve 
escaping from the local minimum. They employed a 
fuzzy decision theory to extract the best compromise 
solution.

 Some of the most popular algorithms in this 
field are: Particle Swarm Optimization (PSO) [36], 
Differential Evolution (DE) [37], Evolutionary 
Programming (EP) [38] [39], Genetic Algorithms (GA) 
[40], [41], Ant Colony Optimization (ACO) [42]. Although 
these metaheuristic techniques are highly capable to 
provide promising solution for various challenging and 
real world design problems, But No Free Lunch theorem 
(NFLT) [43] permits researchers to propose new 
algorithms or to use an existing algorithm to improve the 
results of an existing problems. In Accordance to NFLT, 
all algorithms are effectively solving all optimization 
problems. So, one technique can be more efficient in 
solving a set of problems merely ineffective on another 
set of problems. This is the main reason for researchers 
to do more works in optimization area with a great zeal. 
Now some of the recently proposed algorithms in this 
field are: mimicking the social behavior based for 
different species like Monarch butterfly optimization 
(MBO) [44], Cuckoo Search (CS) algorithm [45], [46], 
Artificial Bee Colony (ABC) algorithm [47], Grey Wolf 
Optimizer (GWO) [48], Firefly Algorithm (FA) [49], [50], 
Cuckoo Optimization Algorithm (COA) [51]. Some 
physics based algorithms are like Ray Optimization 
algorithm (ROA) [52], [53], Colliding Bodies 
Optimization (CBO) [54], [55] algorithm with frequency 
constraint and discrete variable for truss bar design, 
Gravitational Search Algorithm (GSA) [56], Dolphin 
Echolocation (DE) [57], [58], Charged System Search 
(CSS) [59], [60] etc.

 Further in the literature, we wish to add some 
recently proposed metaheuristic algorithms with 
different application in the well-recognized and reputed 
journals. Some of them are with various application like 
Trivedi, I. et al. with adaptive learning integrated with 
whale optimizer algorithm (AWOA) [61] in this article 
effectiveness of proposed work is tested on some 
standard test benchmark function. Well-recognized 
power system application that known as optimal power 
flow (OPF) problem is solved with different metaheuristic 
and hybrid metaheuristic technique [62], [63]. Another 
set of articles which consisting of popular power system 
application known as economic environment dispatch 
[64], [65], [66], and [67] considering problem such 
multi-objective as well as sole objective problem with 
and without renewable energy source involving various 
metaheuristic techniques comprising of different 

standard IEEE systems. This context also includes the 
improved version of popular krill herd technique like 
oppositional based krill herd [68], hybrid KH with 
quantum behaved PSO [69], improved KH [70] and stud 
krill herd algorithm [71]. 

III. Unit Commitment Problem 

In the electrical power system, it is expected to 
have power instantaneously and continuously available 
etc. meet customers’ demands. The economic 
operation depends upon following function such as a 
load forecasting, unit commitment, economic dispatch, 
security analysis etc. [72]. An overall solution of these 
problems is providing a continuous and reliable supply 
of electricity while maintaining the optimal cost of 
production and operation for the system. Unit 
Commitment is the most importance problems in 
operational scheduling of electrical power generation. in 
this start up and shut down (ON/OFF) operation are also 
involved to meet load demand for a short time. The 
objective is to minimize total production to meet system 
demand and reserve requirements. The main aim of this 
research paper is the solution of the Unit Commitment 
problems. The recent time installing of large thermal 
units, complexity of power network and other 
environmental pollution has again need to find better 
solution or approach for determination of economic-
emission unit commitment schedule [73], [74]. In fig. 2(i) 
simple “peak-valley” load pattern is shown but fig. 2 (ii) 
Unit commitment schedule using shut-down rule is 
shown. 

Based on the power requirements, the 
generating units are scheduled on an hourly basis for 
the next day’s dispatch for the successive operating 
day. The system operators are able to schedule the 
On/Off status and the real power outputs of the thermal 
generating units to meet the total demand over a time 
horizon. There may exist large variations in the day to 
day load patterns, thus enough power has to be 
generated to meet the maximum load demand. In 
addition, it is not economical to run all the units every 
time. Hence it is necessary to determine the units of a 
particular system that are required to operate for given 
loads. The Economic Load Dispatch allocates power to 
the committed units thus minimizing the total 
generating/fuel cost. Constrained Economic Load 
Dispatch Problem is defined as the “The operation of 
generation facilities to produce energy at the lowest cost 
to reliably serve consumers, recognizing any operational 
limits of generation and transmission facilities”. The two 
major factors to be considered while dispatching power 
to generating units are the cost of generation and the 
quantity of power supplied. The relation between the 
cost of generation and the power levels is approximated 
by a quadratic polynomial. To determine the economic 
distribution of load between the various generating units 
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in a power plant, the quadratic polynomial in terms of 
the power output is treated as an optimization problem 

with total cost minimization as the objective function, 
considering various constraints. 

 
Fig. 2: (i) Simple “peak-valley” load pattern. (ii) Unit commitment schedule using shut-down rule.

The unit commitment problem can be solved by 
assigning priority for the generating units such that the 
most efficient unit is loaded first and then other units are 
loaded according to their efficiency. The security 
constraint unit commitment determines the generating 
unit schedules in a utility for minimizing the operating 
cost and satisfying the prevailing constraints such as a 
load balance, system spinning reserve, ramp rate limits, 

fuel cost constraints etc. The unit commitment problem 
is related to the class of complex combinational 
optimization problem. Unit Commitment can solve by 
finding the possible combination of the units and then 
select that combination which has the least operating 
cost between them but it required/consume a lot of time 
[75] [76]. Time-dependent start-up costs is shown in fig. 
3. 

 Fig. 3:
 

Time-dependent start-up costs.
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IV. Problem Formulation In Single Area 
UCP

The main aim of Unit Commitment is to 
schedule the generating units to minimize the operating 

and generating cost of power utilities. Fuel cost, start-up 
cost and shutdown cost including in operating cost. 
Fuel cost is determined by Economic Load Dispatch 
equation given as per follow.
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∑𝑛𝑛
𝑖𝑖=1 𝐹𝐹𝑖𝑖(𝑃𝑃𝑃𝑃𝑖𝑖) = ∑𝑛𝑛

𝑖𝑖=1 [𝑎𝑎𝑖𝑖(𝑃𝑃𝑃𝑃𝑖𝑖)2 + 𝑏𝑏𝑖𝑖(𝑃𝑃𝑃𝑃𝑖𝑖) + 𝑐𝑐𝑖𝑖],     𝑖𝑖 = 1,2, … ,𝑛𝑛

 

                      (1)

The total fuel cost over the given time horizon ‘H’ is 

 

    𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑀𝑀𝑀𝑀

 

∑ 𝐹𝐹�𝑃𝑃𝑖𝑖ℎ ,𝑈𝑈𝑖𝑖
ℎ�𝑁𝑁𝑁𝑁

𝑖𝑖=1 = ∑ ∑ �𝑎𝑎𝑖𝑖�𝑃𝑃𝑖𝑖ℎ�
2 + 𝑏𝑏𝑖𝑖�𝑃𝑃𝑖𝑖ℎ� + 𝑐𝑐𝑖𝑖 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖ℎ ∗ �1 − 𝑈𝑈𝑖𝑖

ℎ−1�� ∗ 𝑈𝑈𝑖𝑖
ℎ𝑁𝑁𝑁𝑁

𝑖𝑖=1
𝐻𝐻
𝑖𝑖=1 ,     𝑖𝑖 = 1,2, … ,𝑁𝑁𝑁𝑁         (2)

Startup cost can be expressed as mathematically:

 

                    

 

  𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖ℎ = �
𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖

 
;𝑓𝑓𝑓𝑓𝑓𝑓

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 ≤ 𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑂𝑂𝑂𝑂 ≤ (𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖)
𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖

 
;  𝑓𝑓𝑓𝑓𝑓𝑓

 
               𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑂𝑂𝑂𝑂 > (𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖)

� , 𝑖𝑖 = 1,2, … ,N𝐺𝐺
 
& ℎ =  1,2, … ,𝐻𝐻                         (3)

 
                   

 

                                                                    
𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖ℎ =

⎣
⎢
⎢
⎢
⎡

𝛾𝛾𝑖𝑖 + 𝜃𝜃𝑖𝑖

⎝

⎜
⎛

1 − 𝑒𝑒

−𝐻𝐻𝑖𝑖,𝑂𝑂𝑂𝑂
ℎ−1

𝜏𝜏𝑖𝑖
�

⎠

⎟
⎞

⎦
⎥
⎥
⎥
⎤

, 𝑖𝑖 = 1,2, …𝑁𝑁𝑁𝑁
  

        (4)

a)

 

Equality and Inequality Constraint

 
a.

 

Equality Constraint (Power Balance Constraint)

 
For the power balance sum of generation of unit 

in hth

 

hours is equal to total demand at hth hours and it is 
given by following equation.

                                    𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ + ∑ 𝑃𝑃𝑖𝑖ℎ𝑁𝑁𝑁𝑁
𝑖𝑖=1 ∗ 𝑈𝑈𝑖𝑖

ℎ = 0

 

      (5)

 
 

 

 

 

 b.

 
Spinning Reserve Constraint

 Due to the failure of the units or sudden change 
in load there is some reserve capacity of the plant or 
running plant run at the spinning capacity is known as 
spinning reserve capacity of the plant and it constraint is 
given by the following equation.

                                 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ + 𝑅𝑅ℎ − ∑ 𝑃𝑃𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁
𝑖𝑖=1 ∗ 𝑈𝑈𝑖𝑖

ℎ ≤ 0
  

     (6)
 

c.
 

Thermal Constraint
 In the Thermal generation unit temperature is 

not constant, it is depending upon the load demand. So, 
it is take some time to return to online or in running 
condition. Maintenance of Thermal plant is manually 
controlled so maintenance needs at certain time limit. 
There are various thermal constraints as per follow.

 d.
 

Minimum up and new down time constraints
 

 
                   

 
      𝑈𝑈𝑖𝑖

𝑡𝑡 = �
1 ;                 𝑖𝑖𝑖𝑖 𝐻𝐻𝑖𝑖,𝑂𝑂𝑂𝑂

ℎ−1 < 𝐻𝐻𝑖𝑖
𝑈𝑈𝑈𝑈

0    ;        𝑖𝑖𝑖𝑖 𝐻𝐻𝑖𝑖,𝑂𝑂𝑂𝑂𝑂𝑂
ℎ−1 < 𝐻𝐻𝑖𝑖

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

0
 
𝑜𝑜𝑜𝑜

 
1  ;               𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

�
       (7) 

 



 

Minimum Up Time

 
If the units have been already shut down, then 

for restarting some time is required it is called Up Time 
and given by following equation.

                                                   𝑋𝑋𝑖𝑖𝑜𝑜𝑜𝑜 (ℎ) ≥ 𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖
  

    (8)

 

 
Minimum Down Time

 Times required for the shutdown of plant is 
called down time and it is given by following equation.

                                                       𝑋𝑋𝑖𝑖
𝑜𝑜𝑜𝑜𝑜𝑜 (ℎ) ≥ 𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

  
     (9)

 e.
 

Crew Constraint
 If a plant consists more than two units, they 

cannot be turned on at the same time because there are 
not enough crew members to attend both unit at same 
time while starting up.

 f.
 

Maximum and Minimum Power Limits (Generation 
limit constraints)

 Every plant consists their maximum and 
minimum power generation limits and it is given by 
following equation.

 
           𝑃𝑃𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑈𝑈𝑖𝑖

ℎ ≤ 𝑃𝑃𝑖𝑖ℎ ≤ 𝑃𝑃𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑈𝑈𝑖𝑖
ℎ , 𝑖𝑖 = 1,2 …𝑁𝑁𝑁𝑁.       (10)

 
g.

 
On/off line minimum level constraints

  
                            𝑃𝑃𝑖𝑖ℎ = 𝑃𝑃𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑖𝑖𝑖𝑖

 
𝑈𝑈𝑖𝑖
ℎ−1 = 0 &𝑈𝑈𝑖𝑖

ℎ = 1,
 

    (11)
 

                
 
            𝑎𝑎𝑎𝑎𝑎𝑎

 
  𝑈𝑈𝑖𝑖
ℎ = 1 &𝑈𝑈𝑖𝑖

ℎ+1 = 0.    

h.
 

Generation ramp limit constraints
  

                          𝑃𝑃𝑖𝑖,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ ∗ 𝑈𝑈𝑖𝑖
ℎ ≤ 𝑃𝑃𝑖𝑖ℎ ≤ 𝑃𝑃𝑖𝑖 ,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈ℎ ∗ 𝑈𝑈𝑖𝑖

ℎ
     (12) 

 

 
                                                     

𝑃𝑃𝑖𝑖,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈ℎ = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�𝑃𝑃𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 ,𝑃𝑃𝑖𝑖ℎ−1 + (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)𝑖𝑖 ∗ 60�, 𝑖𝑖𝑖𝑖  𝑈𝑈𝑖𝑖
ℎ = 𝑈𝑈𝑖𝑖

ℎ−1 = 1          (13)
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𝑃𝑃𝑖𝑖,𝐷𝐷𝐷𝐷𝐷𝐷𝑚𝑚ℎ = 𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚𝑁𝑁𝑚𝑚�𝑃𝑃𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚 ,𝑃𝑃𝑖𝑖ℎ−1 −
 

(𝐷𝐷𝐷𝐷𝐷𝐷𝑚𝑚𝑅𝑅𝑎𝑎𝑚𝑚𝑈𝑈)𝑖𝑖 ∗ 60�, 𝑖𝑖𝑂𝑂 𝑈𝑈𝑖𝑖
ℎ = 𝑈𝑈𝑖𝑖

ℎ−1 = 1      (14)

Where, NG is total number of generating 
units,𝑃𝑃𝑖𝑖ℎ is the total power, U is the total units generated 
and 𝑃𝑃𝑙𝑙𝐷𝐷𝑎𝑎𝑙𝑙ℎ is the total demand.

Where,
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i.

 

Transmission line constraints

 
                    

 

                                              
−𝛼𝛼𝑙𝑙 ≤ ∑ �𝑆𝑆𝑙𝑙 ,𝑘𝑘�𝑃𝑃𝑘𝑘 ,𝐵𝐵𝐵𝐵𝐵𝐵

ℎ − 𝑃𝑃𝑘𝑘 ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
ℎ � ≤ (+𝛼𝛼𝑙𝑙)�𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑘𝑘=1
𝑘𝑘≠𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 

𝐵𝐵𝐵𝐵𝐵𝐵
, 𝑙𝑙 = 1,2, …𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁.

 

      (15)

V.
 

PVS
 
Algorithm 

Passing vehicle search (PVS) algorithm [77] is a 
meta-heuristics population based algorithm which 
mechanism is inspired by passing vehicles on two-lane 
rural high ways that was first described by Poonam 
Savsani, & Vimal Savsani in 2016.The passing maneuver 
on two-lane rural highways is one of the most significant 
yet complex and important driving tasks. This process, 
though, is relatively difficult to quantify, primarily 
because of the many stages involved and the lengthy 
section of road that typically is needed to complete the 
maneuver. Road capacity, safety, and level of service 
are all affected by the passing ability of faster vehicles, 
particularly on two-lane highways. The ability to pass is 
influenced by a variety of parameters including the 
volumes of through and opposing traffic; the speed 
differential between the passing and passed vehicles; 
the highway geometry, particularly available sight 
distance; and human factors such as driver-reaction 
times and gap acceptance characteristics. The goal is 
to provide reliable input information for the design 
process of two lane highways, which involves the need 
for passing sight distances. The existing passing model, 
used by the AASHTO policy, was developed some four 
decades ago; it assumes a single passing vehicle and a 
single passed vehicle, both passenger cars. In reality, 
as many as 25 percent or more of the passing 
maneuvers may be classified as multiple passing, in 
which more than one vehicle is overtaken. In addition, 
because trucks generally have lower speeds than cars, 
a considerable number of passing maneuvers occur 
when passenger cars overtake trucks. In this study, 
single and multiple passing’s are analyzed and the 
necessary sight distances for adequate design of two-
lane rural highways are evaluated. The research is 
based on analysis of data collected by videotaping five 
tangent two-lane highway sections from high vantage 
points and one additional location where a helicopter 
hovered overhead. The components of the passing 
sight distance were evaluated on the basis of the 
measured distances that were necessary to complete 
the maneuvers safely [78]. 

The flow characteristics of a road cross-section 
are identified by time headway (TH) and vehicle speed 
(VS) distributions over time. Knowledge of both 
headway and speed distributions plays a significant role 
in several fields of traffic flow analysis and simulation 
[79]. In particular, we refer to operative analysis of road 
facilities in interrupted and uninterrupted flow conditions. 

Studies on VS modeling have been published for many 
years (Gerlough and Huber (1976) [80]; Luttinen (1996) 
[81]; Luttinen (2001) [82]; Dey et al. (2006) [83]; Zou 
and Zhang (2011) [84]; Zou et al. (2012) [85]).
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Fig. 4:
 
Three vehicles passing mechanism on a two-lane-highways.
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Fig. 5: Pseudo code of PVS algorithm.

Paul Warnshu is (1967) constructed a computer 
simulation that modeled each individual vehicle’s 
behavior directly. This simulation was intended to serve 
as a tool helping develop a theoretical description of the 
interaction between the two lanes and how that 
interaction influences the traffic flow in each lane. The 
simulation was coded in Fortran IV, and it assumed that 
the two-lane road extends infinitely in both directions by 
using a two-lane circular track and does not have any 
restrictions on speed and passing. The inputs, the flow 
rate in each lane, the distribution of the desired speed, 
the initial ordering of vehicles, and the initial spacing of 
vehicles could be specified by users. Each vehicle, 
based on other assumptions, travels at a fixed desired 
speed except for the following or passing condition. 
Passing maneuvers in the simulation were governed by 
the rules specified in the paper[86]. A car that intends to 

pass another car may do so only if its leader has a 
relatively lower desired speed, the oncoming vehicle is 
far enough for the vehicle to complete pass and the gap 
in front of the passed vehicle is sufficient for the vehicle 
to return to the normal lane after passing. Several other 
constraints were also made, such as the determination 
of the safe distance ahead of the passed vehicle and to 
the first oncoming vehicle when the passing is 
completed, that a vehicle may pass only one vehicle at a 
time, and that a vehicle may be passed by only one 
vehicle at a time. 

The mathematical model for three vehicles 
passing mechanism on a two-lane-high ways is shown 
in Fig. 4. X-V (Back vehicle), Y-V (Front vehicle) and Z-V 
(Oncoming vehicle). 
a – Distance between X-V and Y-V  
b – Distance between Y-V and Z-V 

𝐴𝐴𝑖𝑖𝑖𝑖
′
 

= 𝐴𝐴𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟( ) ∗ (𝐴𝐴𝑖𝑖𝑖𝑖 − 𝐴𝐴𝑘𝑘𝑘𝑘 ) 

Algorithm:  PVS Algorithm
 

Begin 

Step 1: Initialize and define parameters: Set population size (N), termination condition, FEmax
 

(maximumfunction evaluations), gmax
 (number of generations), error, number of DV (design variables), 

bounds on design variables (lb & ub). 

Step 2:Initialize the random generated populations and evaluate them for, i = 1, FE = 0, g = 1. 

Step 3: Store the elite best solution and Select any two random populations k & l, k # l # i. 

Step 4: Calculate distances (D10, D20, and D30) and velocities (V10, V20, and V30) of  

search agent X-V, Y-V, and Z-V respectively and Calculate velocity. 

Step 5: Calculate distances a, b, A1, A2, and A3
 using following equation: 

𝐴𝐴𝑖𝑖𝑖𝑖
′
 

= 𝐴𝐴𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟( ) ∗ (𝐴𝐴𝑙𝑙𝑙𝑙 − 𝐴𝐴𝑖𝑖𝑖𝑖), 

𝐴𝐴𝑖𝑖𝑖𝑖
′
 

= 𝐴𝐴𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟( ) ∗ 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 ∗ (𝐴𝐴𝑖𝑖𝑜𝑜 − 𝐴𝐴𝑙𝑙𝑙𝑙) and 

Step 6: Update the result if it is better than the previous result.     

Step 7: Maintain diversity in the population by removing the duplicates as follows. 

for k= 1 : 2: N (Population size) 

    if Ak
 = Ak+1

 

i = rand*(design variables) 

 Ak+1,I
 = lbi

 + rand*(ubi
 - lbi)

 

end if 

     end for 

Step 8: Repeat the mechanism until the termination condition are satisfied. 

Stop. 
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A1, A2, A3 – Distance from reference line 
V1, V2, V3– X-V, Y-V and Z-V vehicle velocities 
respectively. 

A step wise procedure to implement PVS for the 
optimization of a given function is described in this 
section and PVS is explained with the aid of the Pseudo 
code in Fig.5. 

VI. Opposite Based Learning Techniques 
(OBLT) 

Now a day, meta-heuristic algorithms are much 
popular as they are able to provide optimal solution to 
all most all types (nonlinear, non convex, discrete etc.) 
of engineering problems. As algorithms are population 
based so enables to provide improved solution with 
integration of powerful techniques. In this article, such a 
powerful technique named OBLT (Opposite based 
learning techniques) is integrated with existing proposed 
PVS algorithm. As the effectiveness of the solution of 
optimization algorithm is basically depends on the 
population initialization, as it can affect the quality 
solution as well as the convergence speed. As most of 
the optimization algorithms uses random guess to 
produce an initial population in the absence of primary 
information about the global best solution. However, 
such type of purely random guess based solutions have 
higher probability to visiting or revising unproductive 
areas of unknown search space that adversely affects 
the quality solution and convergence speed. To 
overcome such a difficulty OBLT is proposed [87] to 
ameliorate individual solution by taking into account the 
current population as well as its opposite population 
simultaneously.  

In most of the population based algorithms 
uses these initial population as current best and then 
directional search towards optimal one that’s really a 
more time-consuming method, but OBLT provides 
enough strength to proposed PVS algorithm to gain a 
better approximation for both current and opposite 
population at the same time, as it provide a solution 
which is more nearer solution from optimal based from 
starting by checking both solutions. This approach is not 
only used only for initial solution but also used for each 
solution in current population.  
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Fig. 6:
 
Flowchart of Opposition based PVS algorithm.

 
Mathematically OBLT can be modelled as

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Set population size (N), termination condition, lb, ub, FEmax,and gmax 

Initialize the random generated populations and evaluate them for, i = 1, FE = 0, g = 1 

 

Store the elite best solution 

Select any two random populations k & l, k # l # i 

Calculate distances (D10, D20, and D30) and velocities (V10, V20, and V30) 
of search agent X-V’ (Aio), Z-V’ (Ako), and Y-V’ (Alo) respectively. 

Calculate Vcoo=V1o/(V1o -V3o) 

Calculate distances ao, bo, a1o, and b1o 

Is V3o < V1o? Is (bo-b1o) > a1o? 

𝐴𝐴𝑖𝑖𝑖𝑖
′ = 𝐴𝐴𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟( ) ∗ (𝐴𝐴𝑙𝑙𝑙𝑙 − 𝐴𝐴𝑖𝑖𝑖𝑖) 

𝐴𝐴𝑖𝑖𝑖𝑖
′ = 𝐴𝐴𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟( ) ∗ 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 ∗ (𝐴𝐴𝑖𝑖𝑖𝑖 − 𝐴𝐴𝑙𝑙𝑙𝑙) 

𝐴𝐴𝑖𝑖𝑖𝑖
′ = 𝐴𝐴𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟( ) ∗ (𝐴𝐴𝑖𝑖𝑖𝑖 − 𝐴𝐴𝑘𝑘𝑘𝑘 ) 

Is new solution 
fittest than existing? 

Continue the existing solution 𝐴𝐴𝑖𝑖𝑖𝑖
′ = 𝐴𝐴𝑖𝑖𝑖𝑖  

 

Yes No 

 

Is i = N? 

Replace the worst solution with the elite best solution 

Is termination 
criteria satisfied? Display final results 

i = i +1 

g = g +1,  i =1 

No 

No 

Yes 

No 

 
Yes 

 

No 

 

Yes 

 

Yes 

FE=FE+1 

 

Oppositional population created by  

�𝑈𝑈𝑈𝑈𝑖𝑖 + �𝐿𝐿𝑏𝑏𝑖𝑖 − (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)𝑖𝑖 ,𝑗𝑗 �� , 𝑗𝑗 = 1,2 …𝑑𝑑𝑑𝑑𝑑𝑑, 𝑖𝑖 = 1,2 …𝑁𝑁. 
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Opposite number: Assume Number (ℕ) belong 
to a bounded set in the upper and lower range between 
X and Y. So, define as ℕ € [X, Y]. Then opposite number 
(Ṅ) is expressed as: 

                                       Ṅ=X+Y- ℕ       (16) 

Opposite point: Assume point (Pi) = (ℕ1, ℕ2, 
ℕ3,…. ℕt)

 be t-dimensional vector, where ℕi € (Xi, Yi) & 
i=1, 2, 3…, t. So, opposite point is: Ṗi

 = (Ṅ1, Ṅ2, 
Ṅ3……Ṅt) where Ṅi=

 
Xi

 
+ Yi -

 ℕi
 

After opposite point definition, oppositional 
based optimization is expressed as:

 

Assume (Pi) = (ℕ1, ℕ2, ℕ3,….
 
ℕt)

 
be

 
a point in t-

dimensional space. Assume ƒ (*) is fitness function 
used to measure candidate fitness. So as define in 
definition for opposition point Ṗi

 
= (Ṅ1, Ṅ2, Ṅ3……Ṅt)

 
is

 

opposite of
 
Pi

 
= (ℕ1, ℕ2, ℕ3, ….

 
ℕt). So now working of 

OBLT is changed as ƒ (Pi) ≤ ƒ ( Ṗi) then point Piis
 

replaced by Ṗi. Similar approach is applied over each 

evaluated point simultaneously in order to move the 
search in a more closer to global best solution.  

A step wise procedure to implement purposed 
Opposition based PVS algorithm is explained with the 
aid of the Flowchart inFig.6. 

a) Quasi-OBLT (Q-OBLT) 
Q-OBLT is primarily proposed by Rahnamayan 

et al. [88] to produce much better candidate solution by 
taking into account the current population as well as its 
quasi-opposite population simultaneously.  

Assume ℕ € [X, Y] where ℕ € R (Real number) 
then its opposite number (Ṅ) and its quassi- 
oppositional number (ℕqo) are expressed as : 

ℕqo = rand*[(X+Y)/2, (X+Y- ℕ)]  

Assume point (P) = (ℕ1, ℕ2, ℕ3,  ….ℕt)
 
be t-

dimensional vector, where ℕi  € (Xi, Yi) & i=1, 2, 3…, t. So 
opposite point is: Ṗ

 
= (Ṅ1, Ṅ2, Ṅ3……Ṅt) where Ṅ1=

 
Xi

 
+ 

Yi 

 
-
 
ℕi  then quasi-opposite

  

Solution
 
is given by:

 

                                       ℕqoi = rand*[(Xi+Yi)/2, (Xi+Yi-
 
ℕi)] where Pqoi = (ℕqo1, ℕqo2, ℕqo3,….

 
ℕqot)                           

 
(17)

b)
 

Quasi-opposite based optimization (Q-OBO) 
Assume Pi

 
= (ℕ1, ℕ2, ℕ3,  ….ℕt)

 
be a point in

 
t-

dimensional space. Assume ƒ (*) is fitness function 
used to measure candidate fitness. So as define in 
definition for quassi opposition point Pqoi

 
= (ℕqo1, ℕqo2, 

ℕqo3,…. ℕqot) is quasi-opposite of Pi

 
= (ℕ1, ℕ2, ℕ3, ….ℕt).

 

So now working of Q-OBO is changed
 
as ƒ (Pi) 

≤ ƒ (Pqoi) then point Piis replaced by Pqoi.
 

Similar 
approach is applied over each evaluated point 
simultaneously in order to move the search in a more 
closer to global best solution. 

 

VII.
 

Numerical Results And Case
 
Study

 

Firstly, The Proposed QOPVS optimization 
technique is applied on various standard un-constraints 
benchmark test functions such as Sphere, Schwefel 
2.22, Schwefel 1.2, Schwefel 2.21, Quartic Function, 

Rastrigin Function, Ackley’s Function, De Joung 
(Shekel’s Foxholes), Kowalik’s Function

 

to verify the 
robustness and effectiveness. The objective function, 
dimension, range, and minimum value of objective 
function of all benchmark test functions are given in 
Table 2. The Proposed QOPVS method executed on PC 
with Intel Core i3 of 4 GB RAM. The initial control 
parameters of proposed QOPVS method such as 
population size, number of iterations, total trial runs etc. 
are given in Table 1. The numerical simulation result in 
terms of best, worst, average, median and statically 
results of PVS and Oppositional PVS algorithm is shown 
in Table 3. The fitness curve of best, worst, average, 
median and statically results of PVS and Quasi 
Oppositional PVS algorithm are shown in Fig 7 – Fig. 14. 
The optimized solutions are shown that QOPVS method 
is more effective compare to PVS method.

 

Table 1:

 

The initial control parameters (population size, number of iterations, total trial runs) of proposed QOPVS and 
PVS algorithm.

Test 
System

 
Population Size 
(Search Agent 

No.)

 
Maximum No. 
of Iterations

 
Total 
Trial 
Runs 

F1-F10

 

20

 

500

 

20

 

5-Unit 
System

 

30

 

50

 

10

 

6-Unit 
System

 

60

 

50

 

10

 

10-Unit

 

System

 

30

 

50

 

10

 

20-Unit

 

System

 

60

 

50

 

10

 

40-Unit

 

System

 

60

 

50

 

10
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Table 2:
 

Description of benchmark test functions.

No. 

Name

 Function Dim Range Fmin 

F1

 

Sphere 
( ) ( )2

1

*
n

i
i

f x x R x
=

=∑  10

 
[ -100,

 

100]
 

 
 

0 

F2

 

Schwefel 2.22

 
( ) ( )

1 1

*
n n

i i
i i

f x x x R x
= =

= +∑ ∏  10

 
[ -10,

 

10]
 

 
 

0 

F3

 
Schwefel 1.2

 

( ) ( )
2

1 1

*
n i

j
i j

f x x R x
= −

 
=  

 
∑ ∑  10

 
[ -100,

 

100]
 

 
 

0 

F4

 
Schwefel 2.21

 ( ) { }max ,1  ii
f x x i n= ≤ ≤ 

10

 
[ -100,

 

100]
 

 
 

0 

F5

 
Quartic Function

 
( ) [ ) ( )4

1

0,1 *
n

i
i

f x ix random R x
=

= +∑  10

 
[ -1.28,

 

1.28]
 

 
 

0 

F6
 

Rastrigin Function
 

( ) ( ) ( )2

1

10 2 10 *π
=

 = − + ∑
n

i i
i

f x x cos x R x 10
 [-5.12, 

5.12] 0 

F7

 
Ackley’s Function

 

( ) 2

1

120 0.2
=

 
= − − −  

 
∑

n

i
i

f x exp x
n

 

( ) ( )
1

1 2 20 *
n

i
i

exp cos x e R x
n

π
=

 
+ + 

 
∑  

10

 

[-32,

 

32]

 
 
 
 
 
 

0 

F8

 
De Joung 
(Shekel’s 
Foxholes)

 
( )

( )

1

25

62
1

1

1 1
500

−

=

=

 
 
 = +
 

+ − 
 

∑
∑j

i ij
i

f x
j x a

 2

 

[-65.536,

 

65.536]

 
 

1 

F9

 
Kowalik’s 
Function
 ( ) ( ) 2211

2
2

1 3 4

i i i
i

i i i

x b b x
f x a

b b x x=

 +
 = −

+ +  
∑  4

 

[-5,5]

 
 

0.00030
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Table 3: Comparison of PVS and QOPVS optimization results obtained for benchmark test functions.
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Fig. 7: Best

 

fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves for 
Function F1 (Sphere).
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Function

PVS Algorithm QOPVS Algorithm

Results
Average 

Time

Results
Average 

Time
Best Average Worst Std. Dev Best Average Worst Std. Dev

F-1 1.411e-14 5.3754e-14 2.2021e-13 4.3372e-14 0.74479 1.6431e-21 2.5963e-18 1.4521e-17 3.6831e-18 0.73802

F-2 1.697e-09 5.9822e-09 1.2286e-08 2.1853e-09 0.79375 6.1754e-13 1.2669e-11 3.3289e-11 7.6502e-12 0.78646

F-3 35.7346 665.6485 390.003 672.2774 4.001 0.80921 370.2777 3162.1078 622.4806 4.0854

F-4 0.014739 0.27627 1.0071 0.2707 0.88698 4.174e-05 0.15254 0.72393 0.15524 0.90208

F-5 0.0020987 0.0073105 0.013356 0.0028355 0.91146 0.0014466 0.0046641 0.008593 0.0018908 0.90469

F-6 3.5811e- 11 9.4493 21.6723 6.6746 1.0026 0 0.12835 3.8506 0.6912 1.0094

F-7 1.0263e-08 2.1774e-08 3.3162e-08 6.5296e-09 1.0323 5.4294e-12 1.4009e-10 4.4921e-10 9.802e-11 1.0052

F-8 0.998 5.8583 13.7082 3.603 0.23594 0.998 4.575 12.6705 4.1729 0.22891

F-9 0.00057615 0.0057746 0.020364 0.0084414 0.035156 0.00041012 0.0026073 0.020381 0.0059235 0.033594
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Fig. 8: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves for 
Function F2 (Schwefel 2.22).

Fig. 9: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves for 
Function F3 (Schwefel 1.2).
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Fig. 10: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves for 
Function F4 (Schwefel 2.21).

Fig. 11: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves for 
Function F5 (Quartic Function).
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Fig. 12: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves for 
Function F6 (Rastrigin Function).

Fig. 13: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves for 
Function F7 (Ackley’s Function).
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a)

 

Case study

 

The proposed QOPVS optimization technique is 
applied for simulated on various test systems with the 
number of units 5-unit, 6-unit, 10-unit, 20-unit, and 40-
unit are considered for 24-hour load scheduling horizon. 
For 10 generating unit system, 24-hour load demands 
are given in fig. 15 and for 5-unit, and 6-unit system 24-
hour load demands are given in fig. 16. The 10 
generating unit system data and load demands are 
taken from [89]. The spinning reserve (SR) for all test 

units is considered 10% of the hourly load demand but 

© 2017    Global Journals Inc.  (US)
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for 10-unit system also considered 5% of the hourly load 

Fig. 14: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves for 
Function F8 (De Joung (Shekel’s Foxholes)).

Fig. 14: Best fitness, worst fitness, average fitness of all vehicles, median fitness, staticallyand time curves for 
Function F9 (Kowalik’s Function).

demand. The initial control parameters of proposed 
QOPVS method such as population size (no. of search 
agent), number of iterations, total trial runs etc. are given 
in Table 1. For the 20-unit, and 40-unit test system the 
initial 10-units were duplicated and the demand was 
multiplied by 2 and 4 respectively. A PVS algorithm with 
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complete state enumeration was also developed and 
used to solve the 10-unit problem. The solutions of the 



PVS and the QOPVS, for the 10-unit problem, are 
identical. In other test runs not reported here, the 
QOPVS provided solutions even better than the PVS with 
complete state enumeration. For the larger problem sets 
the QOPVS solutions were compared with the solutions 
produced by the PVS algorithm, as the time and 
capacity requirements of the PVS algorithm with 
complete state enumeration are prohibitive for problems 
of this scale. In order to avoid misleading results due to 
the heuristic nature of the PVS, 10 runs were made for 
each problem set, with each run starting with different 
random populations. For a specific problem set, the 
generation limit increasing with the number of units. A 
run was considered successful if it converged on a 
solution equal to or better than that of the PVS algorithm.

 

The population size was 30 in all runs for 10-unit 
test system and 60 for 20-unit & 40-unit test system. In 
general, when the population size increases, the number 
of generations required by the PVS to converge to the 
optimum solution decreases. On the other. hand, the 
CPU time required for the evaluation of a generation 
increases almost proportional with the population size. 
The population of 30 search agents was chosen, after 
several tests runs concerning populations of 10-100 
search agents, because it was slightly more efficient (i.e. 

it was faster in reaching the same solution with equal 
probability). 

 

Optimal UC schedule of the 5-unit and 6-unit 
test system on 24-h scheduling horizon with one-hour 
interval considering 10% spinning reserve is shown in 
Table 4 and Table 6. The test results are shown in Table 
5 and Table 7, for the QOPVS, all the Best, Average, 
Median, Worst and standard Deviation solutions 
produced are reported together with their difference as a 
percentage of the best solution. The optimized solution 
in terms of generation cost and time, the purposed 
QOPVS method give better result compare PVS method. 
Fig. 17and Fig. 18 shows the best fitness, worst fitness, 
average fitness of all vehicles, median fitness, statically 
and time curves of the proposed QOPVS method for 5-
unit and 6-unit system UC problem respectively.

 

Optimal 
UC schedule of the 10-unit test system on 24-h 
scheduling horizon with one-hour interval considering 
5% spinning reserve is shown in Table 8. For the 10-unit 
test system, all the best, average, median, worst and 
standard deviation solutions produced are reported in 
Table 9. Fig. 19 shows the best fitness, worst fitness, 
average fitness of all vehicles, median fitness, statically 
and time curves of the proposed QOPVS method for 10-
unit system UC problem.

 

Fig. 15:

 

24-hour generation and load demand curve for 10-unit system.

Optimal UC schedule of the 10-, 20-, and 40-
unit test system on 24-h scheduling horizon with one-
hour interval considering 10% spinning reserve is shown 
in Table 10, Table 12 and Table 13 respectively. For the 
10-, 20-, and 40-unit test system, all the best, average, 
median, worst and standard deviation solutions 
produced are reported together in Table 11 and Table 
14 respectively. As shown in Table 14, for large systems 
(more than 10 units), the QOPVS constantly outperforms 
the PVS unit commitment. The QOPVS best, average 
and worst time reported concerns CPU time on PC with 

Intel Core i3 of 4 GB RAM. The scaling of the QOPVS 
execution time is less compare other methods [72], 
[74]. Analysis of the results presented in Table 14 shows 
that the QOPVS execution time and generation cost 
increases in

 

a quadratic way with the number of units to 
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be committed. Fig. 20 to Fig. 22 shows the best fitness, 
worst fitness, average fitness of all vehicles, median 
fitness, statically and time curves of the proposed 
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QROPVS method for 10-unit, 20-unit, and 40-unit system 
UC problem respectively.
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Fig. 16:

 

24-hour generation and load demand curves for 5-unit and 6-unit system.

Table 4:
 
Optimal UC schedule of the 5-unit test system on 24-h scheduling horizon with 1-h interval 

considering 10% spinning reserve
 

(QOPVS Results).
 

Hour U-1 U-2 U-3 U-4 U-5 SR  
1

 

148 0

 

0

 

0

 

0

 

148  
2

 

173 0

 

0

 

0

 

0

 

173  
3

 

220 0

 

0

 

0

 

0

 

220  
4

 

244 0

 

0

 

0

 

0

 

244  
5

 

238.9566 0

 

20.04341  0

 

0

 

259  
6

 

248 0

 

0

 

0

 

0

 

248  
7

 

227 0

 

0

 

0

 

0

 

227  
8

 

202 0

 

0

 

0

 

0

 

202  
9

 

176 0

 

0

 

0

 

0

 

176  
10 134 0

 

0

 

0

 

0

 

134  
11 100 0

 

0

 

0

 

0

 

100  
12 130 0

 

0

 

0

 

0

 

130  
13 157 0

 

0

 

0

 

0

 

157  
14 168 0

 

0

 

0

 

0

 

168  
15 195 0

 

0

 

0

 

0

 

195  
16 225 0

 

0

 

0

 

0

 

225  
17 244 0

 

0

 

0

 

0

 

244  
18 241 0

 

0

 

0

 

0

 

241  
19 230 0

 

0

 

0

 

0

 

230  
20 210 0

 

0

 

0

 

0

 

210  
21 176 0

 

0

 

0

 

0

 

176  
22 157 0

 

0

 

0

 

0

 

157  
23 138 0

 

0

 

0

 

0

 

138  
24 103 0

 

0

 

0

 

0

 

103  
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Table 5: Comparison of optimization results for 5-generating unit system. 

Optimization Techniques 
Generation Cost

 
Time

 
Best  Average  Median  Worst  SD  Best Average  Worst  

QOPVS [Proposed Technique]
 

11925.1
274

 

11935.7
714

 

11942.
8673

 

11942
.8673

 

8.69
07

 

51.5 53.0266  54.25  

PVS [Proposed Technique] 11928.1
654

 

11939.7
714

 

11940.
8673

 

11948
.6528

 

8.69
07

 

50.8 52.8215  55.5  

 

Fig. 17: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves of the

 

proposed QOPVS method for 5-unit system considering 10% spinning reserve. 

 
  

Hour U-1 U-2 U-3 U-4 U-5 U-6 
1  148 0  0  0  0  0  

2  173 0  0  0  0  0  

3  174.1176 45.88235 0  0  0  0  

4  193.8824 50.11765 0  0  0  0  

5  200 59 0  0  0  0  

6  197.1765 50.82353 0  0  0  0  

7  179.8824 47.11765 0  0  0  0  

8  159.2941 42.70588 0  0  0  0  

9  176 0  0  0  0  0  

10 134 0  0  0  0  0  

11 100 0  0  0  0  0  

12 130 0  0  0  0  0  

13 157 0  0  0  0  0  

14 168 0  0  0  0  0  
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Table 6: Optimal UC schedule of the 6-unit test system on 24-h scheduling horizon with 1-h interval 
considering 10% spinning reserve (QOPVS Results).
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15 195 0 0 0 0 0 
16 178.2353 46.76471 0 0 0 0 
17 193.8824 50.11765 0 0 0 0 
18 191.4118 49.58824 0 0 0 0 
19 182.3529 47.64706 0 0 0 0 
20 165.8824 44.11765 0 0 0 0 
21 176 0 0 0 0 0 
22 157 0 0 0 0 0 
23 138 0 0 0 0 0 
24 103 0 0 0 0 0 

Table 7:
 
Comparison of optimization results for 6-generating unit system.

 

Optimization Techniques

 Generation Cost  Time  

Best  Average  Median  Worst  SD  Best Average  Worst  

QOPVS [Proposed Technique] 11925.1
274  

11935.7
714  

11942.
8673  

11942
.8673  

8.6907
 

51.5 53.0266  54.25  

PVS [Proposed Technique] 11928.1
654  

11939.7
714  

11940.
8673  

11948
.6528  

8.69
07  

50.8 52.8215  55.5  

 

Fig. 18: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves of the 
proposed QOPVS method for 6-unit system considering 10% spinning reserve. 

 
  

Hour U-1 U-2 U-3 U-4 U-5 U-6 U-7 U-8 U-9 U-10  SR  

1 455 220 0 0 25 0 0 0 0 0 35  

2 455 270 0 0 25 0 0 0 0 0  37.5  

3 455 370 0 0 25 0 0 0 0 0 42.5  

4 455 455 0 0 40 0 0 0 0 0 47.5  

5 455 455 0 0 90 0 0 0 0 0 50  

6 455 455 130 0 60 0 0 0 0 0 55  
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Table 8: Optimal UC schedule of the 10-unit test system on 24-h scheduling horizon with 1-h interval considering 5% 
spinning reserve (QOPVS Results).
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Table 9: Comparison of optimization results for 10-generating unit system c
onsidering 5% spinning reserve. 

Optimization Techniques 
Generation Cost

 
Time

 
Best

 
Average Median Worst

 
SD

 
Best Average Worst

 

QOPVS [Proposed Technique] 
557680
.714

 

558388
.3938

 

55838
7.4718

 

5590
08.914

368.
1285

66.84
38 

76.0141 84.93
75

 

PVS [Proposed Technique]

 

557843
.339

 

558391
.0417

 

55845
7.4866

 

5588
11.059

262.
768

 

87.
875

 

94.5922 106.0
938

 

Fig. 19: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves of the 
proposed QOPVS method for 10-unit system considering 5% spinning reserve. 
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7 455 410 130 130 25 0 0 0 0 0 57.5
8 455 455 130 130 30 0 0 0 0 0 60
9 455 455 130 130 110 20 0 0 0 0 65

10 455 455 130 130 162 43 25 0 0 0 70
11 455 455 130 130 162 80 25 13 0 0 72.5
12 455 455 130 130 162 80 25 53 10 0 75
13 455 455 130 130 162 43 25 0 0 0 70
14 455 455 130 130 110 20 0 0 0 0 65
15 455 455 130 0 140 20 0 0 0 0 60
16 455 440 130 0 25 0 0 0 0 0 52.5
17 455 390 130 0 25 0 0 0 0 0 50
18 455 455 130 0 35 0 25 0 0 0 55
19 455 455 130 0 135 0 25 0 0 0 60
20 455 455 130 130 162 43 25 0 0 0 70
21 455 455 130 130 110 20 0 0 0 0 65
22 455 455 0 130 40 20 0 0 0 0 55
23 455 315 0 130 0 0 0 0 0 0 45
24 455 215 0 130 0 0 0 0 0 0 40

U = Generating Unit
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Table 10: Optimal UC schedule of the 10-unit test system on 24-h scheduling horizon with 1-h interval 
considering 10% spinning reserve (QOPVS Results). 

Hour U-1 U-2 U-3 U-4 U-5 U-6 U-7 U-8 U-9 U-10  SR  
1 455 245 0 0 0 0 0 0 0 0 70  
2 455 295 0 0  0  0  0  0  0  0  75  
3 455 370 0 0 0 0 25  0 0 0 85  
4 455 450 0 0 0 20  25  0 0 0 95  
5 455 370 0 130  0 20  25  0 0 0 100  
6 455 455 0 130  40  20  0 0 0 0 110  
7 455 410 130 130  25  0 0 0 0 0 115  
8 455 455 130 130  30  0 0 0 0 0 120  
9 455 455 130 130  95  0 25  10  0 0 130  
10 455 455 130 130  162  33  25  10  0 0 140  
11 455 455 130 130  162  73  25  10  10  0 145  
12 455 455 130 130  162  80  25  43  10  10  150  
13 455 455 130 130  162  33  25  10  0 0 140  
14 455 455 130 130  85  20  25  0 0 0 130  
15 455 455 130 130  30  0 0 0 0 0 120  
16 455 310 130 130  25  0 0 0 0 0 105  
17 455 260 130 130  25  0 0 0 0 0 100  
18 455 360 130 130  25  0 0 0 0 0 110  
19 455 455 130 130  30  0 0 0 0 0 120  
20 455 455 130 130  162  33  25  10  0 0 140  
21 455 455 130 130  85  20  25  0 0 0 130  
22 455 455 0 0 145  20  25  0 0 0 110  
23 455 420 0 0 25  0 0 0 0 0 90  
24 455 345 0 0 0 0 0 0 0 0 80  

U = Generating Unit  

Table 11:
 
Comparison of optimization results for 10-generating unit system

 
considering 10% spinning reserve.

 

 

S. 
No.

 Optimization Techniques

 Generation Cost  Time  

Best
 

Average
 

Median
 

Worst
 

SD
 

Best Average
 

Worst
 

1 QOPVS [Proposed Technique]
 563712.

108  
564135.

8193  
563887

.333  
56506
6.888  

466.
4197  

7.8
969  

8.8317  10.00
94  

2 PVS [Proposed Technique] 563730.
418  

564415.
2063  

564475
.5893  

56506
9.753  

464.
6139  

9.0
047  

10.4658  11.00
63  
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 20:

 

Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves of the 
proposed QOPVS method for 10-unit system considering 10% spinning reserve.
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Fig. 21:

 

Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves of the 
proposed QOPVS method for 20-unit system considering 10% spinning reserve.
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Fig.22: Best fitness, worst fitness, average fitness of all vehicles, median fitness, statically and time curves of the 
proposed QOPVS method for 40-unit system considering 10% spinning reserve. 

Table 14: Analysis of optimization results for test generating units with 10 % spinning reserve. 

No. of 
Units Optimization 

Techniques 
Generation Cost Time  

Best Average Median  Worst  SD  Best  Average Worst  

10-Unit 
System 

QOPVS 
method 

1099001.745 1102777.5224 1102842.70  1105124.19  1559.2  8.3281  9.8477  11.423  

PVS method 1101678.778 1103797.554 1104266.18  1105512.67  1220.5  13.432  14.2259  15.715  
20-Unit 
System 

QOPVS 
method 

563712.108 564135.8193 563887.333  565066.888  466.41  7.8969  8.8317  10.009  

PVS method 563730.418 564415.2063 564475.5893  565069.753  464.61  9.0047  10.4658  11.006  
40-Unit 
System 

QOPVS 
method 

2213498.258 2218934.799 2217969.86  2225611.72  3905.7  14.975  17.2084  19.234  

PVS method 2213785.464 2217343.558 2216791.30  2224758.98  2828.7  9.5609  11.5178  13.084  

VIII. Conclusion 

In this article, QOPVS Algorithm solution to the 
single area Unit Commitment problem has been 
presented. It was necessary to enhance a standard PVS 
implementation with the addition of problem specific 
operators and the varying quality function technique in 
order to obtain satisfactory unit commitment solutions. 
The results show an improvement in the quality of 
solutions obtained compared with other methods result. 

A basic advantage of the QOPVS solution is the 
flexibility it provides in modelling both time-dependent 
and coupling constraints. Another advantage is that 
QOPVS can be very easily converted to work on parallel 
computers. However, our results indicate that the 
difference between the worst and the best QOPVS-
provided solution is very small. Another advantage of 

QOPVS-UC algorithms is their less execution time. The 
proposed QOPVS optimization technique is applied for 
simulated on various test systems with the number of 
units 5-unit, 6-unit, 10-unit, 20-unit, and 40-unit are 
considered for 24-hour load scheduling horizon. It is 
observed that performance of proposed QOPVS 
algorithm is much better than compare to

 
standard PVS 

and other conventional and heuristics algorithm. 
Convergence of proposed QOPVS is faster than 
standard PVS.
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Abstract-  This paper focuses on studying a simulating 
framework for graphene based devices using finite-difference 
time-domain (FDTD) method. Conventional FDTD is modified 
for graphene material using Surface Boundary Condition 
(SBC) where grapheme considered as a two dimensional 
ultra-thin conductive sheet. Then a Perfectly Matched Layer 
(PML) technique is implemented to terminate the 
computational grids. Using the surface boundary condition 
technique to model the graphene thin layer significantly 
reduces the computational cost compared to using the 
conventional FDTD. The given formulation is accompanied by 
required validation. 

  

I. INTRODUCTION 

raphite materials come in a variety of forms. The 
3-D graphite is the most commonly seen form, 
and the 1-D carbon nanotube (CNT) has been 

another recent research interest, especially in composite 
materials. The newly discovered graphene is the 2-D 
graphitic material, and is essentially the building block of 
the other forms. A 2-D crystal is in general hard to grow 
because as the lateral size of the crystal grows, the 
thermal vibration also rapidly grows and diverges on a 
macroscopic scale, which forces the 2-D crystallites to 
morph into a stable 3-D structure [1]. Graphene has 
many outstanding properties. Its electrical properties 
include its high carrier mobility, which is measured in 
various devices as 8000-10000 cm2V−1s−1and could 
reach 200000 cm2V−1s−1 in suspended grapheme [2]. 
Graphene’s non-electronic properties bring a new 
dimension to graphene research. It was found to have a 
breaking strength of 40 N/m, reaching the theoretical 
limit, as well as a Young’ smodulus of 1.0 TPa, which is 
a record value [3].Graphene field-effect transistors (FET) 
and graphene wafer scale integrated circuits have been 
fabricated and versatile graphene applications in EM 
and transformation optics has been developed in recent 
years. 
 
Author α: Department of Electrical and Electronic Engineering, 
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The nanopatch antenna simulation has done 
using FEKOand is discussed in [4]. The graphene 
transformation optics structures are discussed in [5] and 
simulation process has done using CST Microwave 
Studio. In both studies, the simulations are in the 
frequency domain, where the graphene conductivity is a 
complex number at a particular frequency. One can 
enter the conductivity value into the commercial 
software and run the simulation without making further 
modification to the software. Simulating graphene-
based devices in time domain has several advantages. 
In this paper, the transient behavior of the device can be 
observed and studied and the result for a wide 
frequency band can be obtained from a single 
simulation in time domain. 

The remainder of the paper is organized as 
follows: Section II introduces graphene transformation 
Optics. FDTD Modeling for graphene is discussed in 
section III. Implementation of SBC in 2-D FDTD for 
Graphene areprovided in section IV.PML loss 
parameters in discrete space are given in section V. 
Finally conclusion and future work is described in 
section VI. 

II. GRAPHENE TRANSFORMATION OPTICS
 

Graphene has been investigated for its potential 
in material and transformation optics recently [5]. 
Graphene’s conductivity is a function of the chemical 
potential, which depends on gate voltage, and/or 
chemical doping [6]. Its tunable conductivity allows it to 
shape electro-magnetic field into desired spatial patters 
which is a great advantage over the noble material. 
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Figure 1: Graphene controlled by bias voltage

Figure 2:
 
Graphene conductivity controlled by uneven ground plane

Figure 1 shows it is possible to have part of the 
graphene sheet supporting a surface Plasmon Polarition 
(SPP) wave while not on the other part, and this can be 
done by varying the sign of the imaginary part of the 
conductivity by varying the gate voltage [7] The tuning 
can be done in real time by varying the gate

 

voltages. 
Figure 2 shows alternatively; an uneven ground plane 
underneath the graphene can be implemented to design 
the conductivity profile on the graphene.

 

III.
 

FDTD MODELING FOR GRAPHENE

 

Finite-Difference Time-Domain (FDTD) is a 
popular electromagnetic modeling technique. It is easy 
to understand, easy to implement in software, and since 
it is a time-domain technique it can cover a wide 

frequency range with a single simulation run. The FDTD 
method belongs in the general class of differential time 
domain numerical modeling methods. Maxwell's 
(differential form) equations are simply modified to 
central-difference equations, discretized and 
implemented in software. The equations are solved in a 
leap-frog manner; that is, the electric field is solved at a 
given instant in time, then the magnetic field are solved 
at the next instant in time, and the process is repeated 
over and over again.

 

a)

 

Graphene Conductivity Model

 

The graphene conductivity (in unit of [S]) is 
given by the Kubo formula,

 
 

                                 𝜎𝜎(𝜔𝜔, 𝜇𝜇𝑐𝑐 , 𝛾𝛾,𝑇𝑇) = 𝑗𝑗 𝑒𝑒2(𝜔𝜔−𝑗𝑗2𝛾𝛾)
𝜋𝜋ℏ2 � 1

(𝜔𝜔−𝑗𝑗2𝛾𝛾)2 ∫ 𝜖𝜖 �𝜕𝜕𝑓𝑓𝑑𝑑 (𝜖𝜖)
𝜕𝜕𝜕𝜕

− 𝜕𝜕𝑓𝑓𝑑𝑑 (−𝜖𝜖)
𝜕𝜕𝜕𝜕

� 𝑑𝑑𝑑𝑑 − ∫ 𝑓𝑓𝑑𝑑 (−𝜖𝜖)−𝑓𝑓𝑑𝑑 (𝜖𝜖)

(𝜔𝜔−𝑗𝑗2𝛾𝛾)2−4�𝜖𝜖 ℏ� �
2

∞
0

∞
0 𝑑𝑑𝑑𝑑�                     (1)

 

In equation (1),  𝑓𝑓𝑑𝑑(𝜖𝜖) = (𝑒𝑒
(𝜖𝜖−𝜇𝜇𝑐𝑐)

𝑘𝑘𝐵𝐵𝑇𝑇� + 1)−1

 

is 
the Fermi Dirac distribution, ω

 

is the angular frequency 
in radians,  𝛾𝛾 is the scattering rate is per sec, 𝑇𝑇  is the 
temperature in  Kelvin, -e is the electron charge, ℏ is the 
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band contribution and the second term is from the inter-
band contribution.

𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝜔𝜔,𝜇𝜇𝑐𝑐 , 𝛾𝛾,𝑇𝑇) = 𝑗𝑗 𝑒𝑒2𝑘𝑘𝐵𝐵𝑇𝑇
𝜋𝜋ℏ2 � 𝜇𝜇𝑐𝑐

𝑘𝑘𝐵𝐵𝑇𝑇
+ 2 ln �𝑒𝑒�

−𝜇𝜇𝑐𝑐
𝑘𝑘𝐵𝐵𝑇𝑇� � + 1�� 1

𝜔𝜔−𝑗𝑗2𝛾𝛾
        (2)

and the inter-band conductivity is as follows,

𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖 (𝜔𝜔, 𝜇𝜇𝑐𝑐 , 𝛾𝛾, 0) = −𝑗𝑗𝑒𝑒2

4𝜋𝜋ℏ
ln(2|𝜇𝜇𝑐𝑐 |−(𝜔𝜔−𝑗𝑗2𝛾𝛾)ℏ

2|𝜇𝜇𝑐𝑐 |+(𝜔𝜔−𝑗𝑗2𝛾𝛾)ℏ
)          (3)

The intra-band conductivity is mainly account 
for the low frequency electrical transport and inter-band 

conductivity is for the optical excitations [8]. Taking the 
parameters used in graphene parallel plate waveguide, 
μc = 0.5eV, γ = 1012 and T = 300K, the corresponding 
conductivity values are plotted in the figure given below.

Figure 3: Graphene surface inter-band conductivity forμc = 0.5eV, γ = 1012 and T = 300K.

Figure 4: Graphene surface inter-band conductivity for𝜇𝜇𝑐𝑐 = 0.5𝑒𝑒𝑒𝑒, 𝛾𝛾 = 1012and 𝑇𝑇 = 300𝐾𝐾.
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controlled by chemical doping or by applying a bias 

voltage. The first term in equation is due to the intra-reduced Planck’s constant, 𝑘𝑘𝐵𝐵 is the Boltzmann 
constant, 𝜇𝜇𝑐𝑐 is the chemical potential in 𝑒𝑒𝑒𝑒 which can be 
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The Kubo formula can be simplified and the intra-band conductivity is,
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Figure 5: Graphene surface conductivity for μc = 0.5eV, γ = 1012 and T = 300K.

Figure 6: Graphene relative permittivity for μc = 0.5eV, γ = 1012 and T = 300K.



 

   

 

 
 

 

  
  

   
   

 
   

 

  

 

 

 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 
 
 
 
 

We can see from Figure 5 that in the frequency 
up to 800 GHz, the value of σintra dominates over that of 
σinter .Therefore σinter can be ignored for most 
simulations below optical range.

The expression of σintra is in fact a Drudge 
model and can be expressed as, 

𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑠𝑠 = 𝑄𝑄′

𝑗𝑗𝜔𝜔 +2𝛾𝛾
                         (4)

where,

𝑄𝑄′ = 𝑒𝑒2𝑘𝑘𝐵𝐵𝑇𝑇
𝜋𝜋ℏ2 � 𝜇𝜇𝑐𝑐

𝑘𝑘𝐵𝐵𝑇𝑇
+ 2 ln �𝑒𝑒�

−𝜇𝜇𝑐𝑐
𝑘𝑘𝐵𝐵𝑇𝑇� � + 1��        (5)

The surface conductivity can be converted as to 
the volumetric conductivity (in unit of [S/m]) by dividing 
𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑠𝑠 by the thickness of graphene, which is assumed 
to be 1nm or 10e-9 m.

𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑣𝑣 = 𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑠𝑠
10−9                        

 
(6)

𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑣𝑣 = 𝑄𝑄
𝑗𝑗𝜔𝜔 +2𝛾𝛾

                           (7)

where,

𝑄𝑄(𝜇𝜇𝑐𝑐 ,𝑇𝑇) = 𝑄𝑄′

10−9 =
�𝑒𝑒

2𝑘𝑘𝐵𝐵𝑇𝑇
𝜋𝜋ℏ2 � 𝜇𝜇 𝑐𝑐

𝑘𝑘𝐵𝐵𝑇𝑇
+2 ln�𝑒𝑒

�−𝜇𝜇 𝑐𝑐 𝑘𝑘𝐵𝐵𝑇𝑇� �
+1���

10−9         (8)

To find the relative permittivity (𝜖𝜖𝑖𝑖 ) from the 
conductivity, the following equations are used. The 
results of the simulation curve are shown in figure 6.

𝜖𝜖𝑖𝑖 = 𝜖𝜖′ − 𝑗𝑗𝜖𝜖′′       (9)

𝜖𝜖′′ = 𝜎𝜎
𝜔𝜔𝜖𝜖0

    (10)

𝜖𝜖𝑖𝑖 = 1 − 𝑗𝑗 𝜎𝜎
𝜔𝜔𝜖𝜖0

(11)

𝜖𝜖𝑖𝑖 = 1 + 𝑄𝑄
𝑗𝑗𝜔𝜔 𝜖𝜖0(𝑗𝑗𝜔𝜔+2𝛾𝛾)

= 1 +
𝑄𝑄
𝜖𝜖0�

−𝜔𝜔2+2𝛾𝛾𝑗𝑗𝜔𝜔
    (12)

IV. IMPLEMENTATION OF SBC IN 2-D FDTD FOR 

GRAPHENE

Let, the 2D computational domain is located in 
xy plane. So for TM mode, the fields components of 
electric and magnetic field are Ez , Hx and Hy .

The 𝑯𝑯𝑥𝑥   field update equation for all other 
nodes is,

𝑯𝑯𝑥𝑥
𝑖𝑖+0.5(𝑖𝑖, 𝑗𝑗) = 𝑯𝑯𝑥𝑥

𝑖𝑖−0.5(𝑖𝑖, 𝑗𝑗) − ∆𝑖𝑖
∆𝑦𝑦𝜇𝜇0

{𝑬𝑬𝑧𝑧𝑖𝑖(𝑖𝑖, 𝑗𝑗 + 1) − 𝑬𝑬𝑧𝑧𝑖𝑖(𝑖𝑖, 𝑗𝑗)}       (13)

The𝑯𝑯𝑦𝑦   
field update equation for all other nodes is,

𝑯𝑯𝑦𝑦
𝑖𝑖+0.5(𝑖𝑖, 𝑗𝑗) = 𝑯𝑯𝑦𝑦

𝑖𝑖−0.5(𝑖𝑖, 𝑗𝑗) + ∆𝑖𝑖
∆𝑦𝑦𝜇𝜇0

{𝑬𝑬𝑧𝑧𝑖𝑖(𝑖𝑖 + 1, 𝑗𝑗) − 𝑬𝑬𝑧𝑧𝑖𝑖(𝑖𝑖, 𝑗𝑗)}                               (14)

And the 𝑬𝑬𝑧𝑧 field update equation for all other nodes is,

𝑬𝑬𝑧𝑧𝑖𝑖+1(𝑖𝑖, 𝑗𝑗) = 𝑬𝑬𝑧𝑧𝑖𝑖(𝑖𝑖, 𝑗𝑗) + ∆𝑖𝑖
𝜀𝜀0
�𝑯𝑯𝑦𝑦

𝑖𝑖−0.5(𝑖𝑖,𝑗𝑗 )−𝑯𝑯𝑦𝑦𝑖𝑖−0.5(𝑖𝑖−1,𝑗𝑗 )

∆𝑥𝑥
− 𝑯𝑯𝑥𝑥𝑖𝑖−0.5(𝑖𝑖,𝑗𝑗 )−𝑯𝑯𝑥𝑥𝑖𝑖−0.5(𝑖𝑖,𝑗𝑗−1)

∆𝑦𝑦
�                      (15)

Figure 7: Normalized pattern of Ez at the wavelength of 100 um.
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V. PML LOSS PARAMETERS IN DISCRETE SPACE

The PML is usually backed by a PEC wall. The 
transmitted signal through the PML undergoes 
significant attenuation by the PML layer [9]. Again the 
reflected signal from the PEC wall also attenuated by the 
PML. In a PML, reflection coefficient (R(ϕ)) is a function 
of the incident angle (ϕ) of the wave incidence on the 
PML. The reflection coefficient can be expressed as,

𝑅𝑅(𝜙𝜙) = exp(−2𝜎𝜎𝐷𝐷𝜂𝜂𝑑𝑑𝑐𝑐𝜂𝜂𝑠𝑠𝜙𝜙)                       (16)

Here, 𝜂𝜂 = wave impedance for free space
𝜙𝜙 = wave incident angle
𝑑𝑑 = depth of PML layer
𝜎𝜎𝐷𝐷 = conductivity of PML layer

𝑅𝑅(𝜙𝜙)is PML reflection
 

error. It gives the relative 
magnitude of the spurious reflected wave, which enter 
back into the computational domain. The larger the𝑑𝑑and 
𝜎𝜎𝐷𝐷, the lesser the reflection.

VI. CONCLUSION AND FUTURE WORK

The simulated results matched with the 
analytical results. The given modified FDTD algorithm is 
able to simulate graphene based microwave problems 
where graphene is considered as very thin conductor .In 
order to extend the existing framework to model devices 
up to optical frequency, the inter band conductivity need 
to be taken into consideration. This can be done by 
applying the Pad´e approximation for graphene inter-
band conductivity [10]. For devices operating at the high 
terahertz frequency range, where the intra-band 
conductivity and the inter-band conductivity have 
comparable magnitudes, both models are needed for 
accurate simulation results.
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Abstract-  Ever increasing energy demand, spiralling fuel 
prices dwindling resources and emissions foot print of fossil 
fuel based power generation has forced the world to increase 
the share of renewable energy based power generation. Out of 
all renewable energy sources (RES), solar has emerged as a 
viable option for addressing several challenges being faced by 
the power generation industry currently. Solar PV and solar 
thermal are the two options for solar based power generation. 
Although Solar PV provides excellent energy solutions for 
small scale grid and off grid power generation, it is not suitable 
for large scale power generation. Now within solar thermal, 
solar alone power generation has not gained popularity due to 
high capital costs and poor thermal efficiency but solar 
integration with existing/new power plants (both coal fired 
thermal and gas fired combined cycle) popularly known as 
solar aided power generation has been widely accepted by 
several researchers. This technology has been widely in use in 
countries like U.S, Spain, Egypt, Morocco, Algeria, Iran and 
Mexico (NREL web site).Due to lower capital costs and better 
solar to electricity conversion efficiencies, solar aided thermal 
power plants have surpassed solar alone power plants. Solar 
energy can be integrated in a coal fired plant either for steam 
generation or for feed water heating. In a combined cycle 
plant, solar energy can be integrated either in the Brayton 
cycle or in the bottoming Rankine cycle. This chapter 
discusses in detail, various integration techniques, the 
application of exergy, economic and thermo economic 
principles in analysing these integrated cycles. Detailed 
economic analysis has been reviewed on the integrated cycles 
to ascertain their techno economic viability. The levelised cost 
of electricity generation (LCoE) and simple payback period 
have also been predicted for both the reference and integrated 
plants.  
Keywords: solar aided feed water heating, integrated 
solar combined cycle, exergy analysis, levelised cost of 
electricity generation, simple payback period. 
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I. Introduction 

he usage of solar energy for power generation has 
been widely considered as a promising solution for 
reducing fossil fuel dependency, emissions 

footprint. For sustainable development and as a move 
towards greener power generation, the usage of solar 
energy has gained prominence across the countries 
having good solar potential. The solar energy can be 
converted in to electricity either through solar 
photovoltaic (PV) technology or through solar thermal 
power generation technology. However, solar PV is 
mostly suitable for distributed power generation due to 
its small scale generation capacities. For large scale 
power generation, solar thermal is better suitable than 
solar PV. Within the solar thermal power generation, one 
may go for either solar alone or solar aided power 
generation. In the solar alone thermal power generation, 
the concentrated solar energy is imparted either directly 
to working fluid or via a heat transfer fluid for steam 
generation. The generated steam can be used in the 
power block for power generation. However, the solar 
alone power generation suffers from higher capital 
costs, lower solar to electric conversion efficiencies and 
lower plant utilisation factors. The low solar to electric 
conversion efficiencies of solar alone systems can be 
attributed to low source temperature of cycle heat 
addition. The lower plant utilisation factors can be 
attributed to daily plant start-up and shut downs. Solar 
aided power generation in coal fired steam power plants 
involve adding the solar heat in an existing Rankine 
cycle either for additional steam generation or feed 
water preheating. The latter is popularly known as solar 
aided feed water heating (SAFWH). In a combined cycle 
power plant, solar energy can be added either in the 
topping Brayton cycle or bottoming Rankine (steam) 
cycle. These cycles are referred to as integrated solar 
combined cycle (ISCC) power plants. In the Brayton 
cycle, solar energy can be used to lower the gas turbine 
compressor inlet air temperature or it can be used for 
heating the compressor discharge air. In the bottoming 
cycle, the solar energy can be used for generating 
additional steam which increases the steam turbine 
power output. This chapter presents a bird’s eye view of 
solar aided thermal power generation. 

T 

© 2017    Global Journals Inc.  (US)
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II. Review On Solar Collector And 
Storage Technologies 

Concentrating solar power (CSP) technologies 
can be classified based on focus geometry as  either  
line-focus  concentrators  (parabolic trough  collectors  
and  linear  Fresnel  collectors)  or  as  point-focus 
concentrators  (central  receiver  systems,  parabolic  
dishes  and Scheffler  systems)[1].The line focus is less 
expensive and technically less difficult, but not as 
efficient as point focus.  The  other  classification  
methodology  on  the  basis  of  receiver  type  consists  
of  fixed receivers  which  are  stationary  devices  that  
remain  independent of  the  plant’s  focusing  device  
(linear  Fresnel  collectors  and  central  receiver  
systems)  and  Mobile  receivers  move  together  with  
the focusing  device  thus  collecting  more  energy  
(parabolic-troughs  and parabolic  dishes)[1]. 

The parabolic trough collector (PTC) system is 
one of the proven CSP technologies in the medium 
temperature range (100-4000C) due to its good optical 
efficiency and low initial cost. Parabolic trough collector 
system consists of parallel rows of large reflective 
parabolic troughs which focus solar energy on to a 
central receiver pipe (also called absorber pipe or heat 
collector element) placed at the focal line of the 
parabolic surface. The receiver is designed to absorb 
the solar energy concentrated on it. The receiver is 
made up of high conductivity steel tubing with a black 
coating surrounded with a protective glass cover, the 
space in between the protective glass cover and the 
steel tube is evacuated to reduce convection and 
radiation losses. The solar energy concentrated at the 
receiver tube is absorbed by a circulating heat transfer 
fluid (HTF).The HTF exchanges this heat to feed water in 
a heat exchanger (HE). After exchanging heat with the 
feed water, the HTF returns back to the solar field for 
heat pick up.  The parabolic trough collector is usually 
aligned to north-south axis and tracks the sun to focus 
the solar radiation on to the receiver tube placed at the 
focal point of the trough system. The parabolic trough 
collector system can focus the solar radiation at 30 to 
100 times of its normal intensity on to the central 
receiver tube located at the focal plane[2].The parabolic 
trough collector system for commercial power 
generation has been used initially in the Solar Electric 
Generating System (SEGS) plants I to IX. These plants 
have been brought to commercial operation between 
1985 and 1991 and are located in the Mojave Desert of 
California in US[3].The LS-3 solar collector assembly 
used at Kramer Junction in Mojave Desert of California 
(Source: Sandia National Laboratory, U.S) has been 
shown as Fig.1 In the year 2007, Nevada Solar One 
plant has deployed the parabolic trough collector 
system for its 64 MWe capacity plant[3].The first 
commercial parabolic trough power plant of Europe, 

And asol I has been generating electricity since 
December, 2008 followed by And asol II in the middle of 
2009[3]. These plants are located in the southern part of 
the Spain. The US and Spain have most of these 
projects followed by several countries in the Sun Belt. 
Several projects are under planning/construction stage 
in countries like China, Egypt, Algeria, Morocco, 
Australia etc. As on 15/05/2016, a total of 5464.67 MW 
of net power has been under various stages of planning, 
development, construction and operation based on 
parabolic trough collector technology [3]. 

The Fresnel mirror type of CSP system is very 
much similar to parabolic trough systems but as a 
replacement of using trough shaped mirrors that track 
the sun, long flat mirrors at various angles are used that 
have the effect of focusing sunlight on one or more 
pipes containing HTF which are mounted above the 
mirrors. The comparative plainness of this type of 
system makes this relatively cheap to manufacture but 
suffers from lower energy conversion efficiency relative 
to high optical efficiency of dish and trough systems. In 
a Fresnel solar collector, a number of discreet mirrors 
approximate a large parabolic trough collector. These 
mirrors (reflectors) are capable of concentrating the 
solar radiation on the receiver approximately 30 to 60 
times its normal intensity[2]. The receiver is placed at 
the focal line of the collector system to absorb maximum 
amount of solar radiation. The receiver is usually a bank 
of black coated parallel tubes placed inside an insulated 
inverted trapezoidal stainless steel cavity. These tubes 
are capable enough to withstand high pressures and 
kept close to each other to absorb maximum 
concentrated solar radiation. The cavity aperture is 
covered with glass shield to allow concentrated solar 
radiation. This also minimises the heat losses due to 
convection and radiation. The cavity is insulated with 
thermal insulation and is encased in a metallic envelope 
to minimise the heat losses. The concentrated solar 
energy is further transferred to the heat transfer fluid like 
thermic fluid or water. This solar energy can be used 
either for feed water heating or steam generation as per 
the need[2]. The first prototype of Fresnel collector was 
developed by Solarmun do from Belgium. In 2004, an 
Australian company named Ausra (the then solar heat 
and power) built Fresnel collector system for Liddell 
power plant in Australia. In 2008, Ausra built the first 
Fresnel solar only power plant in Bakersfield/California. 

  
A solar power tower system, also known as a 

central receiver system generates high temperature heat 
from incident solar radiation by focussing concentrated 
solar energy on to a central receiver. The system uses 

Exergy and thermo economic Analyses of Solar Aided thermal Power Plants with Storage-A Review
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This has been shown as Fig.2.The first 
commercial Fresnel power plant in Europe, PE 1, was 
built by Novatech Solar AG (the then Novatech Biosol). 
This plant commissioned in 2009 is situated in Spain
and has a capacity of 1.4 MWe [3].
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large number of flat, trackable mirrors called heliostats 
to concentrate the solar radiation on to a tall tower 
located in the middle of heliostat field. The energy can 
be concentrated up to 1500 times the incident solar 
radiation [2]. The concentrated heat energy absorbed 
by the receiver is transmitted to a circulating HTF. The 
HTF can be liquid sodium, molten salts, air or water. The 
HTF heated in the receiver is used to generate steam, 
which can be sent in to a steam turbine for power 
generation. Usually molten salt is used as working fluid 
in solar power tower. The liquid molten salt is circulated 
through the receiver from cold tank and gets heated up 
in the receiver then passed to the hot storage tank. The hot molten salt is circulated through a heat exchanger to 
generate steam [2].The Crescent Dunes solar power 
tower plant at Nevada in US is operating since 2015. 
This plant uses molten salt as heat transfer fluid and has 
10 hours of thermal storage [3].  

A parabolic dish collector uses an array of 
parabolic dish shaped mirrors to focus solar energy on 
to a receiver located at the focal point of the dish. The 
two axis tracking system of the concentrator tracks the 
sun. HTF is circulated in the receiver to absorb the heat 
from the receiver. The concentration ratio of the 
parabolic dish collector is varies between 300 and 3000 
[4]. 

A thermal energy system (TES) basically stores 
the solar energy collected during peak sunny hours for 
later use during non-solar hours. TES decouples solar 
energy availability with electricity generation. There are 
numerous criteria to evaluate TES systems and 
applications such as technical, environmental, 
economic, energetic, sizing, feasibility, integration and 
storage duration. Each of these criteria should be 
considered carefully to ensure successful 
implementation [5]. A TES designer should possess or 
obtain technical information on TES such as types of 
storage appropriate for the application, the amount of 
storage required, the effect of storage on system 
performance, reliability and cost and the storage 
systems or designs available [5].The technical 
properties of the storage materials are a very important 
aspect of technical design of any TES system. The 
material used for storage should have an excellent 
thermal energy storage capacity. This greatly reduces 
the system volume and foot print and improves system 
efficiency. A good rate of heat transfer between the TES 
material and heat transfer fluid (HTF) is highly essential 
to achieve shorter charge and discharge cycles. The 
storage material should have excellent chemical and 
mechanical stability for a large number of charge and 
discharge cycles [6].The environmental criteria should 
ensure that the basic design and operational practices 
that are used for the TES should not impair the public 
health or natural ecology and environment. Materials 
used should not be toxic or dangerous if released, could 

adversely affect the environment during the 
manufacture, distribution, installation or operation of the 
storage system [5].The cost of TES mainly consists of 
the cost of storage material, heat exchanger and land 
cost [6]. The economic justification for storage system 
normally requires that the annualised capital and 
operating costs for TES be less than those required for 
primary generating equipment supplying the same 
service loads and periods [5]. The evaluation of cost 
effectiveness of TES include hourly thermal loads for the 
peak day, the electrical load profile of the base case 
system against which TES is being compared and the 
size of the storage system and the control methods 
used [5]. Economic information that is needed includes 
electricity demand charges and time of use costs, the 
costs of the storage and financial incentives available 
[5]. Economic evaluation and comparison parameters 
often determined include the simple payback period [5]. Other methods are also used to compare the 
annualised investment cost of a TES with annual 
electricity cost savings [5]. 

Based on the energy storage mechanism, 
Thermal energy storage systems can be classified as 
sensible heat, latent heat and chemical storage 
systems. The energy storage density (kWh/m3) 
increases from sensible heat storage to chemical 
storage with latent heat storage in between these two. 
As far as the development is concerned, the sensible 
heat storage systems are highly developed followed by 
latent heat storage systems. The chemical storage 
systems are yet to be developed. The popularity of 
sensible heat storage systems can be attributed to their 
low cost of large number of available storage materials. 
However, they suffer from lower energy storage density 
and hence occupy large space. The latent heat storage 
systems have relatively larger storage densities than the 
sensible heat storage systems with charging and 
discharging taking place at nearly isothermal conditions. 

However, latent heat storage systems have 
poor heat transfer thereby increasing the 
charge/discharge cycle time. To tackle this issue, heat 
transfer enhancement techniques have to be 
incorporated so that the rate of heat transfer between 
the heat transfer fluid and storage material is 
maximised. Chemical storage systems have the highest 
energy storage capacities among all. Their energy 
densities are of the order of GJ compared to latent heat 
storage systems which are of the order of MJ per m3. 
But the chemical storage systems suffer from poor long 
term reversibility of chemical reactions, complicated 
reactor vessel design and poor chemical stability[6].The 
state of the art storage materials for sensible heat 
storage are molten salts particularly Hitec/Hitec XL and 
solar salt [6][7]. These molten salts are widely used in 
several parabolic trough systems [6] [7]. Before the use 
of molten salts, Therminol VP-1,which is syntheticoil, has 
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been used in several parabolic trough power plants. The 
maximum operating temperature for use of Therminol 
VP-1 is limited to 4000 C. The solar salt is relatively 
cheaper and has a maximum operating temperature of 
5850 C but its high melting temperature of 2200 C 
necessitates the use of costly anti freezing agents [6] 
[7].For latent heat storage, inorganic salts/salt eutectics 
and metals/metal alloys are the potential materials in 
view of higher operating temperatures required for CSP 
plants. The main disadvantage with most of the phase 
change materials (PCM) is their low thermal 
conductivity, which makes it necessary to adopt heat 
transfer enhancement techniques [6] [7].The insertion of 
high conductivity materials like carbon cloth, brush etc. 
into the PCM, improves the heat transfer rate of 
composite material significantly [6]. 

III. Solar Aided Coal Fired Power Plants 

The solar energy can be successfully used in an 
existing/new coal fired thermal power plants for 
generation of steam or for preheating the feed water. 
This helps in increasing the cycle efficiency as this will 
either increase the steam turbine output (power 
boosting) for same fuel consumption or reduce the coal 
consumption (fuel saving) for the same turbine output 
depending on the plant operating mode. Either way, this 
is environment friendly as this will reduce the emission 
foot print. Coal fired power plants utilising solar energy 
in this way either for additional steam generation or feed 
water preheating are popularly known as solar aided 
coal fired power plants. Both cases will be discussed in 
detail in subsequent sections. 

a) Additional Steam Generation 
Using solar energy, steam can be generated in 

a solar boiler by either direct steam generation (DSG) or 
through a heat transfer fluid. The generated steam is 
used in an existing coal fired power plant for either 
additional power generation or for reducing fuel 
consumption. Usually, when solar energy is integrated 
with an existing coal fired power plant, the fuel saving 
mode of operation is preferred as it does not need 
resizing of turbo generator. 

The Liddell power station at New South Wales, 
Australia uses a 9 MWth solar boiler which feeds 
steaminto an existing 2000 MW coal fired power station. 
The solar field uses linear Fresnel reflector technology 
for solar energy capture. NREL has reported that the 
replacement of coal by the solar boiler will cut 
greenhouse gas emissions by approximately 5,000 
tonnes per annum[3].Kogan Creek Solar Boost project 
at Queensland region of Australia is set to become the 
largest solar integration with a coal-fired power station in 
the world. The project consists of a compact linear 
Fresnel reflector solar thermal augmentation of the 
existing Kogan Creek Power Station, increasing the 

power station’s electrical output and fuel efficiency. The 
solar addition of 44 MW will enable the 750 MWcoal fired 
power station, already one of Australia’s most efficient 
coal-fired power stations and Australia’s largest single 
unit, to produce more electricity with the same amount 
of coal. The project will help avoid 35,600 tonnes of 
carbon dioxide per year annually[3].The Colorado 
Integrated Solar Project (Cameo) was a hybrid CSP/coal 
plant approach using parabolic-trough solar technology. 

A parabolic trough solar field provided thermal 
energy to produce supplemental steam for power 
generation at Xcel Energy's Cameo Station's Unit 2 
(approximately 2 MWe equivalent) in order to decrease 
the overall consumption of coal, reduce emissions from 
the plant, improve plant efficiency, and test the 
commercial viability of concentrating solar integration. 
The plant was used for testing purposes until the coal 
plant was retired and the CSP plant was 
decommissioned[3]. 

b) Solar Aided Feed Water Heating (Safwh) 
Integration of solar energy with conventional 

power plants can be explored as a viable option for 
achieving cleaner and cheaper power generation. The 
steam generator (Boiler) of a conventional power plant 
generates steam at a high pressure and temperature. 
This high pressure steam is allowed to expand in high, 
intermediate and low pressure sections of a condensing 
steam turbine to generate power. The condensate 
collected in the hot well is pumped through various low 
and high pressure feed water heaters before it reaches 
the economiser. Bleed steam taken from various stages 
of different turbine sections are used for preheating of 
the feed water. The final feed water temperature is 
increased to match with boiler design steam parameters 
and economic cycle design considerations. This 
regenerative feed water heating is basically aimed at 
increasing the cycle efficiency. The number of feed 
water heaters and their steam extraction points depends 
upon the techno-economic considerations of cycle 
design optimisation. 

The feed water cycle consists of two series of 
heaters. They are Low Pressure (LP) heaters and High 
Pressure (HP) heaters. The LP heater series consists of 
up to four low pressure heaters supplied with bled 
steam from low and intermediate pressure turbine 
sections. After passing through this heater group, 
condensate enters an open feed water heater known as 
deaerator where deaeration of feed water occurs. The 
deaerated feed water then enters the next series of HP 
heater group consisting of up to three feed water 
heaters taking bleed steam from high and intermediate 
pressure turbine sections. 

In SAFWH, solar thermal energy at various 
temperature ranges is used to replace the bleed steam 
coming from various turbine extractions either partially 
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or fully to preheat the condensate/feed water in the feed 
water heaters (FWH). This solar energy used for feed 
water preheating can be used either for saving the bled 
steam or for minimising the fuel consumption. When the 
saved bled steam is allowed to expand in the turbine, 
extra power can be generated, and is known as power 
boost mode. If the turbine power output is maintained 
constant, the fuel consumption reduces with solar aided 
feed water heating and this is known as fuel saving 
mode. 

The thermodynamic advantages of using solar 
energy in the regenerative Rankine based power plant 
cycle have been found to be better than the solar stand-
alone power generation [8].The Exergy Merit Index (EMI) 
(the ratio of the work generated by the saved steam to 
the exergy supplied by the solar heat) of solar aided 
systems can be greater than 100% while maximum 
efficiency of stand-alone solar thermal power plants 
never reach 100% [8].It has been observed that by the 
substitution of turbine bleed stream to high pressure 
feed water heaters alone with SAFWH results in about 
5–6% instantaneous improvement in coal consumption 
and additional power generation for the fuel 
conservation and power boosting modes in comparison 
to reference power plants [9]. Hu et al [2010] have 
demonstrated energy and exergy advantages of solar 
aided power generation by carrying a case study on a 
500 MW power plant of Loy Yang power station located 
in Latrobe valley, Victoria, Australia using THERMOSOLV 
software. With 100% replacement of bleed steam for all 
closed feed water heaters, the power output was 572.5 
MW in power boosting mode and with cycle efficiency 
increase by 6.65%[10]. Yang et al. [2011] have 
demonstrated through a case study that solar aided 
power generation (SAPG) is an efficient way to utilise 
solar energy in the low and medium temperature range 
for power generation by replacing bleed steam with 
solar energy in feed water heaters. Four schemes were 
suggested to replace bleed steam of the feed water 
heaters. In the first scheme, bleed steam of first HP feed 
water heater was replaced with solar energy at 2600C. In 
the second scheme, bleed steam of second HP feed 
water heater was replaced with solar energy at 2000C. In 
the third scheme, bleed steam of all LP feed water 
heater was replaced with solar energy at 1600C. In the 
fourth scheme, bleed steam of last LP heater with solar 
energy up to 1000C[11]. Dimityr Popov [2011] has 
modelled Rankine regenerative steam cycled power 
plant with Thermo flow software. The plant model 
incorporated a field with solar Fresnel collectors that 
directly heats boiler’s feed water. The proposed plant 
modification was yielded substantial fossil fuel input 
reduction. The best results were obtained when the 
group of high pressure heaters is replaced and feed 
water temperature exceeds its original design case, 
having efficiency higher than 39%for the best solar hour 
of the year[12].

 

Yan et al. [2011] analysed the 

performance of fossil fuel fired power plants with 
different MW outputs, subcritical, supercritical and ultra-
supercritical plants with integration of solar energy at 
different temperature levels. They observed that at high 
temperature integration levels, better benefits could be 
obtained in terms of solar to power efficiency, fuel 
savings. They found that subcritical and supercritical 
plants are better options in comparison to ultra-
supercritical plants with solar integration[13].

 Zekiyilmazoglu et al. [2012] carried out a case study on 
solar repowering of Soma thermal power plant of 
22MWe located in Turkey[14].

 

Bakos et al. [2013] have 
simulated the operation of the 300 MW lignite fired 
power plant of Ptolemaist integrated with a solar field of 
parabolic trough collectors using TRNSYS software in 
both power boosting and fuel saving modes. The power 
plant performance, power output variation, fuel 
consumption and CO2 emissions were calculated. 
Furthermore, an economic analysis was carried out for 
both power boosting and fuel saving modes of 
operation and optimum solar contribution was 
estimated[15]. Warrick et al. [2013] have compared 
solar aided power

 

generation (SAPG) and stand-alone 
concentrating solar power (CSP) for a South African 
Plant. They found that the annual electricity generated 
from solar thermal at the SAPG plant is more than 
25%greater than the stand-alone CSP plant. They have 
observed that if the cost of SAPG is taken as 72% of the 
cost of a stand-alone CSP, SAPG is 1.8 times more cost 
effective than the stand-alone CSP option[16].  Jamel et 
al. [2013] have presented a review paper on advances 
in the integration of solar thermal energy with 
conventional and non-conventional power plants[17].

 Peng et al. [2014] have investigated solar aided feed 
water heating in a 330 MWe coal-fired power plant in 
Sinkiang Province of China. They have demonstrated 
the advantages of the solar aided coal-fired power plant 
under off-design conditions[18].

 

Peng et al [2014] have 
also performed Exergy evaluation of a typical 330

 

MW 
solar-hybrid coal-fired power plant in China[19].

 Boukelia et al. (2015) have performed 4E 
comparative study  of 8 different configurations of 
parabolic trough solar thermal power

 

plants with two 
different working fluids (Therminol VP-1 -oil and molten 
solar salt), with and without integrated thermal energy 
storage or/and backup fuel system. Their results have 
indicated that the configurations based on molten salt 
are better in terms of

 

environmental and economic 
parameters[20].

 

Hou et al. (2015) have done 
performance analysis of a solar aided plant in fuel 
saving mode[21].
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c) Exergy Analysis Of Integrated Solar Aided Coal Fired 
Power Plant

The first step before performing an exergy 
analysis on an integrated solar aided coal fired plant is 
developing a conceptual integrated cycle. This involves 
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collection of reference power plant heat and mass 
balance data, choice of feed water heater (s) for solar 
aided feed water heating, choice of direct/indirect heat 
transfer method for transferring the solar heat to feed 
water, arrangement of feed water heat exchanger and 
choice of heat transfer fluid (in case of indirect heat 
transfer), choice of solar collector system (depends on 
temperature of feed water entering and leaving the feed 
water heat exchanger) etc. among several others. Then 
site specific hourly average values of direct normal 

irradiance (DNI) have to be collected for simulation of 
solar field.  Simulation of solar field yields the heat loss 
coefficient, receiver temperature and pressure loss in 
the HTF circuit etc. Then the thermodynamic properties 
of integrated cycle at salient points can be found by 
applying mass and energy balance to all cycle 
components.

 

The exergy rate balance for a steady flow 
process of an open system is given by

 

                  

( ) ( ) EmWmQ
T
T

D
e

eeCV
i

iij
j j

 +∑+=∑+∑ 









− ψψ01                                                          (1)

In this equation, E D
 

is the rate of exergy 

destruction (Irreversibility) associated with the process.  
The irreversibility (Van Wylen et al, 1994) is also given by 
Gouy-Stodola theorem as 

 

                     
STE genD  0=                                     

 
(2)

 

Here S gen
 

is the entropy generation 

associated with the process.
 For a complex thermal system, the exergy 

analysis can be performed by analysing the 
components of the system individually.  

The exergetic efficiency of a thermal system or 
system component is defined as the ratio of exergetic 
output to exergetic input. 

                                  ψ
ψ

η
i

O
II =                               (3) 

Here the subscripts i and o refer to input and 
output respectively.

 The exergy analysis of important components of 
the integrated solar aided coal fired power plant is given 
below:

 

For the sake of exergy analysis, the boiler has 
been divided into combustion and heat transfer zones.

 The exergy balance for the combustion zone is given as:
 

     
Emmm CDppbairff  ,+=+ ψψψ            (4)

 

Where m f , mair  and m p  
are the mass

 
flow rates of 

fuel, air and the products of combustion respectively. 

E CD , , is the rate of exergy destruction in the 

combustion zone of the boiler.
 Exergy of the coal and flue gasses have been 

calculated as explained in Kotas (1984)
 
[22].

 The Exergetic efficiency of combustion zone is 
defined as:

 

                                    
ψψψψ

η
bairff

Cgen

bairff

CD
CII mm

ST
mm

E








+
−=

+
−= ,0,

, 11                                           (5) 

Where, S Cgen ,  is the associated entropy generation in 

the combustion zone of the boiler. 

The exergy flow equation for the high 
temperature heat transfer zone becomes: 

 ( ) ( ) ( ) ( ) STmmmm HTgenbaircrhhrhcrhfwifwipp  ,00100 −−−−−−−−= ψψψψψψψψ       (6) 

Where, the subscripts 1, fwi, crh and hrh refer to final 
super heater outlet, feed water inlet, cold reheat and hot 
reheat respectively. 

The Exergetic efficiency of heat transfer zone is 
defined as: 

                                                     
)(

1
)(

1
0

,0

0

,
, ψψψψ

η
−

−=
−

−=
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HTD
HTII m
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m

E







                                  (7)
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Where, E HTD ,  
and S HTgen , are rate of exergy 

destruction and entropy generation in the heat transfer 
zone of the boiler respectively.

 
Steam Turbine  

The exergy balance for a simple steam turbine 
section is given as 

               EWmm TDT  ,2211 ++= ψψ              (8)                                                                              

Where, the subscripts 1 and 2 refer to turbine inlet and 
exit conditions respectively.W T and E TD , are Turbine 

work output and rate of exergy destruction in the turbine 
section respectively. 

The mass balance is given by 

                                      mm  21=                            (9)                                                                       

The exergetic (second law) efficiency of steam 
turbine is given by 

                         
)( 211

, ψψ
η

−
=

m
W T

TII



                 (10)                                                                                    

Condenser  
The exergy balance for condenser section is 

given as 

                                                   

EQ
T
Tmm condDcond

k
 ,

0
2211 1 +








−+= ψψ                                             (11)

Where, subscripts 0,1, and 2 refer to ambient, 
condenser inlet and exit conditions respectively. T k
and Qcond

  are temperature of heat rejection and rate 

of heat transfer from condenser respectively. 
The mass balance is given by 

                                    mm  21=                                (12)                                                                                                         

The exergetic (second law) efficiency of the 
condenser is given by 

        
)(

1
211

,
, ψψ

η
−

−=
m

E condD
condII




                     (13) 

Pump  
The exergy balance for a pump can be 

expressed as 

        
EmWm pumpDpump  ,2211 +=+ ψψ      (14)                                                                    

Where, the subscripts 1 and 2 refer to pump inlet and 
exit conditions respectively. W pump and E pumpD ,  

are pump work input and rate of exergy destruction in 
the pump respectively. 
The mass balance is given by 

                                       mm  21=                          (15)                                                                                                          

The exergetic (second law) efficiency of the 
pump is given by 

                   W
m

pump
pumpII 

 )( 122
,

ψψ
η

−
=               

 
(16)

                                                                        

Feed Water Heater
 

The exergy balance for a feed water heater can 
be expressed as

 

                                                  Emmmm fwhDddss  ,2211 ++=+ ψψψψ                                         (17) 

Where, the subscripts 1, 2, s and d refer to heater feed 
water inlet, exit, steam and drip respectively.

 

The mass balance is given by
 

                                      mm  21=                           

 

(18)

                                                                                                                     

                                 mm ds  =                            

 

  (19)

                                                                                                            

The exergetic efficiency of feed water heater 
can be expressed as

 

               
)(

1 ,
, ψψ

η
dss

fwhD
fwhII m

E
−

−=



              (20)                                                                                    

Solar Field  
The exergetic solar power input to parabolic 

trough is given by 

 

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Where T s = 5600 K is apparent black body 

temperature of sun and T 0 is the ambient temperature 

and QI
 is the solar power incident on the mirror 

surface. 
The exergetic solar power absorbed by the 

receiver is given as 

                         








−=

T
TQEx

r
aa

01                      (22)                                                                         

Where T r is the receiver temperature (K) 
The useful exergetic gain by the heat transfer 

fluid for a segmental length is given as 

                                               
( ) ( ) ( )[ ]ssThhmmEx ieiefiefu −−−=−= 0 ψψ

                            
[23]

d)
 

Economic Analysis Of Integrated Solar Aided Coal 
Fired Power Plant

 

Economic analysis is a very important step in 
the feasibility study of any power project. This involves 
finding the levelised cost of electricity (LCoE) for the life 
of the project, net present value and payback periods.

 

The economic analysis is very useful in 
managerial decision making and in the determination of 
worthiness of the chosen project.

 

The economic analysis involves estimation of 
capital costs, fuel costs, operation and maintenance 
(O&M) costs and other expenses. The first step in 
performing the economic analysis is estimation of 
capital costs of different plant equipment. The best way 
is to consider the actual cost data if it is available. In the 
absence of actual capital cost data, capital cost 
functions for different plant equipment may be 
considered for estimation of capital costs. The obtained 
costs have to be brought to the same reference year for 
which economic analysis has to be done by multiplying 
with cost index (CI). This capital cost for the reference 
year can be obtained by

 
Cost for reference year = 

Purchase cost*CI for reference year/CI for year of 
purchase      [24]

 
Another method is to assume a certain 

percentage of escalation in costs every year from the 
year of purchase to reference year. The total capital 
costs are further classified as direct capital costs (DCC) 
and indirect capital costs (IDCC). Direct capital costs 
comprise the capital costs of power block, solar field 
including thermal storage system, land and site 
preparation. The cost of power block includes the costs 
of all equipments in the conventional plant, installation, 
piping, instrumentation and controls and electricals. The 
cost of solar field includes the cost of mirrors, support 
structure, foundation, absorber tubes, swivel joints, 
hydraulic and electrical drives, heat transfer fluid (HTF), 
HTF system, Electronic controls and electricals (ECE) 
and thermal storage system. The indirect capital costs 
comprise the Engineering, procurement and 
construction (EPC) costs, pre-operative expenses and 
interest during construction. Once total capital costs are 
known fixed capital costs per unit (USD/kWh) can be 
calculated by dividing the total capital costs (USD per 
kW) by net annual energy generated(kWh/kW). Fixed 
O&M cost per unit (USD/kWh) has been obtained by 

dividing the fixed O&M cost per kW by net annual 
energy generated. Total variable cost per unit 
(USD/kWh) can be obtained by adding variable O&M 
cost per unit and fuel cost per unit. 

Three economic indicators are annualised cost 
of electricity generation (ACoE), Levelised cost of 
electricity generation (LCoE) and simple payback 
period. The ACoE can be obtained by adding fixed 
capital cost per unit; fixed O&M cost per unit and total 
variable cost per unit. To levelise the fuel, O&M-fixed 
and variable cost for the life of the plant, a levelizing 
factor has to be taken into account. LCoE can be 
obtained by adding fixed capital cost per unit and 
levelised fuel, fixed and variable O&M costs per unit. 
Simple payback period can be calculated by dividing 
total capital cost by net annual benefit. Sensitivity 
analysis can be performed to find out the variation of 
LCoE with discount rate, plant capacity factor and fuel 
cost. 

e) Thermo economic Analysis Of Integrated Solar Aided 
Coal Fired Power Plant 

Thermo economic analysis is a very useful 
technique, which is finding increasing application in the 
area of thermal systems design. This involves the 
integration of the exergy and economic principles in 
achieving the objective(s) of cost calculation of products 
generated by different devices in a large thermal system 
and/or optimising specific decision variables in 
minimising the cost [23]. 

Zhang et al. (2006) have done exergy cost 
analysis on a 300 MW pulverised coal fired power plant 
based on structural theory of thermo economics. Based 
on Fuel-Product concept, they have developed a 
productive structure of the reference power plant for 
carrying out thermo economic analysis[24]. M. Ameri et 
al. (2008) have carried out energy, exergy and exergo 

economic analysis on a 250 MW gas fired steam power 
plant in Iran. They have calculated the exergy 
destruction in all major components of the power plant 
and concluded that the rate of exergy destruction in the 
boiler is higher than the rate of exergy destruction of 
other components. They have carried out exergo 

economic analysis and found that the boiler has the 
highest cost of exergy destruction. They have developed 
a thermo economic optimisation model and found that 

Exergy and thermo economic Analyses of Solar Aided thermal Power Plants with Storage-A Review
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the cost of exergy destruction and purchase cost can be 
considerably reduced by adjusting the extraction steam 
mass flow rate of and pressure of feed water heaters

 [25].
 

L. Wang et al. (2012) have performed an 
exergoeconomic analysis on a coal fired ultra-super 
critical thermal power plant existing in China with an 
objective to understand the cost formation process and 
to evaluate economic performance of all components of 
the plant using SPECO (specific exergy costing) method

 [26].
 

J.Uche et al. (2000) have carried out thermo 
economic optimisation of

 
a steam power plant coupled 

with a multi stage flash desalination unit. They have 
developed a physical and a thermo economic model of 
the plant in carrying out the thermo economic 
optimisation

 
[27].  Amin M Elsafi (2015) has performed 

an exergy and exergoeconomic analysis on sustainable 
direct steam

 
generation solar power plants. For each 

component of the plant, exergy and
 exergy-costing balance equations have been formulated 

based on fuel-product concept
 
[28].

 
Zhai et al. (2016) 

have analysed a solar-aided coal-fired power generation 
system based on

 
thermo-economic structural theory.

 They have applied thermo
 
economic structural 

theory on a solar aided thermal power plant compared 
the performance in both fuel saving and power boosting 
mode. They have observed that the coal consumption 
rate has reduced by 15.04 g/kWh in fuel-saving mode.

 The power output is 57.2 MW higher in power-
boosting mode. They have found that thermo economic 
cost of electricity has been increased due to large 
investment in solar field[29].

 For carrying out the thermo
 
economic analysis 

on an integrated solar aided thermal power plant, a 
physical model has been developed by aggregating and 
disaggregating certain plant equipment. The turbine 
sections can be disaggregated into several units. The 
solar field and thermal energy storage system can be 
aggregated into one single unit.  

 Further, a productive structure has to be 
developed based on the fuel-product approach. In the 
fuel product approach, fuel to specific plant equipment 
means the different resources consumed by that plant 
equipment in delivering a product. The resources (fuel) 
for different plant equipment are exergetic flow (FB), 
Negentropic flow (FN)/electricity (FW) and capital cost of 
the component (FZ).  In a productive structure diagram, 
plant equipment is represented by a rectangle. Incoming 
arrows to particular equipment represent the resources 
consumed and outgoing arrows from that equipment 
represent the product generated by it. Bifurcations are 
represented by circles and junctions are represented by 
rhombuses. Junctions are basically distributing 
resources among different plant equipment. 

 The capital cost of kth

 
plant component per unit 

time can be obtained from the equation
 

            

NCRFFZZF kk /** ϕ=
                  [25]

 
Where, FZ k

 

is the capital cost of the plant equipment, 

CRF is the capital recovery factor, ϕ

 

is the maintenance 
factor (≈ 1.06) and N is the plant annual operating 
hours respectively.

 

Capital recovery factor (CRF) can be calculated from the 
equation

 

                     

( )
( )( )11

1*
−+

+=
i

iiCRF n

n

                

[26]

 
Where, “I” is the interest rate (taken as 10%) 

and “n” is the plant life in years (≈25) respectively.

 

A set 
of linear equations can be

 

formulated based on the 
productive structure for each plant equipment, junctions 
and bifurcations. These linear equations can be solved 
to find out the costs of all major flow streams in the 
reference plant.

 IV.

 

Solar Aided Combined Cycle Power

 Plants

 The integration of solar thermal energy with 
conventional gas fired combined cycle power plants 
(CCPP) has gained wide acceptance among the 
countries with high solar potential like U.S, Spain, Egypt, 
Morocco, Algeria, Iran and Mexico[3].

 

These plants are 
popularly known as integrated solar combined cycle 
(ISCC) power plants.

 

The Kuraymat ISCC plant, 100 kM 
south of Cairo in Egypt comprises two gas turbines of 
40 MWe each and one steam turbine of 70 MWe with a 
parabolic trough solar field capable to generate 200

 GWh per annum[30].The plant generates 20 MWe of 
solar based electrical power[3] [30].

 

The plant integrates 
solar energy in the bottoming (steam) cycle by heating 
the feed water leaving the preheater and sending it to 
super

 

heater located in the heat recovery steam 
generator. The plant uses Therminol VP-1 as the heat 
transfer fluid. The solar field was provided by Flag

 

sol 
GmbH. The Archimede concentrating solar power 
project operating in Sicily, Italy is a parabolic trough 
plant which produces steam (4.72 MWe equivalent) sent 
to a combined-cycle steam turbine rated at 130 MW. 
The parabolic trough system of this plant is the first one 
to use the molten salt as heat transfer fluid. This plant 
has 08 hours of thermal storage

 

[3].

 

The Agua Prieta II 
ISCC in Mexico is an under construction (Status date: 30 
October, 2013) ISCC plant where, the fossil fuel is 
partially replaced with solar energy [3].  This plant has 
an overall capacity of 478 MW comprising of 464 MW 
with combined cycle and 14 MW with solar. Duct 
burners are provided to produce 14 MWe output when 
solar is not in operation.

 

ISCC Ain Beni Mathar is an 
ISCC plant operating in Morocco which has a combined 

© 2017    Global Journals Inc.  (US)
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plant output of 470 MWe which includes a solar based 
power output of 20 MWe [3].This plant like Agua Prieta II 
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ISCC, partially replaces fossil fuel with solar energy. 
However, this plant has no thermal storage system 
unlike Agua Prieta II ISCC [3].ISCC Duba I is an under 
construction project having a capacity of 43 MWe 
expected to start production in year 2017 [3].

 
a)

 

Solar Integration In The Brayton Cycle

 
The solar thermal energy can be integrated with 

a conventional CCPP either in topping cycle or 
bottoming cycle or both. The topping cycle solar 
integration can be gas turbine (GT) inlet air cooling 
using solar operated vapor absorption chiller

 

[31]

 

or 
heating the gas turbine compressor discharge air [32].

 
i.

 

Solar Operated Vapour Absorption Chiller For Gas 
Turbine (Gt) Inlet Air Cooling

 
Dimityr Popov, 2014[31]

 

has proved that inlet air 
cooling of gas turbines in a combined cycle 
configuration using solar assisted vapour absorption 
chiller has lower specific incremental capital costs and 
requires smaller land area than other options. The 
options considered in his study are an integrated solar 
combined cycle with medium temperature integration, 
inlet air cooling using a mechanical chiller and a vapour 
absorption chiller. He has clearly indicated that 
ISCCPP’s suffer from following drawbacks:

 


 

Low power output during cloud cover and night 
time. This causes part load operation of steam 
turbine and hence higher heat rate and higher cost 
of electricity generation. This needs thermal energy 
storage.

 


 

Cycle efficiency suffers as the solar heat is added at 
low temperatures. Hence the solar contribution of 
ISCCPP’s even at best locations where solar 
conditions are excellent is between 2 to 6%.

 


 

Not possible for existing combined cycle plants as 
the steam turbine size needs to be increased.

 
On contrary to the ISCCPP’s, the

 

solar operated 
vapour absorption chiller offers several advantages. The 
power output of a gas turbine reduces drastically with 
increase in ambient temperature. Usually hot summer 
season is the peak demand season so power output 
reduction from gas turbines

 

is definitely a cause of 
concern for power generators. So in general, most of the 
gas turbine plants resort to various methods of inlet air 
cooling. Inlet air cooling can be achieved by either 
evaporative cooling techniques or by using chillers. The 
evaporative cooling methods involve using wetted 
media, Inlet fogging etc. [31].The temperature of cooled 
air in evaporative cooling is always higher than the 
ambient wet bulb temperature. However, with chilling 
techniques, temperatures well below the wet bulb 
temperatures can be achieved. These chillers can be 
mechanical chillers or vapour absorption chillers (VAC). 
Mechanical chillers consume electrical energy for 
running of refrigerant compressor. However vapour 
absorption chiller systems do not use significant 

electrical energy as they need a low temperature heat 
source (hot water or steam) for their operation

 

[31].

 

As 
mentioned by Dimityr Popov, (2014)[31], there is an 
excellent match between gas turbine power output 
reduction during hot weather conditions and abundance 
of solar energy for steam generation during the same 
period for gas turbine inlet air cooling.

 

Said et al. (2015)

 
[33]

 

have performed design and analysis of a solar 
powered absorption refrigeration system modified to 
increase its COP using refrigerant storage. They have 
observed an increase of 8% in COP over the 
conventional design by using the refrigerant storage.

 
Kaynakli et al. (2015)[34]

 

have performed energy and 
exergy analysis of a double effect absorption 
refrigeration system based on different heat sources.

 
Bakos et al, (2013) [35]have carried out techno 
economic assessment of an integrated solar combined 
cycle power plant in Greece using line-focus parabolic 
trough collectors using Transys software. Baghernejad 
et al. (2010) have carried an exergy analysis of an 
integrated solar combined cycle system and found that 
maximum exergy destruction (29.62%) occurs in the 
combustor of gas turbine

 

[36]. 

 
ii.

 

Solar Heating Of Gt Compressor Discharge Air

 
Another application of solar energy in Brayton 

cycle is heating the compressor discharge air. The 
compressed air from the gas turbine compressor is 
allowed in to a pressurised receiver placed on a central 
tower. Heliostat field is made to focus on to the 
pressurised receiver for heating the air. This will increase 
the temperature of air entering the gas turbine 
combustor [32].

 

This kind of solar integration in the 
topping (Brayton) cycle of a combined cycle power plant 
greatly reduces the fuel consumption without affecting 
the gas turbine output.

 b)

 

Solar Integration In The Bottoming Cycle

 
In the bottoming cycle solar integration, there 

are three integration levels based on the fluid 
temperature capability

 

[37].

 

They are referred to as 
high/medium and low temperature integration 
technologies. In high temperature integration, solar 
tower systems can be used to generate super-heated 
steam at temperatures up to 5450

 

C [37].

 

This steam is 
allowed to mix with the superheated steam generated in 
heat recovery steam generator (HRSG) before admitting 
to high pressure turbine. Reheating is also possible in 
the solar [37].

 

Ugolini et al, (2009) have mentioned that 
for the medium temperature solar integration 
technologies generating steam up to around 3950

 

C, it is 
best to generate dry saturated steam at high pressure 
and mix with the steam coming from HRSG HP drum.  In 
the low temperature integration, low pressure steam is 
generated using linear Fresnel collectors which can be 
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sent to cold reheat line or in to the LP admission line 
[37].
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i.

 

Low Temperature Solar Integration

 

Low temperature solar integration technologies 
involve fluid temperatures between 2500

 

C and 3000

 

C. 
However, the actual temperature of integration depends 
on the type of gas turbine plant with which integration 
has to be done. Linear Fresnel reflectors are most 
widely used for low temperature solar integration with 
combined cycle power plants. As described by Ugolini 
et al. (2009) [37],

 

it is possible to generate steam at two 
different pressure levels for integration with steam cycle. 

 

ii.

 

Medium Temperature Solar Integration

 

Medium temperature solar integration with 
combined cycle power plants has been considered as a 
proven technology. The best practice for medium 
temperature solar integration is to maximise feed water 
heating (sensible heat addition) in the heat recovery 
steam generator (HRSG) so that only latent heat is 
added in the solar field [37].This will not only reduces 
the solar field size but also maximises the heat recovery 
from exhaust gasses in the HRSG. In view of this, it is 
always better to take the feed water for solar heating 
from the last high pressure economiser exit. This 
maximises the solar conversion efficiency

 

[37].Once 
sensible heat addition to HP feed water is finished in the 
HRSG, latent heat addition should be accomplished

 

in 
the solar field. A separator vessel is usually provided at 
the outlet of solar field, so that any moisture can be 

removed before it is mixed with the steam leaving the 
HP drum. Alternatively, the wet steam leaving the solar 
field may be sent to HP drum

 

for water separation from 
steam. The parabolic trough collectors are widely used 
for medium temperature solar integration. The trough 
collectors have the advantage of maturity in 
technological development and higher optical 
efficiencies in comparison to linear Fresnel collectors. 

 iii.

 

High Temperature Solar Integration

 The high temperature solar integration involves 
generating superheated steam at temperatures up to 
5450

 

C and allowing this steam to mix with the 
superheated steam leaving the HP super

 

heater before it 
is allowed to expand in the high pressure turbine [37].A 
heliostat field focuses the collected solar radiation on to 
a receiver placed on top of a tower.  A heat transfer fluid 
collects the solar energy from the receiver and 
exchanges in turn with the feed water in a solar boiler.

 The cold reheat steam leaving the high pressure 
turbine can be sent back to solar boiler for reheating 
[37].The high temperature solar technology has got 
minimum integration issues as this has minimum impact 
on the HRSG [37].

 c)
 

Exergy Analysis Of Direct Steam Generation Solar 
Aided Cc Plant

 The exergy analysis of direct steam generation 
solar aided CC plant involves the exergy analysis of 
individual plant equipment of the integrated plant.

 
Compressor (C)

 The mass and
 
energy balance for air compressor is

 

                                     
mm  21=

                              
[27] 

The exergy balance for the compressor is 

                                 

sTmmWmm Cgenvcv  ,022221111 ++=++ ψψψψ
                                        [28]

Here, m , h, w and W c   are mass flow rate of air, 

enthalpy of the air, the specific humidity of air and rate 
of compressor respectively. The subscripts 1, 2 and v 
refer to compressor inlet, discharge and water vapour 
respectively. S Cgen , , is the rate of entropy generation

 
in the compressor.

 Exergy destruction (irreversibility) in the 
compressor is

 

            
)( 1201,0, ssTmsTE CgenCD −== 

   
[29]

 
The exergy efficiency of the compressor is

 

                   

W
m

c
cII 

 )( 121
,

ψψ
η

−
=

                       

[30]

 

 
 

Combustion Chamber (CC)

 

The mass and energy balance for the 
combustion chamber is

 

                     
( ) mmwm f  32 1 =++

                  
[31]

 

Where m 2 , m f and m 3 are the mass flow rates of air, 

fuel and combustion products and h2 , h v2  and h3
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are the enthalpy of air entering the combustion 
chamber, enthalpy of water vapour entering the 
combustion chamber and enthalpy of combustion 
products leaving the combustion chamber respectively. 

The subscripts 2 and 3 refer to the inlet and exit 
of the combustion chamber.

The first one is to generate dry saturated steam 
at 30 bar pressure and admit it to cold reheat line. The 
second one is to generate dry saturated steam at 5 bar 
pressure and admit it to low pressure (LP) steam 
admission line [37].The feed water take off temperature 
must be below the saturation temperature 
corresponding to the pressure of the steam generated 
[37].
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Emmmwm CCDffv  ,332222 * +=++ ψψψψ
                                   

 

[32]

Where, ψ f and E CCD ,

 

are standard chemical exergy

 

of the fuel

 

and rate of exergy destruction in the 
combustion chamber respectively.

 

The exergy efficiency of the combustion 
chamber is

 

                                                  ψψψ
ψ

ψ

ψ
η

ffvfa

g
ccII mmwm

m
m
m









++
==

+ 2222

33
, *)(

)(

                          

[33]

GAS Turbin (GT)

 
The mass and energy balance for gas turbine is

 
                                 mm  43 =                                [34]

 Here, m
 

, h  and W gt   are mass flow rate of 

combustion gasses, enthalpy of the combustion 
gasses, rate of gas turbine work and energy loss in the 
gas turbine respectively. The subscripts 3 and 4 refer to 
the gas turbine inlet and outlet.

 
The exergy balance for the gas turbine is

 

 

sTWmm GTgengt  ,04433 ++= ψψ
             [35]

 

Exergy destruction (irreversibility) in the gas turbine is

 
   

)( 3403,0, ssTmsTE GTgenGTD −== 
     

 

[36]

 The exergy efficiency of the gas turbine is

 

                   
)( 433

, ψψ
η

−
=

m
W gt

gtII




                     

[37]

 Heat ReCovery Steam Generator (HRSG)

 The mass balance for the heat recovery steam 
generator (HRSG) is

 
                                   mm fgofgi  =                         [38]

 

          

( ) hrsgsTmm

mmm

gencphicphocphilpeilpeolpei

hpevohpshohpevohpeihpeohpeifgofgifgi

,)(*2
)(*2)(*2)(0

0−−−−−

−−−−−=

ψψψψ

ψψψψψψ





             

[39]

 
 

The exergy efficiency of HRSG is  

                          

( )
)(

)(*2

)(*2)(*2

, ψψ

ψψψψ

ψψψψ

η
fgofgifgi

cphicphocphilpeilpeolpei

hpevohpshohpevohpeihpeohpei

hrsgII m
mm

mm

−

−+−+

−+−

=






                        

[40]

Where, the subscripts fg, hpe, hpev, lpe and cph refer to 
flue gas, high pressure evaporator, high pressure 
evaporator, low pressure economiser and condenser 
preheater respectively. I and o refer to inlet and outlet 
respectively. 

The exergy analysis of Steam plant equipment 
has been already explained in section 3.3. 

d) Economic Analysis Of Combined Cycle Power Plant 
The base cost estimate fora conventional 

natural gas fired combined cycle facility can be obtained 
from either actual plant capital cost data or Updated 

Capital Cost Estimates for Utility Scale Electricity 
Generating Plants obtained from Independent Statistics 
& Analysis, U. S. Energy Administration & 
Information[38].This includes the cost of civil structural 
material and installation, mechanical equipment supply 
and installation, electrical/instrumentation & control, 
project indirects which include engineering, distributable 
costs, scaffolding, construction management & start up, 
EPC cost, fee & contingency and owner costs. Land 
cost can be obtained by multiplying the cost of land per 
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The energy efficiency of the combustion chamber is The exergy balance for the combustion chamber is

acre with the land area of CCPP. The fixed operation 

acre with the land area of CCPP. The fixed operation 
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and maintenance (O&M) cost (FOM), Plant capacity 
factor and auxiliary power consumption can be obtained 
from tariff norms of local electricity tariff regulator. A 
suitable escalation rate in fuel/O&M-fixed & variable cost 
and prevailing fuel cost in USDollar per million 
BTUneeds to be considered in the economic analysis. 
The detailed procedure as explained in section 3.4 has 
to be followed for carrying the economic analysis.

 e)
 

Economic Analysis Of Direct Steam Generation Solar 
Aided Cc Plant

 The additional capital cost of the integrated 
plant (due to increased size of turbo generator) can be 
calculated on pro rata basis from the Updated Capital 
Cost Estimates for Utility Scale Electricity Generating 
Plants obtained from Independent Statistics & Analysis, 
U. S. Energy Administration & Information.

 
Additional 

land requirement for the installation of solar field 
(Parabolic trough collector system), site improvement 
costs and cost of the solar field including storage can 
be obtained from NREL’s (SAM 2015.1.30)[39].The 
detailed procedure as explained in section 3.4 has to be 
followed for carrying the economic analysis.

 
 

f)

 

Economic Analysis Of Integrated Solar Ccpp With 
Solar Operated Vapour Absorption Chiller For Gas 
Turbine (Gt) Inlet Air Cooling

 
The incremental capital cost of the vapour 

absorption chiller system for power enhancement in gas 
turbines over and above the rated load can be obtained 
from literature available online. Punwani (2004)[40]

 

has 
shown that the incremental capital cost of the vapour 
absorption chiller system for power enhancement in gas 
turbines over and above the rated load is 427.328 
USD/KW.

 

The detailed procedure as explained in 
section 3.4 has to be followed for carrying the economic 
analysis. 

V.

 

Conclusions

 It has been realised world over that for 
sustainable development; the percentage share of 
power generation through renewable energy sources 
needs to be increased significantly. This assumes a 
greater importance in the wake

 

of continuously 
dwindling fossil fuel resources, associated pollution and 
greenhouse gas emissions etc. The use of solar energy 
for power generation is gaining importance day by day 
due to these reasons. In countries like India and China, 
where major power generation is coal based, the 
concept of solar aided feed water heating (by either 
complete/partial substitution of turbine bleed steam) can 
be successfully employed by retrofitting the existing 
units under renovation & modernisation (R&M) 
programmes of power stations. The same is true with 
integrated solar combined cycle power plants. The 
payback periods are good and bound to reduce further 
due to continuous on going improvements in the design 
and manufacturing of solar collector and receiver 

systems. Moreover, integration of thermal energy 
storage (TES) with the solar field will further improve the 
system reliability. 
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Fig.1:

 

LS-3 Solar collector assembly at Kramer Junction

 

(SEGS, Mojave Desert, California, U.S)

 

Source: Sandia National Laboratory, U.S
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Fig.2: Kimberlina solar thermal power plant, (A linear Fresnel reflector based plant near Bakersfield, California.)

Source: NREL website
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Fig.3:

 

Crescent Dunes solar power tower plant at Nevada, U.S

 

Source: http://www.solarreserve.com/en/global-projects/csp/crescent-dunes

 
 

Exergy and thermo economic Analyses of Solar Aided thermal Power Plants with Storage-A Review

© 2017    Global Journals Inc.  (US)

G
lo
ba

l 
Jo

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
   

  
(

)
V
ol
um

e 
 X

V
II
  

Is
su

e 
 I
V
  

V
er
si
on

 I
  

  
  
 

  

106

Y
e
a
r

20
17

F



    
  

 
 

 

Global Journal of Researches in Engineering: F 
Electrical and Electronics Engineering                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
 Volume 17  Issue 4 Version 1.0  Year 2017 
 Type: Double Blind Peer Reviewed International Research Journal 
 Publisher: Global Journals Inc. (USA) 

    Online ISSN: 2249-4596 & Print ISSN: 0975-5861 

 
Cost Optimization Depending on Load Compositions in 
Isolated Wind Diesel Based Multi Units System     

   
Wolaita Sodo University, 

Abstract- Public Private Partners (PPPs) have to be competitive in electricity market by deciding 
economic tariffs not only for power consumption but for several ancillary services too. The 
procurement of reactive power, as an ancillary service for voltage control especially in isolated 
power systems, involves cost investment and thus needs to be remunerated. The reactive power 
demands for different load compositions are different so their remuneration rates must also be 
different. Role of static compensation along with dynamic compensation becomes important in 
reducing the overall compensation cost. Since the participation of static compensator degrades 
the voltage profile so its involvement with dynamic compensation must be optimized by keeping 
the system voltage response within its pre decided range of performance. 

Keywords: ancillary services, reactive power compensation cost analysis, voltage control, wind 
diesel based multi units system. 

GJRE-F Classification: FOR Code: 090699 

 

 CostOptimizationDependingonLoadCompositionsinIsolatedWindDieselBasedMultiUnitsSystem
 

                                  

 
 

                      Strictly as per the compliance and regulations of :  
 

 

By Nitin Kumar Saxena & Ashwani Kumar

© 2017. Nitin Kumar Saxena & Ashwani Kumar. This is a research/review paper, distributed under the terms of the Creative 
Commons Attribution-Noncommercial 3.0 Unported License http://creativecom mons.org/ licenses/by-nc/3.0/), permitting all non 
commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Cost Optimization Depending on Load 
Compositions in Isolated Wind Diesel Based 

Multi Units System 
 Nitin Kumar Saxena α & Ashwani Kumar σ

Abstract- Public Private Partners (PPPs) have to be competitive 
in electricity market by deciding economic tariffs not only for 
power consumption but for several ancillary services too. The 
procurement of reactive power, as an ancillary service for 
voltage control especially in isolated power systems, involves 
cost investment and thus needs to be remunerated. The 
reactive power demands for different load compositions are 
different so their remuneration rates must also be different. 
Role of static compensation along with dynamic compensation 
becomes important in reducing the overall compensation cost. 
Since the participation of static compensator degrades the 
voltage profile so its involvement with dynamic compensation 
must be optimized by keeping the system voltage response 
within its pre decided range of performance. The main 
contributions of this paper are; (i) Development of reactive 
power balancing model in isolated wind diesel based multi 
units system, (ii) Optimization for reactive power 
compensation participations keeping voltage response in its 
pre decided transient parameters, and (iii) Cost analysis for 
reactive power compensation in system for different load 
compositions.  
Keywords: ancillary services, reactive power 
compensation cost analysis, voltage control, wind diesel 
based multi units system.  

 
∆QSG 1 and ∆QSG 2: Incremental change in reactive power 
generated by two Synchronous Generators  
∆QIG 1 and ∆QIG2: Incremental change in reactive power 
absorbed by two Induction Generators  
∆QSLM  and ∆QDLM : Incremental change in reactive 
power absorbed by static and dynamic load  
∆QST : Incremental change in reactive power generated 
by STATCOM  
∆QFC : Incremental change in reactive power generated 
by Fixed Capacitor  V: Load terminal voltage  
∆V: Incremental change in load voltage due to load 
and/or input disturbances  
(Dv )SLM : Transfer function of reactive power change to 
voltage change for static load model 
(Dv )DLM : Transfer function of reactive power change to 
voltage change for dynamic load model 
 
 
 

 
 

 
 

Xm1 and Xm2: Magnetising reactance referred to stator 
side in two Induction generators 
QFC

ss , QST
ss and QST

ts : Reactive power by fixed capacitor and 
STATCOM at steady state and dynamic conditions  
C1(x) and C2(x): Cost function of FC and ST 
respectively 

I. Introduction 

n recent scenario, power utilities are facing many 
challenges in planning and commission of new 
transmission lines especially for remotely located 

consumers and therefore, they are promoting non grid 
connected generators for such less populated remote 
areas [1]. Depletion of conventional fuels in nature also 
motivates utilities to shift electricity production towards 
renewable energy sources. Renewable energy sources 
that are available in abundant, are being focussed for 
electrification of remote areas but their intermittent 
nature and seasonal availability reduces the system 
reliability for fulfilling the continuous power demand of 
end users. Hence, conventional fuel operated 
generators are coupled with renewable based 
generators to develop reliable power systems. Such 
systems are popularly called an Isolated Hybrid System 
(IHS). Sager Island Project in India, Dachen Island in 
China and Tin City in USA are the few examples of 
installed wind diesel based IHSs [2].  

In such systems wind operated self excited 
induction generator is used for supplying base load 
demand and peak load demand is supplied by diesel 
operated synchronous generator. Since synchronous 
generator is used for peak load demand, it has to work 
for a wide range of system load demand during its 
operation. The power generation using diesel system 
must be reduced and even shut down during light-load 
periods or for good wind conditions. Synchronous 
generators are also suggested to run at their rated 
output for most efficient operations. This can be 
achieved by replacing a single unit power generation 
with multi units power generation [3]. It is also reported 
that multi diesel systems allow a variety of possible 
operation and control strategies. Therefore, multi diesel 
systems of small rating can give satisfactorily result 
compare with single large rating unit [4, 5]. It is also 
reported that multi wind systems can attenuate the 

I 
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effect of power fluctuations produced due to wind 
intermittent nature [6]. It must also be noticed that a 
need for short-term storage can also be eliminated in 
IHSs with power generation capacity made up with multi 
wind and multi diesel machines. Therefore, multiple 
generation units can be incorporated to improve 
operation performance and benefit from quantities of 
scale benefits. Multi units IHS have many technical, 
economical and operational issues due to grid isolation, 
hybrid configuration of generation units, random 
behaviour of consumers load.  The Indian power sector has garnered significant interest from private players. Public Private 
Participation (PPP) model explore the new era for 
economical studies in power system. In India, private 
sector share in power generating capacity has 
increased from 13 per cent in financial year 2006-07 to 
33 per cent as on Jan 2015. India’s total generating 
capacity is around 255 GW, of which, the private sector 
accounts for the almost 36 per cent. Going forward, the 
private sector is likely to account for a major share of the 
additional capacity and investments (almost 50 per 
cent); wherein, Public Private Participation (PPP) is likely 
to be the preferred route for such ventures. It has been 
reported that 88% renewable energy sources are 
installed by private sectors in India [1]. In modern era of 
distribution system, several distribution companies 
(DISCOs) can be worked together for supplying the 
power to end user. This concept proposes a healthy 
competition among the different discos for providing 
power at cheaper rate along with the power quality. 

 

The selection of compensation techniques is 
also much influenced by load dynamics and its 
parameters [8-10]. Fast acting device (STATCOM) for 
reactive power compensation gives better results of 
voltage regulation in system but at the same time they 
increase system compensation cost much. On the other 
side, static compensator (Fixed Capacitors) has very 
low cost but alone cannot be suitable for reactive power 
compensation in the system. Therefore, a hybrid use of 
compensating devices;  static as well as dynamic 
compensators can be used together for better solution 
of optimal reactive power compensation [11].   In this paper, effect of load composition has 
been focussed for deciding the participation among 
static and dynamic reactive power compensators, and 
therefore the cost of reactive power compensation for 
voltage control in multi units IHS. A MATLAB based 
procedure is developed to find optimum participation for 
system reactive power compensation for different load 
composition. System performances are compared for 
three different load compositions for 10% huge 
disturbances in load reactive power demand and wind 
input real power in system. 
 

Fig. 1:
 
Reactive power arrangements in multi units HIS

 

II.
 System Mathmatical Modelling 

A 5.0 MW wind diesel based multi units system 
is simulated in this paper. Reactive power flow in multi 
units IHS is represented in Fig. 1 having two induction 
generators IG1 and IG2, two synchronous generators 
SG1 and SG2, fixed capacitor FC, STATCOM ST. Load 

model is developed by combining the static and 
dynamic load models together into different proportions. 
The ratings for all system components are given in Table 
1.  Under steady state reactive power balance equations 
can be elaborated as,

 

                                                                  ∆𝑄𝑄𝐼𝐼𝐼𝐼2 + ∆𝑄𝑄𝐼𝐼𝐼𝐼1 + ∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 + ∆𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷 = ∆𝑄𝑄𝑆𝑆𝑆𝑆1 + ∆𝑄𝑄𝑆𝑆𝑆𝑆2 + ∆𝑄𝑄𝐹𝐹𝐹𝐹 + ∆𝑄𝑄𝑆𝑆𝑆𝑆           (1) 
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Therefore, PPPs have to be competitive in 
electricity market by deciding economic tariffs not only 
for power consumption but for several ancillary services 
too. The procurement of reactive power, as an ancillary 
service for voltage control especially in isolated power 
systems, involves cost investment and thus needs to be 
remunerated. 
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𝛥𝛥𝛥𝛥 = ∆𝑄𝑄𝑆𝑆𝑆𝑆1 + ∆𝑄𝑄𝑆𝑆𝑆𝑆2 + ∆𝑄𝑄𝐹𝐹𝐹𝐹 + ∆𝑄𝑄𝑆𝑆𝑆𝑆 − ∆𝑄𝑄𝐼𝐼𝐼𝐼2 − ∆𝑄𝑄𝐼𝐼𝐼𝐼1 − ∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 − ∆𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷           (2)

This surplus reactive power 𝛥𝛥𝛥𝛥 will increase the 
system voltage by changing electromagnetic energy 
absorption in magnetizing reactance of both induction 

generators at the rate 𝑑𝑑Em
𝑑𝑑𝑑𝑑

 and consuming more reactive 
power in load [12]. Therefore, net surplus reactive power 
in s plane for multi units system; 

                         
                                   𝛥𝛥𝛥𝛥(𝑠𝑠) = �𝑠𝑠 𝑉𝑉

𝜔𝜔
� 1
𝑋𝑋𝑚𝑚 1

+ 1
𝑋𝑋𝑚𝑚 2

� + (𝐷𝐷𝑣𝑣)𝑆𝑆𝑆𝑆𝑆𝑆 + (𝐷𝐷𝑣𝑣)𝐷𝐷𝐷𝐷𝐷𝐷�∆𝑉𝑉(𝑠𝑠)
    

       
 
(3)

Comparing Eq. (2) and (3),
   

∆𝑄𝑄𝑆𝑆𝑆𝑆1 + ∆𝑄𝑄𝑆𝑆𝑆𝑆2 + ∆𝑄𝑄𝐹𝐹𝐹𝐹 + ∆𝑄𝑄𝑆𝑆𝑆𝑆 − ∆𝑄𝑄𝐼𝐼𝐼𝐼2 − ∆𝑄𝑄𝐼𝐼𝐼𝐼1 − ∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 − ∆𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷 = �𝑠𝑠 𝑉𝑉
𝜔𝜔
� 1
𝑋𝑋𝑚𝑚 1

+ 1
𝑋𝑋𝑚𝑚 2

� + (𝐷𝐷𝑣𝑣)𝑆𝑆𝑆𝑆𝑆𝑆 + (𝐷𝐷𝑣𝑣)𝐷𝐷𝐷𝐷𝐷𝐷�∆𝑉𝑉(𝑠𝑠) (4)

 

Eq. (4) gives a reactive power balance 
expression for IHS. The each component in these IHS 
has a well established transfer function showing relation 
of its reactive power change with voltage change [13]. A 
MATLAB simulink model is developed with the help of 
these all components transfer functions and reactive 
power balance equation as presented in Eq. (4). A 
combined block diagram for multi units IHS is shown in 
Fig. 2

 

Synchronous generator SG1, SG2 and 
induction generator IG1, IG2 are used to release active 
power as demanded by the load. Induction generators 
and load demand reactive power form the system for its 
operation during steady state condition. This reactive 
power demand further increases for dynamic conditions. 
SGs alone are unable to provide adequate reactive 
power to the system and hence extra reactive power 
compensators ST and FC are used to provide fast and 
economic compensation for IHS [14]. FC cannot adjust 

its reactive power magnitude for system dynamic 
conditions therefore it is called static device. While ST 
can adjust its reactive power magnitude by changing its 
firing angle depending on the dynamic conditions and 
therefore it is called dynamic compensator. A PI 
controller is used for getting the control signal to adjust 
reactive power compensation by setting firing angle. 
Genetic algorithm (GA) based tuning method is 
proposed in this paper to get gain constants KP

 

and KI

 

as shown in Fig. 2. Genetic algorithm is a probabilistic 
algorithm that searches the space of compositions of 
the available functions and terminals under the 
guidance of a fitness measure for many generations and 
finally stops when reaching individuals that represent the 
optimum solution to the problem. Minimization of 
performance index using ISE (Integral of Square Error) 
criterion based conventional method is

 

used for 
deciding reference values of gain constants KP

 

and KI in 
GA [15-16]. 
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System is simulated for 10% sudden changes in system input wind power and load demand. Due to these 
disturbances, system net reactive power is; 

© 2017    Global Journals Inc.  (US)

Fig. 2: Simulink block diagram for multi units IHS
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In remote areas, most of the load is either 
commercial type or residential type. A realistic load 
model can be developed by clubbing the participation of 
static and dynamic load models. It has already been 
concluded that fraction of static load model is more in 
such areas compare to dynamic load model but still 

presence of dynamic load model cannot be ignored in 
these areas [17]. The load behaviours are much 
influenced by the presence of induction motors in these 
areas, so induction motor load is considered

 

as 
dynamic load composition in this load model. An 
exponential load type is modelled as static load [18]. 

 

 

Table 1:  Typical system and components rating used for simulation

 

 
 
 
 
 
 
 
 
 

Table 2:

 

Different load compositions used for response and cost based study of HIS

 

Load pattern

 

SLM

 

DLM

 

Total load

 

1 5 MW

 

0 MW

 

5 MW

 

2 4 MW

 

1 MW

 

5 MW

 

3 3 MW

 

2 MW

 

5 MW

 

Exponential type load model as SLM and fifth 
order induction motor load model as DLM is considered 
for this paper. Transfer functions for SLM and DLM have 
been developed and the complete procedure is 
explained by the author in ref. [19]. To study the 
influence of different load compositions in cost based 
study of reactive power compensation and voltage 
control of IHS; three different load compositions are 
being compared in this study. These three patterns are 
given in Table 2.

 
 
 
 

 

 

System capacity

 

𝟓𝟓.𝟎𝟎

 

𝑴𝑴𝑴𝑴

 

Load

 

5.0 𝑀𝑀𝑀𝑀

 

Base power

 

5.0 𝑀𝑀𝑀𝑀𝑀𝑀

 

Base voltage

 

400 𝑉𝑉

 

Type of system

 

Multi Units

 

Induction generator

 

1.5 𝑀𝑀𝑀𝑀 × 2 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢

 

Synchronous generator

 

1.0 𝑀𝑀𝑀𝑀 × 2 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
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III. Selection Procedure For 
Participation Of Static And Dynamic 

Compensators 

The selection procedure for participation among 
static and dynamic reactive power compensator 
depends on the choice of investors profit domain and 
the supply quality required by the end user. If end users 
are ready to compromise with the quality of power, 
investors can provide power at cheaper rates. It is being 
assumed that IHS is designed by an independent 
investor who used to decide participation of reactive 
power compensators. For cost analysis, compensation 
cost functions for reactive power compensators are 
defined in [11, 20, 21]. Cost of fixed capacitor is very 
low compare to STATCOM but fixed capacitors do not 
respond for system dynamics. STATCOM alone can 
provide an adequate solution of reactive power 

compensation for system voltage control but it makes 
system very costly.  It is assumed that the cost of 
reactive power in system includes only the reactive 
power production cost of generators and capacitors 
[22]. For dynamic condition, reactive power can only be 
generated through fast acting dynamic compensating 
device but steady state reactive power requirement can 
be planned through participation of static as well as 
dynamic compensators so that overall compensation 
cost may be reduced. The role of static compensation 
deforms the voltage response in system and hence 
participation of fixed capacitor with STATCOM is 
optimized up to the extent of voltage variation within the 
permissible range. A procedure for selecting the static 
and dynamic reactive power compensators are 
discussed and developed by the author. A  MATLAB 
program is developed with two important aspects; (i) 
Minimizing the cost of compensation under steady state 
through participation of fixed capacitor as static 
compensator along with STATCOM as dynamic 
compensator, and (ii) Participation of static 
compensator with dynamic compensation upto the 
extent where system voltage response remain in its pre 
defined acceptable range. Objective function J 
represents a cost function for reactive power 
compensators during steady state and dynamic state as 
in Eq. (5).  This objective function J is solved for cost 
functions of ST and FC, equality and inequality 
constraints given in Eqs. (6) to (11). 
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      𝐽𝐽 = {𝐶𝐶1(𝑄𝑄𝐹𝐹𝐹𝐹

𝑠𝑠𝑠𝑠 ) + 𝐶𝐶2(𝑄𝑄𝑆𝑆𝑆𝑆
𝑠𝑠𝑠𝑠 )} + 𝐶𝐶2(𝑄𝑄𝑆𝑆𝑆𝑆

𝑡𝑡𝑡𝑡 )}

 

      (5)      

 

Equality constraints;

 

        
 

 

                                                                                         𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟                                        (6)

 

         

 

                                                                   
𝑄𝑄𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑄𝑄𝐼𝐼𝐼𝐼1 + 𝑄𝑄𝐼𝐼𝐼𝐼2 + 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑄𝑄𝑆𝑆𝑆𝑆1 − 𝑄𝑄𝑆𝑆𝑆𝑆2                                   (7)

 

         

 

                                                                                                   

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑄𝑄𝐹𝐹𝐹𝐹
𝑠𝑠𝑠𝑠 + 𝑄𝑄𝑆𝑆𝑆𝑆

𝑠𝑠𝑠𝑠                                         (8)
Inequality constraints;

 

                              
                                                       

0 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆
𝑠𝑠𝑠𝑠 ≤ 𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑                                                                  (9) 

                              
                                                        

0 ≤ 𝑄𝑄𝐹𝐹𝐹𝐹
𝑠𝑠𝑠𝑠 ≤ 𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑                                                                  (10)                               

                                                     

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ ∆𝑉𝑉 ≤ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚                                                                      (11)

         

 

                                                              

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ≤ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 

(12)

Acceptable range of voltage response should 
be decided first using reference case in which 
compensation is achieved with the help of STATCOM 
only. With the help of these parameters, acceptable 
range of parameters is decided. The decision is based 
on the overall mutual acceptance of power quality 
between end user and investor in terms of system 
voltage response. 

 

IV.

 

Resuts And Discussion

 

This paper is

 

organized to understand the effect 
of load compositions on system voltage response and 
reactive power compensation cost during dynamic 
conditions in wind diesel based multi units IHS. Fig. 1 
gives a single line diagram for this studied system with 
corresponding system ratings in Table 1. Transfer 
functions for all the system components are assembled 
for developing a simulink model as shown in Fig. 2. ST 
is used for providing fast acting dynamic compensation 
while FC is used for static compensation. Advance

 

tuning methods are available in literature [23, 24]. In this 
paper, ST gain constants KP

 

and KI

 

are evaluated using

 

GA based tuning methods with parameters as; double

 

vector population type, tournament function selection 
with size 2, reproduction scattered crossover function of 
0.8 and forward migration direction. To decide reactive 
power participation between ST and FC, a reference 
value is evaluated using only ST as a reactive power 
compensator first. With this reference response, 
acceptable range for voltage response is decided. 
Acceptable range that is decided for the selecting 
participation among static and dynamic reactive power 
compensators are; 

 

•

 

The voltage response should be stable.  

          

•

 

Voltage deviation should reach to zero

 

in minimum 
time

 

and absolute value of voltage rise and dip 

should not be exceeding more than 0.05 pu of 
reference case voltage rise and dip values.

 

•

 

Settling time should not be beyond 0.01 sec of 
settling time of reference case voltage response. 

Now the required reactive power is supplied by 
numbers of samples of ST and FC satisfying the Eq. (8). 
Compensation cost of each sample is also evaluated. 
Samples are sorted on the basis of predefined 
acceptable range and the sample of least compensation 
cost among is chosen as the best selection of 
participation among ST and FC. 

 

For three load patterns shown in Table 2, a 
comparative study for reactive power compensation and 
cost is given in Table 3. A comparative study among 
voltage response, ST and FC reactive power deviations 
are presented in Fig. 3 to 5. It can be concluded that the 

© 2017    Global Journals Inc.  (US)

system with static load has least settling time and 
requires least value of dynamic compensation. With 
increase in dynamic load participation, overall reactive 
power requirement in increasing therefore compensation 
cost increases with increase in dynamic load pattern. ST 
supplies reactive power for dynamic conditions and it 
takes longer time to be stabilized after disturbances. It 
can also be observed that optimum selection of reactive 
power compensation reduces the overall compensation 
cost of the system because of the introduction of static 
compensator with dynamic compensator. Especially, 
different load compositions allow the different 
participation of compensator and hence the cost of 
compensation depends on the load behavior.  

      

G
lo
ba

l 
J o

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
   

  
(

)
V
ol
um

e 
 X

V
II
  

Is
su

e 
 I
V
  

V
er
si
on

 I
  

  
  
 

  

111

Y
e
a
r

20
17

F

Cost Optimization Depending on Load Compositions in Isolated Wind Diesel Based Multi Units System



 

Table 3:

 

Study for reactive power compensation and cost among different load compositions

 

   

 

Load pattern 1

 

Load pattern 2

 

Load pattern 3

 

𝑄𝑄𝑆𝑆𝑆𝑆
𝑠𝑠𝑠𝑠

 

in pu

 

0.1031

 

0.1063

 

0.1054

 

𝑄𝑄𝐹𝐹𝐹𝐹
𝑠𝑠𝑠𝑠

 

in pu

 

0.1475

 

0.1652

 

0.1870

 

𝐶𝐶(𝑄𝑄𝑆𝑆𝑆𝑆
𝑠𝑠𝑠𝑠 )

 

in $ per hour

 

0.5904

 

0.6086

 

0.6034

 

𝐶𝐶(𝑄𝑄𝐹𝐹𝐹𝐹
𝑠𝑠𝑠𝑠 )

 

in pu

 

0.0973

 

0.1091

 

0.1234

 

𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶

 

𝑎𝑎𝑎𝑎

 

𝑠𝑠𝑠𝑠

 

0.6878

 

0.7177

 

0.7268

 

𝑄𝑄𝑆𝑆𝑆𝑆
𝑡𝑡𝑡𝑡

 

in pu

 

0.2036

 

0.2056

 

0.2083

 

𝐶𝐶(𝑄𝑄𝑆𝑆𝑆𝑆
𝑡𝑡𝑡𝑡 )

 

in $ per hour

 

1.1658

 

1.1773

 

1.1927

 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

in $ per hour

 

1.8536

 

1.8950

 

1.9195

 
 

Fig. 3:

 

Comparative study for ∆V for different load patterns

 

Fig. 4:

 

Comparative study for ∆QST

 

for different load patterns
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Fig. 5: Comparative study for ∆QFC for different load patterns

V.
  

In this paper, a model is proposed to 
understand the different tariff structures based on 
reactive power compensation cost as ancillary service 
that may be provided by the discos depending on the 
load compositions. Reactive power compensation cost 
for three different load compositions is presented in this 
paper for multi units isolated wind diesel base system. 
Optimization technique is verified for multi units system 
and for all load compositions. It has been investigated 
that more compensation is required for the load having 
high composition of dynamic load. Hence, author tried 
to investigate the economical aspects for reactive power 
compensation in multi units based isolated hybrid power 
system especially with different participations of load 
compositions.

 
Mathematical expressions are developed 

for multi units IHS and assembled to develop a MATLAB 
simulink model. This model is tested for 10% 
disturbances in input wind real power and load reactive 
power demand. Hence, this method helps to procure 
the reactive power compensation model in system 
depending on the desired voltage response and 
purchasing power of the customer. 
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Appendix 1 
Induction Generator 𝐼𝐼𝐼𝐼 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 0.9 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = −4%, 
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 90%, 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 400 𝑉𝑉, 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
50 𝐻𝐻𝐻𝐻 
Synchronous Generator 
𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 0.9 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 400 𝑉𝑉, 
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 50 𝐻𝐻𝐻𝐻  
Fixed capacitor 
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 400 𝑉𝑉, 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 50 𝐻𝐻𝐻𝐻 
STATCOM 
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 400 𝑉𝑉, 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 50 𝐻𝐻𝐻𝐻, 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑖𝑖𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 10 𝑘𝑘𝑘𝑘𝑘𝑘 

Appendix 2 

Constants used in simulink model  

𝐾𝐾1 = 𝑋𝑋𝑑𝑑
′

𝑋𝑋𝑑𝑑
, 𝐾𝐾2 = �𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑

′ � 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑋𝑋𝑑𝑑

, 𝐾𝐾3 = 𝑉𝑉.𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑋𝑋𝑑𝑑
′ , 𝐾𝐾4 =

𝐸𝐸𝑞𝑞′ .𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶−2𝑉𝑉
𝑋𝑋𝑑𝑑
′ , 𝐾𝐾5 = 𝑋𝑋𝑒𝑒𝑒𝑒

𝑅𝑅𝑃𝑃−���𝑅𝑅𝑃𝑃−𝑅𝑅𝑒𝑒𝑒𝑒 �
2+𝑋𝑋𝑒𝑒𝑒𝑒2 � 2�𝑅𝑅𝑃𝑃−𝑅𝑅𝑒𝑒𝑒𝑒 �� �

                                                        

𝐾𝐾6 = 2𝑉𝑉

�𝑅𝑅𝑃𝑃−𝑅𝑅𝑒𝑒𝑒𝑒 �
2+𝑋𝑋𝑒𝑒𝑒𝑒2

�𝑋𝑋𝑒𝑒𝑒𝑒 −
𝑅𝑅𝑃𝑃𝑋𝑋𝑒𝑒𝑒𝑒

𝑅𝑅𝑃𝑃−���𝑅𝑅𝑃𝑃−𝑅𝑅𝑒𝑒𝑒𝑒 �
2+𝑋𝑋𝑒𝑒𝑒𝑒2 � 2�𝑅𝑅𝑃𝑃−𝑅𝑅𝑒𝑒𝑒𝑒 �� �

�, 

𝐾𝐾7 = 2𝑉𝑉
𝑋𝑋𝐶𝐶

, 𝐾𝐾8 = 𝑘𝑘𝑉𝑉𝑑𝑑𝑑𝑑𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉, 𝐾𝐾9 = −𝑘𝑘𝑉𝑉𝑑𝑑𝑑𝑑𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵  
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Design and Analysis of Compact UWB BPF Using Parallel 
Coupled Microstrip Line With DGS     

By Satish Chand Gupta, Mithlesh Kumar  & Ramswaroop Meena 
Rajasthan Technical University  

Abstract- This paper presents design and analysis of a simple and compact ultra-wideband 
(UWB) band-pass-filter using parallel-coupled micro strip line with DGS.A two poles filter is 
designed by a parallel couple micro strip line. A rectangular defective ground plane is used to 
enhance coupling between lines i.e. better return loss in UWB range. Simulation of this proposed 
filter is carried out on CST MWS software, and fabricated using microwave laminate GML 1000 of 
dielectric constant 3.2 and height 0.762mm with loss tangent 0.001.Measured results are 
compared with simulation results with good agreement. The electrical equivalent model of this 
filter is also presented in this paper. 

Keywords: multi-mode resonator (MMR), fractional bandwidth (FBW), ultra-wide band (UWB), band 
pass filter (BPF), parallel-coupled micro strip line(PCML),defective ground plane structure (dgs). 
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Abstract- This paper presents design and analysis of a simple 
and compact ultra-wideband (UWB) band-pass-filter using 
parallel-coupled micro strip line with DGS.A two poles filter is 
designed by a parallel couple micro strip line. A rectangular 
defective ground plane is used to enhance coupling between 
lines i.e. better return loss in UWB range. Simulation of this 
proposed filter is carried out on CST MWS software, and 
fabricated using microwave laminate GML 1000 of dielectric 
constant 3.2 and height 0.762mm with loss tangent 
0.001.Measured results are compared with simulation results 
with good agreement. The electrical equivalent model of this 
filter is also presented in this paper. The equivalent model of 
this filter is verified by comparing the frequency response of 
equivalent circuit of the filter and simulated frequency 
response of this filter.

n 2002, Federal Communication Commission (FCC) 
released Ultra wide band (UWB) system from 3.1 GHz 
to 10.6 GHz for the use of indoor and hand-held 

systems. Ultra-wideband (UWB) band pass filters play a 
key role in the development of UWB systems [1]. After 
the release of UWB, there were lot of challenges to 
design such a band pass filters with a pass band of the 
frequency range (3.1 GHz - 10.6 GHz), and a fractional 
bandwidth of 110% for conventional filter design. Initially 
broad band filters were designed, and covered    only 30 
to 40 % of UWB not the whole UWB [2].In [3-7] many  
researcher reported various techniques, like  aperture 
compensation, micro strip-coplanar waveguide structure 
design, ground plane aperture technique and multiple-
mode resonator were used  to design UWB filters.  Many 
new techniques [8-13], like U-shaped Slot Coupling 
[8],asymmetric parallel-coupled lines [9],right/left-
handed transmission line [10],differential-mode wide 
band BPF using two stage branch-line structure with 
open circuited stubs [11],tunable harmonic stepped-
impedance resonators [12] and parallel coupled line 
micro strip structure [13] were used to design the UWB 
filter.

The synthesis of UWB filter has been carried out 
by various approaches presented in [14-15].

The transfer function of the proposed UWB was 
synthesized having two short circuited stubs with two
stages of stepped impedance resonators 
(SIRs)[14].In[15],series multi conductor transmission 
lines (MTLs) and ashunt MTL were used to design 
various UWB filters and a new approach was presented 
to synthesis the transfer function of UWB filter. 

In this paper a design and analysis of a 
compact UWB filter is presented. In section 2, design 
and development of the UWB filter using single PCML 
and DGS is demonstrated. The electrical analysis of the 
filter is mentioned in section 3.Finally paper is 
concluded in section.4.

The layout of the proposed structure is shown in 
Fig.1 which consist a quarter wavelength parallel 
coupled micro strip line (PCML) with a rectangular 
shaped DGS. The designed structure of filter is 
optimized by  using  CST Microwave Studio software on 
the  microwave  laminate GML 1000 of dielectric 
constant 3.2,height h = 0.762 mm and loss tangent 
0.001.The design parameters of the proposed filter are 
mentioned in TABLE 1.
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(a)

(b)

Fig.1: Schematic of UWB filter (a) Front    view (b) Back view

Table1: Design Parameters Of The UWB Filter

ll (mm) wl (mm) sl (mm) lg(mm) wg(mm)

6.99 1.86 0.11 6.74 6.0

The optimized structure of this filter is fabricated 
using conventional microwave integrated circuits (MIC) 
technology, the photograph of the fabricated filter is 
shown in Fig.2.The frequency response (S11&S21) of this 
fabricated filter is measured on Agilent Tech. E5071C 
ENA Vector Network Analyzer. The measured frequency 
response is compared with simulated frequency 
response which is in close approximation, and it is 
shown in Fig.3 (a).It is observed from the frequency 
response of the fabricated filter, that the pass band of 
this filter exists from 3.1 GHz to 10.9 GHz, insertion loss 

(S21) of -0.5 dB and return loss (S11) better than 10 dB. 
The group delay is also measured and compared with 
simulation value, and it is observed that this filter having 
a flat group delay of value 0.35 ns approximately, which 
is shown in Fig.3 (b).A slight mismatch in the results is 
due to imperfection in fabrication process, quality of 
substrate and SMA connectors. The surface current 
distribution at center of the frequency 6.85 GHz is 
shown in Fig.3(c), which is uniform along the structure of 
the filter, from port 1 to port 2 indicates good pass band 
behavior of the filter.

(a)

(b)

Fig.2: Photograph of fabricated filter (a) Front view (b) Back view
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(a)

       

(b)

Fig.3: (a) Comparison of Frequency responses (b) Group delay

(c)
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Fig.3: (c ) Surface  current density at center  frequency 6.85 GHz (top View) (d) Bottom View

 

The proposed filter consist one parallel coupled 
micro strip line with DGS and 50 ohm transmission line.
The PCML can be represented by a two mutually 
coupled inductors (L1, L2, K12) and capacitance of the 
line Ci (between line and ground plane).The 50 ohms 
transmission feed line can be represented by a lumped 

value inductor L0.The electrical equivalent circuit of the 
proposed UWB filter is shown in Fig.4(a).This circuit is 
optimized and simulated on circuit simulator SERENIDE 
SV8.5 for values L0=0.8215 nH,K12=0.6218 ,L1=L2=3.55 
nH and C2=C3=0.456 pF. The comparison of frequency 
responses of this UWB filter is on CST MWS and 
equivalent circuit on SERENIDE SV 8.5 shown in Fig.4 
(b).

     (a)                                                                          

     (b)

Fig.4: (a) Electrical equivalent circuit of UWB filter (b) Comparison of frequency response

The circuit shown in Fig.4 (a) can be analyzed by network circuit theory, and it can be redraw in simplified 
form shown in Fig.5

(d)

III.
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Fig.5: Simplified electrical equivalent of UWB filter.

ABCD-parameters of the circuit shown in Fig.5 can be determined by considering the cascade connection of the 
networks.
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The insertion and return loss of UWB filter can be calculated by converting the ABCD-parameters into S-
parameters. To calculate these, we assume DCZBYA o +++=∆ 0
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The S11 & S21 parameters to be calculated by using the final values of ABCD-parameters with help of 
following equations,
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DCZBYA
S

+++
=

00
21

2
=
∆
2
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Where,
0

0
1

Z
Y = and Z0 = 50Ω

S11 (dB) = 20 log10 │S11│ ---------------- (10)

S21 (dB) = 20 log10 │S21│

The expression of S11 and S21 obtained from 
equation 8-9 in terms of frequency is solved by using  
MATLA Band comparison among the 
responses(S11&S21) are shown in Fig.6.The close 

approximation in the measured response, CST 
simulation response, equivalent circuit response and its 
mathematical model response verify the approach of 
equivalent circuit of the proposed filter.       
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(b)

Fig.6: Comparison of results (a) S21(b) S11

A simple and compact two poles UWB band 
pass filter using PCML with DGS is implemented. It is 
observed that the introduction of DGS in micro strip line 
circuit enhance the bandwidth of the system.  The 
electrical analysis of this proposed filter is carried out by 
conventional circuit theory. The size of filter is of size 
(7.0mm ˟6.0mm) and such filter may be useful for the 
systems of UWB communication.
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References follow the Harvard scheme of referencing. References in the text should cite the authors' names followed by the time of their 
publication, unless there are three or more authors when simply the first author's name is quoted followed by et al. unpublished work 
has to only be cited where necessary, and only in the text. Copies of references in press in other journals have to be supplied with 
submitted typescripts. It is necessary that all citations and references be carefully checked before submission, as mistakes or omissions 
will cause delays. 

References to information on the World Wide Web can be given, but only if the information is available without charge to readers on an 
official site. Wikipedia and Similar websites are not allowed where anyone can change the information. Authors will be asked to make 
available electronic copies of the cited information for inclusion on the Global Journals Inc. (US) homepage at the judgment of the 
Editorial Board. 

The Editorial Board and Global Journals Inc. (US) recommend that, citation of online-published papers and other material should be done 
via a DOI (digital object identifier). If an author cites anything, which does not have a DOI, they run the risk of the cited material not 
being noticeable. 

The Editorial Board and Global Journals Inc. (US) recommend the use of a tool such as Reference Manager for reference management 
and formatting. 

 Tables, Figures and Figure Legends 

Tables: Tables should be few in number, cautiously designed, uncrowned, and include only essential data. Each must have an Arabic 
number, e.g. Table 4, a self-explanatory caption and be on a separate sheet. Vertical lines should not be used. 

Figures: Figures are supposed to be submitted as separate files. Always take in a citation in the text for each figure using Arabic numbers, 
e.g. Fig. 4. Artwork must be submitted online in electronic form by e-mailing them. 

 Preparation of Electronic Figures for Publication 

Even though low quality images are sufficient for review purposes, print publication requires high quality images to prevent the final 
product being blurred or fuzzy. Submit (or e-mail) EPS (line art) or TIFF (halftone/photographs) files only. MS PowerPoint and Word 
Graphics are unsuitable for printed pictures. Do not use pixel-oriented software. Scans (TIFF only) should have a resolution of at least 350 
dpi (halftone) or 700 to 1100 dpi (line drawings) in relation to the imitation size. Please give the data for figures in black and white or 
submit a Color Work Agreement Form. EPS files must be saved with fonts embedded (and with a TIFF preview, if possible). 

For scanned images, the scanning resolution (at final image size) ought to be as follows to ensure good reproduction: line art: >650 dpi; 
halftones (including gel photographs) : >350 dpi; figures containing both halftone and line images: >650 dpi. 
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Figure Legends: Self-explanatory legends of all figures should be incorporated separately under the heading 'Legends to Figures'. In the 
full-text online edition of the journal, figure legends may possibly be truncated in abbreviated links to the full screen version. Therefore, 
the first 100 characters of any legend should notify the reader, about the key aspects of the figure. 

6. AFTER ACCEPTANCE

 
Upon approval of a paper for publication, the manuscript will be forwarded to the dean, who is responsible for the publication of the 
Global Journals Inc. (US). 

 

6.1 Proof Corrections

 
The corresponding author will receive an e-mail alert containing a link to a website or will be attached. A working e-mail address must 
therefore be provided for the related author. 

Acrobat Reader will be required in order to read this file. This software can be downloaded 

(Free of charge) from the following website: 

www.adobe.com/products/acrobat/readstep2.html. This will facilitate the file to be opened, read on screen, and printed out in order for 
any corrections to be added. Further instructions will be sent with the proof. 

Proofs must be returned to the dean at dean@globaljournals.org within three days of receipt. 

As changes to proofs are costly, we inquire that you only correct typesetting errors. All illustrations are retained by the publisher. Please 
note that the authors are responsible for all statements made in their work, including changes made by the copy editor. 

 

6.2 Early View of Global Journals Inc. (US) (Publication Prior to Print)

 
The Global Journals Inc. (US) are enclosed by our publishing's Early View service. Early View articles are complete full-text articles sent in 
advance of their publication. Early View articles are absolute and final. They have been completely reviewed, revised and edited for 
publication, and the authors' final corrections have been incorporated. Because they are in final form, no changes can be made after 
sending them. The nature of Early View articles means that they do not yet have volume, issue or page numbers, so Early View articles 
cannot be cited in the conventional way. 

 

6.3 Author Services

 
Online production tracking is available for your article through Author Services. Author Services enables authors to track their article - 
once it has been accepted - through the production process to publication online and in print. Authors can check the status of their 
articles online and choose to receive automated e-mails at key stages of production. The authors will receive an e-mail with a unique link 
that enables them to register and have their article automatically added to the system. Please ensure that a complete e-mail address is 
provided when submitting the manuscript. 

 

6.4 Author Material Archive Policy

 
Please note that if not specifically requested, publisher will dispose off hardcopy & electronic information submitted, after the two 
months of publication. If you require the return of any information submitted, please inform the Editorial Board or dean as soon as 
possible. 

 

6.5 Offprint and Extra Copies

 
A PDF offprint of the online-published article will be provided free of charge to the related author, and may be distributed according to 
the Publisher's terms and conditions. Additional paper offprint may be ordered by emailing us at: editor@globaljournals.org . 

You must strictly follow above Author Guidelines before submitting your paper or else we will not at all be responsible for any
corrections in future in any of the way.
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2. Evaluators are human: First thing to remember that evaluators are also human being. They are not only meant for rejecting a paper. 
They are here to evaluate your paper. So, present your Best. 

3. Think Like Evaluators: If you are in a confusion or getting demotivated that your paper will be accepted by evaluators or not, then 
think and try to evaluate your paper like an Evaluator. Try to understand that what an evaluator wants in your research paper and 
automatically you will have your answer. 

4. Make blueprints of paper: The outline is the plan or framework that will help you to arrange your thoughts. It will make your paper 
logical. But remember that all points of your outline must be related to the topic you have chosen.  

5. Ask your Guides: If you are having any difficulty in your research, then do not hesitate to share your difficulty to your guide (if you 
have any). They will surely help you out and resolve your doubts. If you can't clarify what exactly you require for your work then ask the 
supervisor to help you with the alternative. He might also provide you the list of essential readings. 

6. Use of computer is recommended: As you are doing research in the field of Computer Science, then this point is quite obvious. 

 

7. Use right software: Always use good quality software packages. If you are not capable to judge good software then you can lose 
quality of your paper unknowingly. There are various software programs available to help you, which you can get through Internet. 

 

8. Use the Internet for help: An excellent start for your paper can be by using the Google. It is an excellent search engine, where you can 
have your doubts resolved. You may also read some answers for the frequent question how to write my research paper or find model 
research paper. From the internet library you can download books. If you have all required books make important reading selecting and 
analyzing the specified information. Then put together research paper sketch out. 

9. Use and get big pictures: Always use encyclopedias, Wikipedia to get pictures so that you can go into the depth. 

 

10. Bookmarks are useful: When you read any book or magazine, you generally use bookmarks, right! It is a good habit, which helps to 
not to lose your continuity. You should always use bookmarks while searching on Internet also, which will make your search easier. 

 

 

Before start writing a good quality Computer Science Research Paper, let us first understand what is Computer Science Research Paper? 
So, Computer Science Research Paper is the paper which is written by professionals or scientists who are associated to Computer Science 
and Information Technology, or doing research study in these areas. If you are novel to this field then you can consult about

 
this field 

from your supervisor or guide.
 

TECHNIQUES FOR WRITING A GOOD QUALITY RESEARCH PAPER:
 

1. Choosing the topic:
 
In most cases, the topic is searched by the interest of author but it can be also suggested by the guides. You can 

have several topics and then you can judge that in which topic or subject you are finding yourself most comfortable. This can
 
be done by 

asking several questions to yourself, like Will I be able to carry our search in this area? Will I find all necessary recourses to accomplish 
the search? Will I be able to find all information in this field area? If the answer of these types of questions will be "Yes" then you can 
choose that topic. In most of the cases, you may have to conduct the surveys and have to visit several places because this field is related 
to Computer Science and Information Technology. Also, you may have to do a lot of work to find all rise and falls regarding the various 
data of that subject. Sometimes, detailed information plays a vital role, instead of short information.

 

 

11. Revise what you wrote: When you write anything, always read it, summarize it and then finalize it. 
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16. Use proper verb tense: Use proper verb tenses in your paper. Use past tense, to present those events that happened. Use present 
tense to indicate events that are going on. Use future tense to indicate future happening events. Use of improper and wrong tenses will 
confuse the evaluator. Avoid the sentences that are incomplete. 

17. Never use online paper: If you are getting any paper on Internet, then never use it as your research paper because it might be 
possible that evaluator has already seen it or maybe it is outdated version.  

Pick a good study spot: To do your research studies always try to pick a spot, which is quiet. Every spot is not for studies. Spot that 
suits you choose it and proceed further. 

19. Know what you know: Always try to know, what you know by making objectives. Else, you will be confused and cannot achieve your 
target. 

 

20. Use good quality grammar: Always use a good quality grammar and use words that will throw positive impact on evaluator. Use of 
good quality grammar does not mean to use tough words, that for each word the evaluator has to go through dictionary. Do not start 
sentence with a conjunction. Do not fragment sentences. Eliminate one-word sentences. Ignore passive voice. Do not ever use a big 
word when a diminutive one would suffice. Verbs have to be in agreement with their subjects. Prepositions are not expressions to finish 
sentences with. It is incorrect to ever divide an infinitive. Avoid clichés like the disease. Also, always shun irritating alliteration. Use 
language that is simple and straight forward. put together a neat summary. 

21. Arrangement of information: Each section of the main body should start with an opening sentence and there should be a 
changeover at the end of the section. Give only valid and powerful arguments to your topic. You may also maintain your arguments with 
records. 

 

22. Never start in last minute: Always start at right time and give enough time to research work. Leaving everything to the last minute 
will degrade your paper and spoil your work. 

23. Multitasking in research is not good: Doing several things at the same time proves bad habit in case of research activity. Research is 
an area, where everything has a particular time slot. Divide your research work in parts and do particular part in particular time slot. 

 

24. Never copy others' work: Never copy others' work and give it your name because if evaluator has seen it anywhere you will be in 
trouble. 

 

25. Take proper rest and food: No matter how many hours you spend for your research activity, if you are not taking care of your health 
then all your efforts will be in vain. For a quality research, study is must, and this can be done by taking proper rest and food.  

 

26. Go for seminars: Attend seminars if the topic is relevant to your research area. Utilize all your resources. 

 

12. Make all efforts: Make all efforts to mention what you are going to write in your paper. That means always have a good start. Try to 
mention everything in introduction, that what is the need of a particular research paper. Polish your work by good skill of writing and 
always give an evaluator, what he wants. 

13. Have backups: When you are going to do any important thing like making research paper, you should always have backup copies of it 
either in your computer or in paper. This will help you to not to lose any of your important. 

14. Produce good diagrams of your own: Always try to include good charts or diagrams in your paper to improve quality. Using several 
and unnecessary diagrams will degrade the quality of your paper by creating "hotchpotch." So always, try to make and include those 
diagrams, which are made by your own to improve readability and understandability of your paper. 

15. Use of direct quotes: When you do research relevant to literature, history or current affairs then use of quotes become essential but 
if study is relevant to science then use of quotes is not preferable.  

18.
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sufficient. Use words properly, regardless of how others use them. Remove quotations. Puns are for kids, not grunt readers. 
Amplification is a billion times of inferior quality than sarcasm. 

32. Never oversimplify everything: To add material in your research paper, never go for oversimplification. This will definitely irritate the 
evaluator. Be more or less specific. Also too, by no means, ever use rhythmic redundancies. Contractions aren't essential and shouldn't 
be there used. Comparisons are as terrible as clichés. Give up ampersands and abbreviations, and so on. Remove commas, that are, not 
necessary. Parenthetical words however should be together with this in commas. Understatement is all the time the complete best way 
to put onward earth-shaking thoughts. Give a detailed literary review. 

33. Report concluded results: Use concluded results. From raw data, filter the results and then conclude your studies based on 
measurements and observations taken. Significant figures and appropriate number of decimal places should be used. Parenthetical

 

remarks are prohibitive. Proofread carefully at final stage. In the end give outline to your arguments. Spot out perspectives of further 
study of this subject. Justify your conclusion by at the bottom of them with sufficient justifications and examples. 

 

34. After conclusion: Once you have concluded your research, the next most important step is to present your findings. Presentation is 
extremely important as it is the definite medium though which your research is going to be in print to the rest of the crowd. Care should 
be taken to categorize your thoughts well and present them in a logical and neat manner. A good quality research paper format is 
essential because it serves to highlight your research paper and bring to light all necessary aspects in your research.

 

Key points to remember:  

Submit all work in its final form. 
Write your paper in the form, which is presented in the guidelines using the template. 
Please note the criterion for grading the final paper by peer-reviewers. 

Final Points:  

A purpose of organizing a research paper is to let people to interpret your effort selectively. The journal requires the following sections, 
submitted in the order listed, each section to start on a new page.  

The introduction will be compiled from reference matter and will reflect the design processes or outline of basis that direct you to make 
study. As you will carry out the process of study, the method and process section will be constructed as like that. The result segment will 
show related statistics in nearly sequential order and will direct the reviewers next to the similar intellectual paths throughout the data 
that you took to carry out your study. The discussion section will provide understanding of the data and projections as to the implication 
of the results. The use of good quality references all through the paper will give the effort trustworthiness by representing an alertness 
of prior workings. 

 

27. Refresh your mind after intervals: Try to give rest to your mind by listening to soft music or by sleeping in intervals. This will also 
improve your memory. 

28. Make colleagues: Always try to make colleagues. No matter how sharper or intelligent you are, if you make colleagues you can have 
several ideas, which will be helpful for your research. 

Think technically: Always think technically. If anything happens, then search its reasons, its benefits, and demerits. 

30. Think and then print: When you will go to print your paper, notice that tables are not be split, headings are not detached from their 
descriptions, and page sequence is maintained.  

31. Adding unnecessary information: Do not add unnecessary information, like, I have used MS Excel to draw graph. Do not add 
irrelevant and inappropriate material. These all will create superfluous. Foreign terminology and phrases are not apropos. One should 
NEVER take a broad view. Analogy in script is like feathers on a snake. Not at all use a large word when a very small one would be                    

29.
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Separating a table/chart or figure - impound each figure/table to a single page 
Submitting a manuscript with pages out of sequence 

In every sections of your document 

· Use standard writing style including articles ("a", "the," etc.) 

· Keep on paying attention on the research topic of the paper 

 

· Use paragraphs to split each significant point (excluding for the abstract) 

 

· Align the primary line of each section 

 

· Present your points in sound order 

 

· Use present tense to report well accepted  

 

· Use past tense to describe specific results  

 

· Shun familiar wording, don't address the reviewer directly, and don't use slang, slang language, or superlatives  

 

· Shun use of extra pictures - include only those figures essential to presenting results 

 

Title Page: 

 

Choose a revealing title. It should be short. It should not have non-standard acronyms or abbreviations. It should not exceed two printed 
lines. It should include the name(s) and address (es) of all authors. 

 
 

 

 

 

Writing a research paper is not an easy job no matter how trouble-free the actual research or concept. Practice, excellent preparation, 
and controlled record keeping are the only means to make straightforward the progression.  

General style: 

Specific editorial column necessities for compliance of a manuscript will always take over from directions in these general guidelines. 

To make a paper clear 

· Adhere to recommended page limits 

Mistakes to evade 

Insertion a title at the foot of a page with the subsequent text on the next page 
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shortening the outcome. Sum up the study, with the subsequent elements in any summary. Try to maintain the initial two items to no 
more than one ruling each.  

Reason of the study - theory, overall issue, purpose 
Fundamental goal 
To the point depiction of the research 
Consequences, including definite statistics - if the consequences are quantitative in nature, account quantitative data; results 
of any numerical analysis should be reported 
Significant conclusions or questions that track from the research(es) 

Approach: 

Single section, and succinct 
As a outline of job done, it is always written in past tense 
A conceptual should situate on its own, and not submit to any other part of the paper such as a form or table 
Center on shortening results - bound background information to a verdict or two, if completely necessary 
What you account in an conceptual must be regular with what you reported in the manuscript 
Exact spelling, clearness of sentences and phrases, and appropriate reporting of quantities (proper units, important statistics) 
are just as significant in an abstract as they are anywhere else 

Introduction:  

 

The Introduction should "introduce" the manuscript. The reviewer should be presented with sufficient background information to be 
capable to comprehend and calculate the purpose of your study without having to submit to other works. The basis for the study should 
be offered. Give most important references but shun difficult to make a comprehensive appraisal of the topic. In the introduction, 
describe the problem visibly. If the problem is not acknowledged in a logical, reasonable way, the reviewer will have no attention in your 
result. Speak in common terms about techniques used to explain the problem, if needed, but do not present any particulars about the 
protocols here. Following approach can create a valuable beginning: 

Explain the value (significance) of the study  
Shield the model - why did you employ this particular system or method? What is its compensation? You strength remark on its 
appropriateness from a abstract point of vision as well as point out sensible reasons for using it. 
Present a justification. Status your particular theory (es) or aim(s), and describe the logic that led you to choose them. 
Very for a short time explain the tentative propose and how it skilled the declared objectives. 

Approach: 

Use past tense except for when referring to recognized facts. After all, the manuscript will be submitted after the entire job is 
done.  
Sort out your thoughts; manufacture one key point with every section. If you make the four points listed above, you will need a

 

least of four paragraphs. 

 

 

Abstract: 

The summary should be two hundred words or less. It should briefly and clearly explain the key findings reported in the manuscript--
must have precise statistics. It should not have abnormal acronyms or abbreviations. It should be logical in itself. Shun citing references 
at this point. 

An abstract is a brief distinct paragraph summary of finished work or work in development. In a minute or less a reviewer can be taught 
the foundation behind the study, common approach to the problem, relevant results, and significant conclusions or new questions.  

Write your summary when your paper is completed because how can you write the summary of anything which is not yet written? 
Wealth of terminology is very essential in abstract. Yet, use comprehensive sentences and do not let go readability for briefness. You can 
maintain it succinct by phrasing sentences so that they provide more than lone rationale. The author can at this moment go straight to 
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principle while stating the situation. The purpose is to text all particular resources and broad procedures, so that another person may 
use some or all of the methods in one more study or referee the scientific value of your work. It is not to be a step by step report of the 
whole thing you did, nor is a methods section a set of orders. 

 

Materials: 

Explain materials individually only if the study is so complex that it saves liberty this way. 
Embrace particular materials, and any tools or provisions that are not frequently found in laboratories.  
Do not take in frequently found. 
If use of a definite type of tools. 
Materials may be reported in a part section or else they may be recognized along with your measures. 

Methods:  

Report the method (not particulars of each process that engaged the same methodology) 
Describe the method entirely 
To be succinct, present methods under headings dedicated to specific dealings or groups of measures 
Simplify - details how procedures were completed not how they were exclusively performed on a particular day.  
If well known procedures were used, account the procedure by name, possibly with reference, and that's all.  

Approach:  

It is embarrassed or not possible to use vigorous voice when documenting methods with no using first person, which would 
focus the reviewer's interest on the researcher rather than the job. As a result when script up the methods most authors use 
third person passive voice. 
Use standard style in this and in every other part of the paper - avoid familiar lists, and use full sentences. 

What to keep away from 

Resources and methods are not a set of information. 
Skip all descriptive information and surroundings - save it for the argument. 
Leave out information that is immaterial to a third party. 

Results: 

 
 

The principle of a results segment is to present and demonstrate your conclusion. Create this part a entirely objective details of the 
outcome, and save all understanding for the discussion. 

 

The page length of this segment is set by the sum and types of data to be reported. Carry on to be to the point, by means of statistics and 
tables, if suitable, to present consequences most efficiently.You must obviously differentiate material that would usually be incorporated 
in a study editorial from any unprocessed data or additional appendix matter that would not be available. In fact, such matter should not 
be submitted at all except requested by the instructor. 

 

Present surroundings information only as desirable in order hold up a situation. The reviewer does not desire to read the 
whole thing you know about a topic. 
Shape the theory/purpose specifically - do not take a broad view. 
As always, give awareness to spelling, simplicity and correctness of sentences and phrases. 

Procedures (Methods and Materials): 

This part is supposed to be the easiest to carve if you have good skills. A sound written Procedures segment allows a capable scientist to 
replacement your results. Present precise information about your supplies. The suppliers and clarity of reagents can be helpful bits of 
information. Present methods in sequential order but linked methodologies can be grouped as a segment. Be concise when relating the 
protocols. Attempt for the least amount of information that would permit another capable scientist to spare your outcome but be
cautious that vital information is integrated. The use of subheadings is suggested and ought to be synchronized with the results section. 
When a technique is used that has been well described in another object, mention the specific item describing a way but draw the basic 
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Do not present the similar data more than once. 
Manuscript should complement any figures or tables, not duplicate the identical information. 
Never confuse figures with tables - there is a difference. 

Approach 
As forever, use past tense when you submit to your results, and put the whole thing in a reasonable order.
Put figures and tables, appropriately numbered, in order at the end of the report  
If you desire, you may place your figures and tables properly within the text of your results part. 

Figures and tables 
If you put figures and tables at the end of the details, make certain that they are visibly distinguished from any attach appendix 
materials, such as raw facts 
Despite of position, each figure must be numbered one after the other and complete with subtitle  
In spite of position, each table must be titled, numbered one after the other and complete with heading 
All figure and table must be adequately complete that it could situate on its own, divide from text 

Discussion: 

 

The Discussion is expected the trickiest segment to write and describe. A lot of papers submitted for journal are discarded based on
problems with the Discussion. There is no head of state for how long a argument should be. Position your understanding of the outcome
visibly to lead the reviewer through your conclusions, and then finish the paper with a summing up of the implication of the study. The
purpose here is to offer an understanding of your results and hold up for all of your conclusions, using facts from your research and
generally accepted information, if suitable. The implication of result should be visibly described. 
Infer your data in the conversation in suitable depth. This means that when you clarify an observable fact you must explain mechanisms
that may account for the observation. If your results vary from your prospect, make clear why that may have happened. If your results
agree, then explain the theory that the proof supported. It is never suitable to just state that the data approved with prospect, and let it
drop at that. 

Make a decision if each premise is supported, discarded, or if you cannot make a conclusion with assurance. Do not just dismiss
a study or part of a study as "uncertain." 
Research papers are not acknowledged if the work is imperfect. Draw what conclusions you can based upon the results that
you have, and take care of the study as a finished work  
You may propose future guidelines, such as how the experiment might be personalized to accomplish a new idea. 
Give details all of your remarks as much as possible, focus on mechanisms. 
Make a decision if the tentative design sufficiently addressed the theory, and whether or not it was correctly restricted. 
Try to present substitute explanations if sensible alternatives be present. 
One research will not counter an overall question, so maintain the large picture in mind, where do you go next? The best
studies unlock new avenues of study. What questions remain? 
Recommendations for detailed papers will offer supplementary suggestions.

Approach:  

When you refer to information, differentiate data generated by your own studies from available information 
Submit to work done by specific persons (including you) in past tense.  
Submit to generally acknowledged facts and main beliefs in present tense.  

Content 

Sum up your conclusion in text and demonstrate them, if suitable, with figures and tables.  
In manuscript, explain each of your consequences, point the reader to remarks that are most appropriate. 
Present a background, such as by describing the question that was addressed by creation an exacting study. 
Explain results of control experiments and comprise remarks that are not accessible in a prescribed figure or table, if 
appropriate. 
Examine your data, then prepare the analyzed (transformed) data in the form of a figure (graph), table, or in manuscript form. 

What to stay away from 
Do not discuss or infer your outcome, report surroundings information, or try to explain anything. 
Not at all, take in raw data or intermediate calculations in a research manuscript.                    
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Do not give permission to anyone else to "PROOFREAD" your manuscript. 

Methods to avoid Plagiarism is applied by us on every paper, if found guilty, you will be blacklisted by all of our collaborated
research groups, your institution will be informed for this and strict legal actions will be taken immediately.) 
To guard yourself and others from possible illegal use please do not permit anyone right to use to your paper and files. 

The major constraint is that you must independently make all content, tables, graphs, and facts that are offered in the paper.
You must write each part of the paper wholly on your own. The Peer-reviewers need to identify your own perceptive of the
concepts in your own terms. NEVER extract straight from any foundation, and never rephrase someone else's analysis. 

Please carefully note down following rules and regulation before submitting your Research Paper to Global Journals Inc. (US):  

Segment Draft and Final Research Paper: You have to strictly follow the template of research paper. If it is not done your paper may get
rejected.  
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CRITERION FOR GRADING A RESEARCH PAPER (COMPILATION)
BY GLOBAL JOURNALS INC. (US)

Please note that following table is only a Grading of "Paper Compilation" and not on "Performed/Stated Research" whose grading 

solely depends on Individual Assigned Peer Reviewer and Editorial Board Member. These can be available only on request and after 

decision of Paper. This report will be the property of Global Journals Inc. (US).

Topics Grades

A-B C-D E-F

Abstract

Clear and concise with 

appropriate content, Correct 

format. 200 words or below 

Unclear summary and no 

specific data, Incorrect form

Above 200 words 

No specific data with ambiguous 

information

Above 250 words

Introduction

Containing all background 

details with clear goal and 

appropriate details, flow 

specification, no grammar 

and spelling mistake, well 

organized sentence and 

paragraph, reference cited

Unclear and confusing data, 

appropriate format, grammar 

and spelling errors with 

unorganized matter

Out of place depth and content, 

hazy format

Methods and 

Procedures

Clear and to the point with 

well arranged paragraph, 

precision and accuracy of 

facts and figures, well 

organized subheads

Difficult to comprehend with 

embarrassed text, too much 

explanation but completed 

Incorrect and unorganized 

structure with hazy meaning

Result

Well organized, Clear and 

specific, Correct units with 

precision, correct data, well 

structuring of paragraph, no 

grammar and spelling 

mistake

Complete and embarrassed 

text, difficult to comprehend

Irregular format with wrong facts 

and figures

Discussion

Well organized, meaningful 

specification, sound 

conclusion, logical and 

concise explanation, highly 

structured paragraph 

reference cited 

Wordy, unclear conclusion, 

spurious

Conclusion is not cited, 

unorganized, difficult to 

comprehend 

References

Complete and correct 

format, well organized
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