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Cobalt-Chromium alloys are in high demand as a material for prosthetics and dental implants. Powder
metallurgy was used to create Co-5Cr-RHA (Rice Husk Ash) hybrid composites in this research. RHA is
made by heating rice husk in a furnace to 700 degrees Celsius. The surface morphology of the Co-5Cr-
RHA hybrid composites is analysed using a scanning electron microscope. Due to the RHA reinforcement,
the Micro hardness of the Co-5Cr-10RHA hybrid composite increased by 8% as compared to other sam-
ples. The density of the hybrid composites has decreased as a result of the addition of RNA. The compres-

Keywords: sive strength of the Co-5Cr-10RHA (130 MPa) hybrid composites has increased by 4%. The addition of RNA
Powder metallurgy . ... . . . . . . .

Wear reinforcement has a positive effect on tribological behaviour, according to tribological studies. Because of
Corrosion the oxides in the RHA, wear loss and COF have decreased significantly. The after-wear SEM analysis con-

RHA firms that abrasive wear is the primary wear mechanism. The corrosion behaviour of the Co-5Cr-RHA
hybrid composites was investigated using the electrochemical workstation in the presence of a 3 percent
NaCl electrolytic solution. Of all specimens, Co-5Cr-10RHA hybrid composites have a stronger E., value

of —0.812 V.

© 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the International Conference on Sustainable materials,
Manufacturing and Renewable Technologies 2021.

1. Introduction

The need for materials with exceptional properties in the field
of bio implants, such as dental and orthopaedic implants, has
resulted in substantial research and development activities for
Cobalt matrix composites. As opposed to ceramic matrix compos-
ites, the advantage of using metals as matrix materials is their
superior mechanical and wear resistance [1-3]. Ceramic matrix
composites, on the other hand, are known for their high tempera-
ture stability and corrosion resistance. The reinforcement of natu-
ral ceramic particles such as fly-ash in metal matrix composites
enhanced various properties of the composites [4]. One of the most
important factors that define the mechanical properties of compos-
ite materials is the consistent spreading of reinforcements. Many
composite manufacturing techniques, such as welding, coating
processes such as HVOF, and physical vapour deposition, make it
difficult to achieve uniform reinforcement dispersion. The P/M

* Corresponding author.
E-mail address: raghavmechklnce@gmail.com (G.R. Raghav).

https://doi.org/10.1016/j.matpr.2021.04.148
2214-7853/© 2021 Elsevier Ltd. All rights reserved.

(powder metallurgy) method can easily achieve a uniform amalga-
mation of matrix and reinforcements [2,5-9].

Because of its remarkable mechanical properties (young’s
modulus = 210 GPa, hardness = 1040 MPa, density = 8.90 g/cm?),
cobalt is being considered for bio implants. They also have out-
standing temperature control. The above properties make them
ideal for biomedical alloys. Some materials suitable for biomedical
alloys, such as Nickel and Titanium, are allergic to humans As a
result, cobalt is being researched as a possible substitute for the
above materials in dental prosthetics and other bio implant appli-
cations [5,6,10].

Fuzeng Ren et al. evaluated the various tribo-corrosion proper-
ties of nano cobalt developed through a P/M (powder metallurgy)
process. The final results show that nano Cobalt’s mechanical prop-
erties have greatly improved [11]. The nano Cobalt’s corrosion
resistance has decreased, but it still has strong wear resistance.
CoCrMo hybrid composites intended for bio implants were investi-
gated by H. Stevenson et al. The wear tests were performed in
Human Synovial Fluid and Bolvine Calf Serum [12]. Yanjin Lu
et al used the laser melted method to create CoCrW alloy for dental
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Nature and environmentalism: Post-colonial eco critical rereading of selected Nigerian poems
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Abstract

This paper is an attempt to discuss about ecology and environmentalism in the selected poems of Nigerian poets Wole Soyinka,
Tanure Ojaide and Niyi Osundare in a Post-colonial Eco critical review. In literature, ecocriticism is a mode of aesthetics that deals
with the nature of relation between literature and the natural environment. Its adherents investigate human attitudes towards the
world as reflected in writing about nature. It is a diverse genre known by many names, including green cultural studies, eco poetics
and literary analysis of the environmental. The study seeks to explore selected poems in Nigerian literature from an Eco critical
perspective. The relationship between man, the environment and nature is documented in literature. Eco-critical insights are
studied in the poetry of Wole Soyinka, Tanure Ojaide and Niyi Osundare. Literature resides where creation exists, and where
nature exists, life exists. Literature is an imperative tool for having a historical understanding of the relationship between man and
also for determining the way man treats nature in future. In the 1990’s, ecocriticism gained significant prominence in the Western
academia as a domain of literary research. This does not, however, indicate that the literature of earlier periods ignored
ecologically conscious concerns. Similarly, ecological scepticism seeks to explain how nature is expressesin literature and how the
meaning of nature and the relationship between man and nature have changed over time as they are perceived in literature. In
recent decades, the natural environment has progressively become threatened by man’s activities. The chosen poems are full of
varied environmental details. The poets responded to their plight in distinctive perspectives through their poetry. Extreme
ecological issues such as global warming, increased pollution levels, recurrent coastal flooding, tsunami and cyclones, earthquakes
and floods have culminated from the incessant cutting of trees for human use and deforestation, the use of weapons and arms,
radioactive elements in nuclear power plants, industrial pollution and many more. Not only has this disruption to nature caused a
catastrophic change in the atmospheric conditions around the world, but the ozone layer, our earth’s defensive shield, has also been
destructive. And now there isagrowing and crucial need to conserve our environment and make our earth a better placeto live. In
Nigerian Literature, the study provides a more detailed introduction to the Eco theory from its beginnings to the present. It will
also address the relationship between nature and culture, the gradual progression of ecocriticism, and its related concepts.

Keywords: ecocriticism, eco psychology, eco poetics, ecological issues

Introduction management, and extensive use of chemical fertilizers were

Ecocriticismisliterature is an analytical method that examines
the importance of the relationship between literature and the
natural environment. With several names, green cultura
studies, eco poetics and environmental literary criticism, itisa
diverse genre. Ecocriticism began to gain prominence in
Western academia in the 1990s as a sphere of literary
research. Ecological criticism seeks to analyse how nature is
presented in literature and how, as seen in literature, both the
interpretation of nature and the relationship between man and
nature have grown over time. British colonial rulers formed a
chain of command in many British colonies, such as Anglo-
Egyptian Sudan and Nigeria, in which colonia officials ruled
over indigenous African leaders, who then governed the
majority of the African indigenous population. Colonialism in
Africa is primarily responsible for the continent’s lack of
cultural, social, and political development. The so-called
empirical scrutiny of agricultural practices imposed in
northern Nigerian communities by successive British colonial
era authorities is an example of a European influenced
paradigm pursued by African e€lites. Irrigation, forest

emphasized by the colonial scientific scrutiny system. The
system provided very little benefit for the region from
economic development and disrupted the traditional farming
practices that for centuries had sustained the local population.
Researchers and academic investigators have largely
overlooked the effects of postcolonial Nigeria’s economic
growth. The colonization process resulted in the realignment
of power, with European trading companies imposed by the
colonia authority replacing the hitherto domestic Nigerian
authority centers such as Opobo's Ja Ja, Oguta's Kalabari and
Ibadan's |jebul.

“Ecocriticism speaks for the earth by rendering an account of
the indebtedness of culture to nature while acknowledging the
role of language in shaping the view of the world”

(Campbell 5)

Thus Ecocriticism begins from the conviction that the arts of
creativity and the research there of will make a major
contribution to the understanding of environmental issues and
the various types of eco-degradation affecting planet Earth
today. Global warming, which triggers rapid climate change
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as aresult of unequal human interactions with nature, isarea
concern that marked the end of the twentieth and early twenty-
first centuries. Ecological issues are caused by climate change
and have become an important concern for interdisciplinary /
multidisciplinary studies. Under the concept of ecocriticism,
multiple literature disciplines have embraced this style of
work, centred on ecologica issues. The ambivalent
relationships between man and nature are old and either
require or need to overcome and master human romantic
devotion to nature. In the foreseeable future, climate change
has arisen from these anthropocentric relationships. The
reality of climate change is threatening every corner of the
world. Yet he believes that lethal silence is a big impediment
to resolving and mitigating climate change problems. Wangari
Maathai is unveiling the true global warming issues that
would have dramatic consequences on Africa. At the global
stage, the query is answered as:

“Africa is the continent that will hit hardest by the climate
change. Unpredictable rains and floods, prolonged droughts,
subsequent crop failures and rapid desertification, among
other signs of global warming, have in fact already begun to
change the face of Africa.”

(as cited by Toulmin, 2008, p. 1).

In environmental concerns and philosophies, there are several
expressions that share similar denominators in the objective of
environmental conservation. For Graham Huggan and Helen
Tiffan:

“Postcolonial ecocriticism and Ecocriticism are hedged about
with seemingly insurmountable problems. The two fields are
notoriously difficult to define not least by their own
practitioners.... Thus, internal divisions...e.g. the commitment
to social and environmental justice or differences... and large
scale digtinctions based on the attractive view that
postcolonial  studies and eco/environmental studies offer
mutual correctives to each other turn out to... be perilous” (3).
Postcolonial ecocriticism, on the other hand, is a plurality of
ecocriticism that discusses: ‘“concerns with conquest,
colonisation, racism, sexism aong with its investments in
theories of indigeneity and diaspora and the relations between
native and invader, societies and cultures” (Huggan and Tiffan
6) to explicate Eco critica modes of feminist ecocriticism,
romantic ecocriticism and postcolonial Ecocriticism “need to
be understood as particular ways of reading” (Huggan and
Tiffan 13). Regardless of the numerous discourses on
ecocriticism and postcolonial ecocriticism, this research
indicates that postcolonial ecocriticism cannot be evaluated
without delving into environmental problems, and
ecocriticism or eco-environmental studies cannot be discussed
without  discussing postcolonial  concerns  alongside
imperiadlism, a metaphor that examines ideologies of
supremacy and socio-history.

It isin this regard that am going to analyse some ecological
problems in Wole Soyinka's poem “Dedication for Moremi
1963” with a post-colonial perspective. The concept of the
poem is about the natural order of things, and also about
bringing a child into the world. It begins with the
consummation of the child, and then the birth of the child into
the universe of this child, amiracle created by love. It's almost
like a prayer to the Earth, and a dedication to the child. It
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speaks of our human life as a whole, and also of our journey
back to earth. He makes use of many poetic devices in the
poem, including metaphors and a lot of imagery. The line in
which he says, "your tongue arch / to scorpion tail." is one
instance that stands out as a good metaphor. A pretty
metaphor compares a crying baby's tongue at birth to a
scorpion tail when it flicks in terror when feeling threatened. It
gives us this impression of the child being born with a
venomous tongue, which later brings trouble to the parents- as
well as presenting this picture of a baby's squirming tongue as
it clears its lungs and wails in fear of being so unexpectedly
brought into this world. There are plenty of imagery examples,
including the moment where he says, "Earth's honeyed milk,
wine of the only rib / Now roll your tongue into honey until
your cheeks are / Swarming honeycombs — your world needs
sweetening kids. Through this, we get this image of taste and
touch and sight al in one, the very thought makes my mouth
water. The poem is full of deep inner meanings that invoke a
radiant feeling, make us wonder what it means, see these
peculiar literal images that attack our senses, and give us the
emotions that the poet wants us to experience. The tone of this
poem is joy and wonder at the birth of a child, and all those
involved can feel the spiritual journey. He relates this miracle
of life to the earth, as awoman bears a child, and her fruits are
brought forth by it. The sound is gentle and ties us to the earth,
asif every part of this birth was nature, just like every part of
any animal or plant birth. In many of his words, like baobab,
roots, rain, plumb her deep for life, season, fruits, and
embrace, he creates the earthy and joyful sound. They all give
us the feeling of a warm earth coming together to bring this
happy occasion to life. In the midst of the independence of
Nigeria, Soyinka recalls the many events that took place
throughout his life, such as the birth of his daughter and the
opening of the first National Park in Nigeria. Soyinka writes
through many frames that the poem can be read through, one
being a nourishing tone for his daughter, as well as one that
protects the earth and its resources. The earth can be seen asa
symbol of the daughter and the daughter can be seen as a
symbol of the earth. Poet gives an insight to his daughter
regarding the endless parallels and metaphors about the world,
and how it functions. He says, "my child- your tongue arch to
scorpion tail, spit straight and return to danger's threats yet
coo with the brown pigeon, tendril dew between your lips."
This is the example of Soyinka asking his daughter to be as
sharp and dangerous as a scorpion but also to be caring, gentle
and kind as a pigeon. He clearly shows the paternal qualities
he imparts to his daughter in a manner similar to the way he
tells the people of Nigeria to protect their new park. He wraps
up the poem with the idea that we too must let the world
depend on us in the same way we rely so heavily on the sun.
We have to give earth back in the way it gives us. Soyinka
evokes the past not as a dead past, but as a living one whose
positive or negative results catch the present and influence the
future, not historica but archetypal any more. Either to
condemn those suicida attitudes or to laud the current
resistant wilderness, he evokes pastoral imagery, recals the
less anthropocentric past as a less troubled model, and projects
a green future as a common dream. As the only way to face
fundamental and sustainable growth, Soyinka urges readers
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and listeners to take on the soil. As an expression of
inextricable human ties with it, this communion with one's
land at every level includes mind-set, commitment, love, and
respect for onesdlf and all of its inhabitants. As a result of
technical and scientific developments, the African holistic
world view that imperialists saw as "savage"' has become the
global solution to the danger that climate change presents
today. It's not too religious to ask "who was wild and who was
civilized" if the "savage" incriminated African world view has
since become a "worldwide genius' response to the climate
change praoblem.

Tanure Ojaide is a significant Literary voice of Nigerian post-
war poetry, distinguished by his recourse to the orator of his
birthplace. Ojaide takes oratory as alocus of an esthetic that is
conscious of rural people's arts and politics, particularly in the
face of a viperous, modernity-driven establishment. The focus
of his poetry on orality implies its rootedness in nature. But
the point that nature in Ojaide's poetry is not merely evoked as
an esthetic technique, an embellishment of what many have
regarded in his poetry as an overwhelming political theme, is
much more crucial to this paper. Nature is also addressed as
home (the natural world, biodiversity, flora and fauna), now a
forgotten home in the face of modernity and global petrodollar
capitalism. In the sense of postcolonia ecocriticism, | try to
point out from a reading of his poetry that the nature
(environment) of the Niger Delta area from which the poet
comes from is a victim of exploitation and injustice caused by
large-scale oil extraction in the region, just like the people
living in it; and it is no longer the pristine home it used to be.
Tanure Qjaide's fifteenth poetry book, "The Tae of the
Harmattan" (2007), offers poetry readers and those familiar
with his work a critical insight into the Niger Delta region's
bleak socio-political and economic circumstances. The
pluraity of the poet's concerns are oil extraction and its
negative environmental and human family effects. The poems
differ in style and form; however, what makes the collection a
publication of substance is the poet's ability to discuss
contemporary problems with a spectator's eyes, and the
sincerity of an empathicaly inspired one. This compilation
illustrates the degradation of the biodiversity and climate of
the Niger Delta as a result of the extraction of oil and the
marginalization of the ethnic minority in whose territories the
oil is mined. In one poetry collection divided into three parts
with a glossary that familiarizes the reader with the landscape,
politics, Urhobo mythology, and various historical and
mythical figures of Nigeria, the prolific Nigerian scholar-poet
Tanure Ojaide uses bold rhetoric and a variety of techniques
to claim the person of the poet as an eyewitness to historical
events, especially the destruction of the destruction of the
Niger Delta’s ecosystem and environment as a result of oil
exploitation and the marginalization of the ethnic minority
people in whose land oil is exploited. He shows concern for
the underprivileged and oppressed in society, whose fight for
equality, fairness and justice he supports, in the course of this
poetic story. Conscious of the postcolonia situation in
Nigeria, his native nation, he condemns the rampant
corruption that drains the country's enormous wealth.
Affirming humanity, he condemns the perpetrators of
genocide, as in the Darfur region of Sudan, in the strongest
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possible words. The fact that what happens in Nigerias
troubled oil-rich yet poor Niger Delta region affects the
worldwide price of oil demonstrates the degree of local and
global connectivity, what is now described as 'glocal.’ The
Harmattan Tale (2007) argues that his research on the
indigenous peoples (especialy women) of Nigeria's Niger
Delta offers an important way to revise our understanding of
postcolonial theory in order to step beyond the outdated notion
of coloniad nations to colonialist power as sitting in
multinational corporations that transcend national origin. My
research combines elements from environmental, political,
and socio-cultural images to analyze how Ojaide's work
exposes the relationship between environmenta problems and
government collusion with multinational corporations, while
caling for a vision of environmental justice to be
accomplished by the movement of the Delta people. Ojaide's
definition of historic environmental destruction and
devastating oil contamination caused by multinational oail
firms in the Niger Delta region is part of an interdisciplinary
and multi-theoretical view of neo-colonial literature. The
diaogic development of a variety of discourses is part of his
complex literary style; his work involves feminist discourse
and eco-critical interpretation of environmental issues, as well
as post-colonia discourse that has become a defining feature
of contemporary African literature. Ojaide's earlier-generation
poetry and establishes him in post-colonia African poetry as a
significant voice. The poems in The Harmattan Tale share
Ojaide's love for exploring ancient African folklore with
readers. In these poems, Ojaide's concerns owe much of their
connection to his sensibilities and affinities towards his
homeland. He does not surrender his creative inclinations or
call for a Marxist agenda for political sloganeering or writing
poetry, as one can admit, unaware of the genius of his
imaginary complexity.

The fourth collection of poetry "The Eye of the Earth" by Niyi
Ariyoosu Osundare (1986) [*9, Nigerian ecology is celebrated
in this work and focus is given to the common man where it
portrays one of the fiercest indictments of the people and alien
destructive powers of modern economic culture. The Eye of
the Earth (1986) by Osundare is divided into three sections:
back to earth, eyeful glances of rain songs and home call with
eighteen poems. This study investigates ecological
implications in such poems as “forest echoes”, “The Rocks
Rose to meet me”, “harvest call”, “Let the earth“s pain Be
Soothed”, “First rain”, “Rain-coming”, “Rain drum”, “farmer-
born”, “They too Are the Earth”, “Ours to Plough, Not to
Plunder” and “Our Earth Will Not Die”. The Eye of the Earth
poetry is divided into poems of varying lengths that lament the
harm to the Nigerian climate for economic reasons and
technological development. The poet's memories and
impressions are captured by a series of confessional and
lyrical poetry The environmental views of Osundare are
drawn precisely from the Yoruba world view of traditional
values taken from African culture. He claims that nature
promotes a coherent equilibrium between microscopic species,
insects, plants and humans and calls for the protection of the
environment in Nigeria from the destruction of modern
civilizations. It takes a pictoria account of man-and-earth
violence. In other words, in the quest for better leadership by
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aternative order, Eye of the Earth (1986) is dedicated to
reclaming the earth that has been forced to prostrate by
capitalist processes. The poetry of Osundare is based on a
vigorous, sustained concern for one of the oldest producersin
the world: the peasants, those who till the land, and their
quasi-mythical links to the earth. His goal is to immerse the
redlities and  multiple lineaments  of  Africds
underdevel opment and poet laments on the ecological collapse
and future which threatens the Nigerian landscape showing
the increasing level of environmental degradation by the
world’s mining industries. The poet's concern for the pathetic
condition of the Nigerian environment and the propensity of
the Nigerian ruling class to safeguard and exploit land, power
and income resources at the cost of ecological balance and the
well-being of the oppressed people is self-evident in this
volume of poetry. The poet is concerned with both fact and
the relationship between the individual and his environment.
Therefore, it is not surprising that the whole volume is
dedicated to poems about man engaging with nature's physical
aspects. Redlly, the opening poem 'Forest Echoes is a
harbinger of what's to come. The poet saunters into the Ubo
Abusoro forest in the poem, from where he allows his sea of
memory to flood unimpeded. The first thing that strikes the
poet when he enters the forest is the destruction by timber
traders of the land and the trees referred to as agbegilodo in
the poem. From this position, the poet laments the fact that, as
a consequence of exploitation, these economic trees were
reduced to mere stumps. There is the palm-wine tree which is
described as conqueror of rainless seasongmother of nuts and
kernelg/bearer of wine and life. In ' Forest Echoes, ' Osundare
portrays man, the ground, animals, plants (actually al of
nature) interacting and celebrating at this period of universal
productivity in one festive mood. It's set in the past but it's
meant to reinforce our current understanding. The second
poem in the collection ‘The Rocks Rose to Meet Me’ is an
encounter with the rocks — another aspect of physical nature.
Before the rock of Olosunta, the poet is standing and waiting
like Christopher Okigbo at heavens gate. And the Olosunta
rock began to address the poet in the following words:

“You have been long, very long, and far
Unwearying wayfarer,

Y our feet wear the mud of distant waters

Y our hems gather the bur

Of farthest forests;

| can see the west most sun

In the mirror of y our wandering eyes”
(Osundare the Eye of the Earth, 13).

In these lines, Osundare is doing some kind of homecoming.
Heis arenegade and is now trying to establish vital links with
the past. Ashe put it:

‘The Rocks Rose to Meet Me’ is a homecoming of a
Kind, ajourney back (and forth) into areceding past
Which still hasaright to live. The rocks celebrated in
This section... occupy a central place in the cosmic
Consciousness of Ikere people; they are worshipped
and frequently appeased with rare gifts, thunderous
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Drumming and dancing
(Osundare the Eye of The Earth ‘Preface’ xiii).

The truth is that Osundare honors the rocks of Olosunta in
Ikere cosmology, since they are both an aspect of physical
existence and have a supernatural dimension. It is mother
earth and natural laws require that the resources of nature
should be used to advance society. Osundare also revolves
around the cosmology of Ikere individuals in 'Harvest Call'.
The rocks that rose in the previous poem to meet the poet are
also named guardians of the spirit of harvest in lkere's
worldview. Thus, in this portion of the collection, al the
poems speak of crops, harvest and bounty. The assumption is
that the earth is a source of development and growth. Fertile
and generous, it is. It will create food and resources for the
good of mankind. In fact, the earth means abundance and
abundance. The Earth is seen as the centre of wealth and life.
Yet the rain acts as an agent or regulator between man and
Earth. In his poetry, Osundare explores and praises these two
facets of nature through introspection and nostalgia. Osundare
also makes the suggestion in his celebration of the theme of
nature that the dispossession of the world by some powers in
society is capable and can actually threaten the full life of man
as ahuman being.
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( ABSTRACT ) The corona Virus pandemic is an unexpected part of our life. Following the lockdown procedures implemented by the

Indian government, the atmospheric air quality and the power sector of India noticed decadent changes. However, the
relaxation in lockdown brought situations almost back to normal. The paper focuses on analyzing these changes to review the current scenario
according to the published studies. It focuses on electricity consumption, night light intensity, and variations in many pollutants like NO2 and PM.
For ease, the main cities chosen for the research are the metropolitan cities of India. The data are from US-EPA, POSOCO, VIIR satelites and so on.
The paper helps us understand if this variation is a boon or bain for the Indian economy.

KEYWORDS : coviD-19, Electricity Consumption, Air Quality, Atmosphere, Energy Consumptions, Night Light Intensity. )

INTRODUCTION

On March 25th, Prime Minister of India Narendra Modi announced a
nationwide lockdown, accounting for the safety precautions required
to fight against the Coronavirus (SARS-CoV- 2). Ever since then, there
has been an exponential surge in the number of infections reported per
day. From April to September 2020, as the number of cases kept
increasing, more people restricted themselves from going out to keep
themselves safe and well. As of September 7th, 2020, India recorded
41.13 Lakhs of confirmed infections, making her the second most
affected country in the world after the USA. On July 15th, 2020, the
phase-1 clinical trials for the first indigenous Coronavirus Vaccine,
Covaxin, developed by Hyderabad-based pharmaceutical company
Bharat Biotech and the National Institute of Virology and Indian
Council of Medical Research, starts across the country.
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Fig: 1(6)-Corona-Virus Pandemic India-Timeline.

Simultaneously, many researchers have been working on the impact of
lockdown on atmospheric CO2 levels and electricity consumption per
day. While e-collaborations positively impact the present climate and
environment, it is definite that reduction will be short-lasting,
attributing it to the close-down of transport, construction works, and
industrial activities.

The Corona-Virus pandemic has an unparallel effect on our everyday
life, which will continue until a minimum of the next three years. While
research, vaccination, and protocol documentation procedures are
currently ongoing, the impact of lockdown on the environment is also a
widely inspected topic. A calculated set of restrictions imposed on the
economy to reduce the spread of Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS- CoV-2) has an overall positive effect on the
environment. The beneficial impact includes reduced particulate
matter levels in the atmosphere, decreased carbon dioxide (CO2)
levels, reduced kerosene or related fuel use, and increased awareness
about the importance of the 5Rs. A study conducted by analyzing the
data and images collected from the Sentinel satellite-ESA revealed a
45% decline in atmospheric NO2 levels in India(1). Air pollution takes
the lives of almost 1.7 million per year. Besides global warming, Air
pollution has fueled many recent disasters, namely the Kerala floods of
2018-2019, the Assam floods 2019-2020, the Amazon Forest Fire, the
Sydney forest fires, Australia floods 2021, and it keeps going on. Air
pollution symptoms include aggravated respiratory diseases like
asthma and bronchitis, dry throat, wheezing, nausea, and headache. In
India, the Northern parts are the most polluted areas, especially Delhi,
mainly due to emissions from Vehicles, brick kilns, coal- based
thermal power plants, and crop remnants(2). The total energy
consumption (ameasure for the amount of electricity consumed) and

the lights per area (a measure of the intensity of light in the area) are the
proxy indicators for consumption level measurements (3). Ever since
the nationwide lockdown, there is a decline in daily energy
consumption. The official power consumption data captured by
POSOCO (Power System Operation Corporation) has recorded a 26%
decline since the nationwide lockdown. The table below represents a
section of the data released by POSOCO (4).
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Table 1.1 (4)-POSOCO Data.

The data collected from the different sources suggests a pollution
reduction, but the trend is inconsistent. Analyzing these trends and
converting them into more consistent data is of the highest priority
right now. COVID19 is posing as an opportunity to do the same. The
paper has put together a review of the recent researches analyzing this
impact.

Atmospheric Air Quality

Researching and identifying air quality index measures of a particular
area requires humongous data on the primary sources in the area,
optimal pollution levels, meteorology, demographics, geography, and
computational capacity (7). PM-2.5 and PM-10 are the most
dangerous types of pollutants released into the atmosphere. PM-2.5 isa
type of particulate matter whose size is less than 2.5 micro-meter,
which is small enough to enter our lungs and bloodstream. Numerous
studies link PM-2.5 to various health risks compared to other
pollutants.
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Fig: 2 (7)-Composition of Particulate Matter.
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Table-2 (8)- Percentage Reduction In Emissions During The
Lockdown Period 25/03/2020 To 15/04/2020 Compared To 24/03 To
15/04,2019.

Pollutant|Date Bengaluru|Chennai| Hyderabad | Mumbai
NO, 24, Mar—15|67.1 47.6 39.7 6.8
Apr,2019
BaU 57.7 28.7 30.1 27.9
25, Mar-15
Apr,2020
PM,; 24, Mar—15|45.1 45.7 18.9 42.0
Apr,2019
BaU 452 28.7 12.3 39.9
25, Mar-15
Apr,2020
SO, 24, Mar—15|1.7 8.2 9.4 34
Apr,2019
BaU 10.7 33.0 -17.2 452
25, Mar-15
Apr,2020
CO 24, Mar—15|23.2 39.6 24.6 -55.1
Apr,2019
BaU 27.6 13.4 9.8 37.1
25, Mar-15
Apr,2020
Change In Pm-2.5 And Pm-10

The inevitable parameter in determining the air quality of a particular
area concerning PM is identifying the optimal ambient concentration
levels of the pollutant. Table 2 shows the percentage reduction in
emissions during the lockdown period 25/03/2020 to 15/04/2020
compared to 24/03 to 15/04, 2019. (Eregowda, n.d.)(8) tabulated the
results by collecting data from Bengaluru, Chennai, Hyderabad, and
Mumbai. Table-2 shows a 5.1,45.7, 18.9, and 42% decrease in PM-2.5
pollutant emission. (Ghosh, n.d.) (9) has tabulated the results by
collecting data from the Indian Metropolitan cities NCR-Delhi,
Mumbai, Chennai, and Kolkata. Figure 3 shows the results obtained by
Ghosh, n.d. from the Landsat 8 OLI and TIRS- Derived Data and
Mamdani Fuzzy Logic Modelling Approach to understand PM-10
concentration Variation.
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Fig: 3 (9)-Changing PM-10 concentration comparison between 2019,
pre-lockdown 2020, and during lockdown 2020.

The PM-10 sources include motor vehicles and construction works. It
is the causes numerous health risks, environmental harm, and reduced
human comfort levels. While the concentration legends for Mumbai
and Chennai are decreasing, Delhi and Kolkata show an increase in
PM-10 concentration between pre-lockdown and during the lockdown
(9). The variation may be due to the shutdown of industries and

restricted human movement compared to other cities. Mr. P. Singh, in
his research work, focused on the Air Quality Index and PM2.5 levels
by collecting data from the cities with a branch of the US Embassy in
India (10). The Embassies collect the data via US Environmental
Protection Agency (EPA) through the Air-Now portal (11).

LE s
- e -

¥
1

[} " LI | ol ) Lo | -

e T i i ity |
A

| ] t -
t : . :I-: I .
i B : B -
; —

E e I

.

in
I =

iy -
L] L] i: e b [ E N2

— = | esbeie

P 1= r
¥ ” - I -
m = oy
" _J -
-

o fesel ——
e e — T — | oy e -

Fig: 4 (10)- The left panel shows the locations for the research work
done by Mr. P. Singh. The right panel presents the Average PM2.5 and
Air Quality Index (AQI) chart for the area.

Analyzing the data represented in fig-1, it's clear that the PM2.5 and
AQI at the areas of study as reduced noticeably during the lockdown
period. The pollution levels at Mumbai, Hyderabad, and Chennai have
decreased by 19.25%, 3.99%, and 5.40%, respectively. At the same
time, Kolkata and Delhi show a considerable reduction of 34.52% and
27.57%, respectively, in the pollutant levels. The northern parts of
India, especially the Indo-Gangetic Plains (IGP), have higher levels of
PM2.5 throughout the year. The factors includedemographic,
geographic, seasonal activities, and meteorological parameters. The
proximity to the sea for Chennai and Mumbai can cause air mass
circulation from the sea surface, which is a possible explanation for the
reduced pollution levels. The same is applicable for New Delhi and
Kolkata.

Change In No,
NO, is one of the most common pollutants which is highly dependent
on the local sources. The dependency is due to its short residence time
in the atmosphere. Ms. Eregowda stated in her paper that the NO2
concentration levels at Bengaluru fell from 50 pg/m3 to 10 pg/m3
throughout the lockdown period. The same follows for Chennai,
Hyderabad, and Pune. Figure 5 presents the above data graphically.
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Fig-5(8)- NO2 Level Graphs With % Difference Representation.

Mr. P. Singh considered the tropospheric NO2 measure by analyzing
the data from the Ozone Monitoring Instrument (OMI). The Ozone
Monitoring Instrument (OMI) is a section of NASA's A-Train Satelite
that measures the levels of various atmospheric gas concentrations.
Table-3 represents the box coordinates of the US-embassy locations
chosen by Mr. Singh for the research.
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Table-3 (10)- The Locations Of The Us-embassies And Their Box
Coordinates From OMI.

Location |Latitude|Longitude|Box Coordinates

Delhi 28.59  |77.18 W-76.68, S-28.07, E-77.68, N-
29.07

Kolkata |22.54 [88.35 W-87.86, S-22.08, E-88.86, N-
23.08

Mumbai [19.06  [72.86 W-72.42, S-18.55, E-73.42, N-
19.55

Hyderabad|17.44  |78.47 W-77.78, S-17.01, E-78.78, N-
18.01

Chennai  [13.05 |80.25 W-79.76, S-12.56, E-80.76, N-
13.56

Fig- 6- Tropospheric NO2 (spatial Variations)- a)10-21March 2019,
(b)10-21 March 2020, (c)22-31 March 2019, and (d)22-31 March
2020.

Fig-6 represents the results tabulated by Mr. P. Singh. An HYPSPLIT
Model prepared by Mr. P. Singh shows that long-range air mass
transportation affects the air quality at the five selected locations. The
westerly air mass transfer is what affects Kolkata, a city located in the
eastern Indo-Gangetic Plain. The sources of NO2 in Mumbai, Delhi,
and Kolkata are anthropogenic. While so, the release of NO2 in
Chennai and Hyderabad is due to the burning of biomass. Hence the
decline in NO2 levels during the lockdown is mainly due to the
reduction in anthropogenic emissions.

Change In Land Surface Temperature(lst)
LST is an important factor for environmental health, as it depends on
numerous physical and atmospheric parameters (9). Factors like cloud
conditions, month, Land Use/Land Cover (LULC) patterns, and so on
governs the results. The LST map for 2019, before lockdown 2020 and
after lockdown 2020, is given in Figure-7. The transition period in
India from winter to summer is from February to March. And the
summer season is From March to May.

=t \.Iﬂ"l‘ﬂ\llr"lFll F'-Ill"l“ LNT

Fig- 7-(9) Changing variations in LST. The LST Map.

These variations in seasonal temperatures can show an increasing
trend in the land surface temperature. From the map, it is clear that the
temperature map during the pre-lockdown period is less compared to
the others. Even though the maps show a similar trend in the four cities,
the temperatures in Mumbai, Delhi, and Kolkata are around 48°C to
50°C. Chennai records lower temperatures in the range of 42°C to
44°C.

Electricity Consumption

India is the second most populated (1,391.99 Million) and the seventh-
largest country in the world(16). The lockdown has imposed several
restrictions on many industrial and everyday goods and other service-
related activities. Between January and February of2019 and 2020, the
energy demand increased by 3% and 7%, respectively (17). But, during
March 2020, the supply-demand reduced by 3%. Between March 24th
and April 19th, the power supply decreased by 25%.

S . o
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Fig-8 (17)-% change in power supply between March 1" to April 19"

It is necessary to understand the power consumption in different
sectors of India to analyze the power demand variation in India. Fig-9
presents the power consumption in consumer segments of India in
2018-19. Since the government forced the industrial and commercial
sectors to shut down during the lockdown, the decrease in demand is
self-explained. Table- 4 shows the contribution of different sources to
energy production in India.

Fose conuengtion in Lubomer smpmests of indis $010-1%

Fig-9 (17)- Power consumption in Customer segments of India 2018-
19.

Table-4 (17)- The contribution of different sources to energy
production in India from March Istto April 19",2021.

SR Average C to Total (in %)

Mar 1-Mar 24 Mar25-Apr19 % change Mar 1-Mar 24  Mar 25-Apr 19
Coal 2511 1873 -25% 725% 65.6%
Hydro 302 331 10% B7% 116%
Renewables (of which) 325 312 4% 9.4% 109%
a Solar 157 162 3% 45% 57%
b, Wind o7 9% 0% 2.8% 34%
Gas, Naptha, Diesel 132 146 1% 38% 51%
Nuclear 13 114 1% 33% 40%
Lignite 82 1] 5% 24% 2%
Total 3,465 2,854 8% -

Amid the lockdown, the power generation reduced by 25%,
compensating for the decrease in demand (17). While considering
electricity variations, night light intensity is also a contributing factor.
Night light intensity provides information regarding energy
consumption in areas with high spatial granularity. Electricity
consumption and night light intensity are contributing factors for the
analysis of national GDP (18).

For instance, the demonetization in India, 2016 was highly backed up
by night light intensity analysis (19). Asmentioned, the impact of the
nationwide lockdown on India remained even after the release of a few
restrictions. The consumption levels were below 14%, and the average
monthly fluctuations remain 6% to 10% below the normal (18). Fig-10
shows the trend in electricity consumption from 2013 to 2020.
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Fig-10 (18) The trend in electricity consumption in India from 2013 to
2020

C. M. Beyer extracted the nighttime light data from the VIIRS-DNB
Cloud made available by the Earth Observation Group at the National
Oceanic and Atmospheric Administration (NOAA). The data collected
was from April 2013 to April 2020 (18). IIRS satellites have a
resolution of 15-arc seconds. Fig-11 shows the changes in the night
light time trends in India.
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Fig-12 (18)- The spatial variation and impact of COVID-19 across
India.

Fig- 13-(18)- The changes in night light intensity across India during
the lockdown.

CONCLUSION

The impact of lockdown on India is a huge game-changer. The
decrease in pollutant levels and electricity consumption rates are
posing as an opportunity and a threat at the same time. Through this
paper, we have discussed the findings achieved by the researchers for
the betterment of our environment. India can rewrite its future to
become a sustainable country. The documented results are proof
highlighting our potentials.

As the COVID virus spread out, the government keeps extending the
lockdown. The positive impact through this episode is huge. Since the
energy consumption levels are proportional to household income, the
reduced consumption can show the deteriorating levels of the
economy. The Corona Virus pandemic will negatively impact all
industries, including the power sector of India. But, so far, the impact is
positive. Now we get to decide if it will remain the same or not.
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The water need of a religious pilgrimage town in South India would typically be much larger than a
regular town where religious pilgrims and ritual activities do not add to the water burden of the
municipality. To understand this added water burden, a city scale audit was carried out to estimate the
water supply, demand and deficit at Guruvayoor, which is a pilgrimage town in South India. Guruvayoor
is popularly known for the Sri Krishna Temple which is visited daily by an average of 10,000 devotees.
For the entire municipality, 11,117 open wells, including 144 public wells within the municipal area. The
study revealed that increased dependency on ground water sources without proper implementation of
rainwater harvesting (RWH) facilities demonstrated a potential threat for the water security of the town.
Increased water distribution by water tanker trucks, mostly operated by the unorganized private sector,
imported 2.5 MLD of water from the outer bounds of the city to meet the commercial and institutional
demand. The results of this investigation showed that urban water security will likely be subject to such
external water suppliers, suggesting the need for further research to understand the implications of

such a distributed water supply panel on urban water security.

Key words: Urban water security, Pilgrimage town, Guruvayoor, water audit, water demand, South India.

INTRODUCTION

Water is one of the essential resources for the existence
of life. The requirement of water has essentially increased
over a period of time, especially due to explosive
population growth, urbanization, and industrialization. In
the last century, water use has been growing at more
than twice the rate of population increase. It is predicted

*Corresponding author. E-mail: merinmathew@scmsgroup.org.

that the water withdrawals will increase by 50% in
developing countries and by 18% in developed countries,
and as many as 1.8 billion people will be living in
countries or regions with absolute water scarcity, with as
much as two-thirds of the world’s population potentially
under water-stress conditions (UN-Water, 2015; UNDP,
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Abstract: Zero energy technologies and sustainable energy production are the two major concerns of present
day researches. Microbial fuel cells (MFCs) are bioreactors that extract chemical energy stored in organic
compounds, into electric potential, through bio-degradation. The core reason for the high strength of effluent
generated from slaughterhouses is animal blood. The current study evaluates the potential of MFC technology
to reduce the pollution strength of cattle blood in terms of chemical oxygen demand (COD). The current study
was piloted in three stages using lab scale two chambered MFC: The first stage was to determine the best
oxidising agent as compared to natural aeration from three accessible options, KMnO4, diffused aeration and
tape grass aquatic plant. KMnO4 was found to be the superlative with a 30% reduction in COD in 100 hrs batch
reactor and a maximum power of 0.97 mW using 125 mL livestock blood. The second stage of the study
optimised the concentration of KMnO4. At 500 mg/L KMnO4 concentration, 50% COD removal efficiency was
acquired in a batch reactor of 60 hrs with an average energy output of 1.3 mW. In the final stage on the
addition of coconut shell activated carbon with an Anolyte at a rate of 40 mL/125 mL of substrate COD
removal efficiency increased to 74.9%.

Keywords: Adsorption, bio-energy, cattle blood, microbial fuel cell, wastewater treatment
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Effect of Plasticity of Fines on Properties = )
of Uniformly Graded Fine Sand oo

M. Akhila, K. Rangaswamy, N. Sankar, and M. R. Sruthy

1 Introduction

Even though researchers separate soils based on particle size as sand, silt and clay,
in the field, soil always exists as a combination of all these. There are many studies
concentrating on the effect of fines on the shear characteristics of sand [1-3] and
liquefaction [4-7] but only a few studies have considered the other properties.

Yang and Wei [8] have analysed the change in critical state friction angle for
Fujian and Toyoura sands. For clean sand without fines, the critical state friction
angle tends to decrease with increasing roundness of sand particles. When those sands
were tested with fines (round shape), the critical state friction angle of the mixture
tends to decrease with an increase in fines content. But for fines with an angular
shape, the critical state friction angle tends to increase with fines content. Phan et al.
[9] have conducted one-dimensional consolidation tests on sand—silt mixtures (with
low-plastic fines at a constant void ratio and constant relative density) and indicated
that the behaviour of the mixtures were similar to those of loose sand. The effect
of fines on void ratios was studied by Cubrinovski and Ishihara [10]. The authors
reported that the void ratio initially decreases as the fines content increases from
0-20% and above 40% fines, the maximum and minimum void ratios were seen to
increase steadily.

It is clear from the literature that the studies on the effect of plasticity of fines on
the properties of sand are limited. Hence, the present study is focused on the effect
of the amount of fines and the type of fines (or plasticity index of fines) on various
properties of sand like specific gravity, limiting void ratios, grain size characteristics,
angle of internal friction and compression index.
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Liquefaction resistance improvement of silty sands using
cyclic preloading
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Abstract. Liquefaction induced damages are plenty and cause various levels of destruction to
civil engineering infrastructure. It is possible to prevent liquefaction-induced hazards by
understanding the mechanism and adopting some improvement techniques or design the
structure to resist the soil liquefaction. In the present study, the influence of cyclic preloading on
the liquefaction resistance of sand-silt mixtures is analyzed by conducting undrained cyclic
triaxial tests on the cylindrical samples reconstituted at medium dense conditions (D; = 50%).
All samples were tested at an effective confining pressure of 100 kPa by varying the cyclic stress
ratios (CSR) in the range of 0.127 to 0.178 using a sinusoidal waveform of frequency 1 Hz. The
results are presented in the forms of the pore pressure build-up, axial strain variation and
liquefaction resistance curves. Test results indicate that the liquefaction resistance of silty sands
is increased substantially with the application of preload under drained conditions.

1. Introduction

Liquefaction induced damages are plenty and cause various levels of destruction to civil engineering
infrastructure. It is possible to prevent liquefaction-induced hazards by understanding the mechanism
and adopting some improvement techniques or design the structure to resist the soil liquefaction. The
first possibility is to avoid the construction on liquefiable soil deposits as far as possible. However, it is
mandatory to utilize the available land for the various infrastructure developments due to scarcity in the
availability of land even it does not satisfy the required properties. Hence, the second option is to make
the structure resistant to liquefaction by adopting deep foundations. Nevertheless, the deep pile
foundations may not prevent liquefaction damages in all cases. Piles are causing to deflect in
liquefaction susceptibility zones. Hence, the third option is liquefaction mitigation which involves
improving the strength, density, and drainage characteristics of the soil. The selection of the most
appropriate ground improvement method for a particular application could depend on many factors
including the type of soil, level, and magnitude of improvement to be attained, required depth and extent
of the area to be covered. This paper presents an experimental study regarding the applicability of
preloading for the improvement of liquefaction resistance.

2. Literaturereview

Preloading of the soils occurs naturally (for eg., erosion, the flow of groundwater, etc) or artificially
(purposeful preloading to improve the soil properties, demolition of structures, etc). A few researchers
have analyzed the liquefaction resistance of preloaded soils. The details are given in Table 1.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of thiswork must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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ABSTRACT

One of the major issue faced by the construction industry is the degradation of structures due to different
loads acting on the structure. So retrofitting and rehabilitation has become quite inevitable and it can
help in regaining the original strength of the structure. Use of ferrocement is an effective method and
it is used in developed countries as it is considerably cheap and materials of construction are easily avail-
able. Ferrocement is a system of construction using reinforced mortar or plaster applied over an armature
of metal mesh, woven expanded-metal or metal-fibers and closely spaced thin steel rods such as rebar.
The skill required is of low level and it has superior strength properties as compared to conventional rein-
forced concrete. The main drawback of ferrocement is corrosion. Thus to avoid corrosion stainless steel
jacketing is employed for rehabilitation within the study that opens the scope for a new jacketing
methodology.

© 2020 Elsevier Ltd. All rights reserved.

Selection and peer-review under responsibility of the scientific committee of the Second International

Conference on Recent Advances in Materials and Manufacturing 2020.

1. Introduction

Concrete is the most popular construction material which is
made of cement, aggregate and water. Water is acting as the bond-
ing agent between the component. On adding water, the concrete
is in a plastic state and acquires strength with time. Portland
cement is the ordinarily used type of cement for production of con-
crete. Concrete is used in the construction of the major structural
elements like foundations, columns, beams, slabs and other load
bearing components. The use of traditional construction materials
such as steel and concrete showed signs of deterioration due to
prolonged action of loads which results in degradation of overall
strength of the structure which makes it futile. This degradation
is a result of poor construction techniques, flaws in designing pro-
cess or may be due to poor updating of the methods specified in
design codes. Proper maintenance is a partial solution. So is a
necessity of an effective rehabilitation technique which will
improve the life expectancy of the structure. Earlier studies
focused on steel meshes which is prone to corrosion. My study
focuses on a non corrosive technology for rehabilitation. The scope
of stainless steel as a jacketing method is not studied formerly.

* Corresponding author.
E-mail address: anjanajohn@scmsgroup.org (A. Susan John).

https://doi.org/10.1016/j.matpr.2020.12.490
2214-7853/© 2020 Elsevier Ltd. All rights reserved.

In most of the developed countries, the development trade has
almost reached saturation. So there is an increasing demand to
ameliorate and strengthen the existing structure instead of demol-
ishing. The damages are mainly due to the environment degrada-
tion, design inadequacies, poor construction practices, irregular
maintenance, requirement of revision of codes in practice, increase
in the loads and seismic conditions etc. Rehabilitation is one of the
practical solution for such structural collapse and it can be done
effectively by strengthening the load bearing components or by
strengthening the vital components of the building which results
in the failure of the building. Therefore, rehabilitation and upgrad-
ing of degraded structure has become one among the foremost
vital challenges in development industry. In several cases, the
whole demolition of the existing structure is not an economical
answer as it becomes an exaggerated money burden. So upgrading
or repairing the structure is an effective practical approach. Col-
umn is the major compression load bearing component member
and the failure of which results in the failure of the whole building.
During earthquakes, columns are likely to undergo brittle failure.
So the ductility of columns has to be improved to prevent the
inelastic deformation occurred during earthquakes. Whereas
repair and rehabilitation using ferrocement enhance the strength
and ductility of the column. Proper selection of the strengthening
material is inevitable to enhance the properties of the column.

Selection and peer-review under responsibility of the scientific committee of the Second International Conference on Recent Advances in Materials and Manufacturing 2020.
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Abstract. In this study,Co-20AI-GNSA metal matrix composites were produced using
mechanical alloying process. The Co-20Al-GNSA composites were mixed using a high-
energy ball mill at a constant speed of 350 rpm for 2hours. The composite powders were then
characterized for their morphological study using Scanning Hectron Microscope. The
conmposite powders are then compressed and sintered at 500M Pa and 700°C respectively. The
density and compressive strength of the composite materials shows decrement values whereas
the wear resistance of the composite materials has increased considerably. The mechanism of
wear was identified as abrasive wear. The electrochemical corrosion test also reveals that the
Co-20A1-10GNSA composites have better corrosion resistance. The weight-loss corrosion test
also shows that the composites with 10GNSA content have better corrosion resistance.

Keywords: Wear, Corrosion, Powder Metallurgy, Microhardness.

1. Introduction

The exploitation of hybrid composites for the potential replacement of conventional metals has been
drastically increased in severalapplications such asautomobile industries, commercial industrial
applications, and also in aerospace industries where enhanced mechanical, wear and corrosion
resistance properties are expected. Hence it was the main objective of the researchers to develop
materials with lesser density with better tribological and corrosion performance[1-3].

In the process of developing a composite material, it is very important to select the matrix
materials and reinforcements with the good wet ahility to improve the bonding of the composite
materials. Another important factor is the selection of the fabrication method and its working
parameters as per the matrix and reinforcement materials.Now a day the production economy is one of
the important factors due to the economic thoughtfulnessof the industries[4-7]. They prefer low-cost
composites, to reduce the production cost due to the raw materials. The Co is a material with very
good mechanical and corrosion resistance property whereas it is very costly. So it is necessary to tailor

Content from this work may be used under the terms of the Creative CommonsAttribution 3.0 licence. Any further distribution
BY of thiswork must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by 10P Publishing Ltd 1
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the mechanical properties using low-cost reinforcements such as Al and GNSA. The maost generally
used reinforcements are SIC, Al,Oz and TiO,.The ceramic particles Al,O; and TiO, donot have good
wetting characteristics[8-10]. Thereby to improve the wettability the Ground Nut Shell Ash (GNSA)
is utilized as secondary reinforcement.

The uniform dispersion of reinforcement was another area thathas to be addressed while
selecting a fabrication process. There are many methods such as stir casting to produce composite
materials whereas achieving uniform dispersion is not possible due to cluster formation. But it is
possible to produce composite materials with a uniform dispersion of reinforcements using the powder
metallurgy process. Ancther reason for choosing powder metallurgy was their cost-effectiveness and
their reliability for the production of high melting point materials[5,8,11,12].

In this study,a range of combinations of Co-20Al-GNSA hybridcompaosites was formed via
the powder metallurgy process. The hybrid composites were then made-up into 10mm cylindrical
pellets using a die setup made up of high-speed steel die. The muffle furnace was utilized to harden
the compacted green pellets usinga sintering operation. The microhardness, density, and compressive
strength of the composite materials were studied and reported. Thepin on disc apparatus and
electrochemical workstation were utilized to study the wear and corrosion resistance
propertiesrespectively. Thus the main purpose of this effort is to develop hybrid composite materials
with better mechanical, improved wear, and corrosion resistance properties that can be employed in
automobile, industrial,and aerospaceapplications.

2. Materials and M ethods

The chemicals used in this work are of research-grade (99.5% purity). The composite powders are
synthesized using a high-energy ball mill that comprises tungsten carbide balls. The ball milling
process was carried out for a duration of 2hours at a speed of 350 rpm in the existence of toluene as a
process control agent to acquire homogenous hybrid composites . The homogenously unified
composite powders are then packed down using a uniaxial hydraulic press at 500 Mpa and sintered at
700°C to produce a 10 mm cylindrical pellet. The composite materials are characterized using SEM to
find out the morphology of the composite materials. The microhardness of the Co-20AI-GNSA hybrid
composites was carried out at 0.5 kg load using Vickers hardness equipment and standard deviation
values are considered and reported. The density of the Co-20AI-GNSA hybrid composites was
calculated based on the Archimedes principle.The 10 mm diameter composite pellets are compressed
using the universal testing machine (UTM) at a uniform and gradual speed rate of 3mm min
'[8,13,14]. The wear analysis was carried out at constant load, constant speed, and sliding distance of
10N, 1.5 m/s, and 1000m respectively. The electrochemical corrosion analysis was carried out using a
bio-logic electrochemical workstation. The workstain consists of three electrodes, the platinum
counter electrode, AI/AgCI reference electrode and compoasite pellets as working electrode. The scan
was carried out at 5mV/s. The composite pellets are immersed in 3% NaCl solution for 1 hour so as to
stabilize the open circuit potential. The weight-loss corrosion analysis was carried out with various
corrosive media such as 0.1IN HCI, 0.1N H,SO, and 3% NaCl solution. The compaosite pellets are
immersed in the corrosive media for 24 hours. The composite specimens are weighed before and after
the test and the weight loss is calculated.[13,15].

3. Resultsand Discussion
3.1 Density and Microhardness.

The SEM image of The Co-20AI-5GNSA hybrid composites is shown in Figure.1. The SEM image is
taken in secondary electron mode. It is observed that there is uniform dispersion of Co, Al, and GNSA
particles in hybrid composite material. Figure.2 exhibits the microhardness and density graphs of Co-
20AI-GNSA The density of the Co-20AI-GNSA hybrid composites increases slightly with the addition
of GNSA particles. The density of Co-20Al-2.5GNSA composite was 5.2 g/lem® which increase
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dightly to 5 glem® for Co-20AI-5GNSA hybrid composites. The further addition of GNSA
reinforcements resulted in a decrease in the density of the Co-20Al-10GNSA hybrid composites (5
glcm®). The microhardness of the Co-20AI-GNSA hybrid composite increases linearly up to 5%
GNSA reinforcement further addition of GNSA particles has resulted in a slight reduction in the
microhardness of the composite material.

190KV 7 8mm 1 00K SE

Figure.1 SEM image of Co-20AI-5GNSA hybrid composite
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Figure.2 Microhardness and Density of Co-20AI-GNSA hybrid composites
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3.2 Compressive Strength

The Compressive strength of Co-20AI-5GNSA  hybrid composites is 112 MPa which is better
compared to Co-20Al-2.5GNSA (110 MPa) and Co-20Al-10GNSA (108 MPa) hybrid composites.
The compressive strength increased gradually with GNSA addition till it reaches 5% GNSA, whereas
further addition of GNSA does not influence the compressive strength of the hybrid composites.
Figure.3 represents the compressive strength of the Co-20AI-GNSA hybrid composites.
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Figure.3 Compressive Strength of Co-20AI-GNSA hybrid composites

3.3 Wear and COF Analysis

The wear analysis results of Co-20AI-GNSA hybrid composites are represented in Figure.4. The wear
test was carried out at a constant load of 10N, constant sliding speed of 1.5 m/s, and constant sliding
distance of 1000m. The wear loss of the Co-20Al-10GNSA hybrid composites exhibited better wear
resistance and COF values compared to that of other specimens. The Co-20AI-2.5GNSA has produced
a COF value of 0.9 whereas the COF value of Co-20Al-10GNSA is 0.6. Hence it can be confirmed
that the addition of GNSA particles has a good influence in increasing the wear resistance of the
hybrid composite materials. Figure.5 represents the SEM image of Co-20Al-10GNSA hybrid
composites after the wear test. From the pattern of wear track, it is evident that the major wear
mechanism is abrasive wear.
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3.4 Corrosion Analysis

Figure .6 shows the weight-loss corrosion graphs of Co-20AI-GNSA hybrid composites at various
Corrosive media such as 3% NaCl, 0.1N HCI, and 0.1N H,SO,. From the graph, it can be concluded
that the weight loss of the composites decreases with the increase in GNSA content. The weight loss
of the Co-20AI-10GNSA hybrid composite is better compared to other combinations in all kinds of
corrosive media. The weight loss was maximum for 0.1 N H,SO, for all samples compared to other
corrosive media. The weight loss was minimum in 3% NaCl solution. The electrochemical corrosion
analysis was carried out using three-electrode systems using the composite pellets as the working
electrode. The potentiodynamic polarization results shows that the Co-20Al-10GNSA hybrid
composites have exhibited better Eq,; (-0.442 V) and ig, values ( 1.5 mA/cm?) compared to that of
Co-20AI-5GNSA ( -0.448V& 1.7 mA/cn?) and Co-20Al-2.5 GNSA ( -0.453V & 1.9 mA/cnY). It is
evident that the E,, values are shifted to more positive side and the i, vValues decreases with the
increase in GNSA content which confirms the increase in corrosion resistance.
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Figure.6 Weight loss corrasion results of Co-20AI-GNSA hybrid composites
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4.Conclusions
The Co-20AI-GNSA hybrid composites were amalgamated by employing a high-energy ball mill.
e The Microhardness and density of the Co-20AI-5GNSA hybrid composites have improved
compared to other samples.
e The compressive strength of the Co-20AI-5GNSA hybridcomposite was 112 MPa and
superior compared to other combinations.
e The wear analysis authenticates that Co-20Al-10GNSA hybrid composites exhibited better
wear resistance and coefficient of friction.
e The potentiometric polarization analysis shows that the Co-20AI-10GNSA hybrid composites
have enhanced corrosion resistance due to the existence of GNSA particles.
e The weight-loss corrosion analysis also proves that the Co-20Al-10GNSA hybrid composites
have better corrosion resistance.
From the conclusion of this study, it can be accomplished that the Co-20AI-10GNSA hybrid
composites have experienced a slight decrease in density, microhardness,and compressive strength but
exhibits better wear and corrosion resistance. Hence it can be concluded that Co-20Al-10GNSA
hybrid composites have better tribological and corrosion resistance with decent mechanical properties
which may be considered for potential industrial applications.
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ABSTRACT

In this research, a new class of treated metal fillers that can be used as reinforcements in polymer matrix
composites have been developed. Surface modification of the tungsten metal particles is carried out using
a suitable silane coupling agent. These composites are a modern type of alternative material to conven-
tionally filled polymers. The peculiar properties of tungsten such as the highest melting point, highest
tensile strength, and radiation resistance find application especially in the field of radiation shielding.
Initially, the tungsten metal powder of 2 pum is treated with suitable silane i.e. 3-GlycidyloxyPropyl Tri
Methoxy Silane (GPTMS) for improving the wettability of the tungsten metal fillers. Fourier Transform
Infrared Spectroscopy (FTIR) and Thermo Gravimetric Analysis (TGA) was carried out to test GPTMS graft-
ing on particles of tungsten. FTIR confirms the grafting of the silane coupling agent on tungsten particles.
It also shows the reaction between these agents. TGA reveals the uniform coating of the silane coupling

agent on the tungsten particles.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Surface modification is the scientific technique of depositing a
thin layer of silane on the surface of the filler material to improve
the wettability of the fillers in polymer matrix composites.
Improvement in wettability increases the adhesion between the
filler material and the polymer matrix in which the fillers are intro-
duced. Surface modification is a rapidly growing sector inside the
fields of nanotechnology and production. Surface modification is
required to stabilize the particles and to prevent aggregation of
particles. Materials may exhibit desired properties but are inappro-
priate due to their morphology on the surface, ionic conditions, and
phobia. The modification aims to create consistency to avoid com-
patibility issues between two phases, thereby increasing the avail-
ability and usability of the properties of materials in their
application. Polymers in combination with metal fillers offer
cost-effective, high-strength, and lightweight composite materials.
Metal particle-reinforced polymer composites constitute a new
class of alternative material to traditionally filled polymers and

* Corresponding author.
E-mail address: jenson@scmsgroup.org (E. Jenson Joseph).

https://doi.org/10.1016/j.matpr.2020.12.824
2214-7853/© 2021 Elsevier Ltd. All rights reserved.

have some remarkable exceptional properties. The main problem
in metals fillers is the agglomeration of metal particles due to
the high force of Van der Waals’s force existing between them.
Agglomerated particles in polymer matrix composites ultimately
decrease the mechanical and tensile strength of the composites.
In our previous work [1] untreated tungsten particles are intro-
duced into the polymer matrix and achieved an improvement of
10% in mechanical strength. If the metal fillers are treated with a
suitable compatibilizer the mechanical strength of the composites
could be improved further. The filler and matrix material needed to
be in strong adhesion to attain high strength. Therefore, the metal
particles are subject to surface alteration to achieve stronger adhe-
sion with the matrix medium. Chemical modification of the filler
by the use of coupling agents and subsequent casting by the use
of high shear forces produced by homogenizers is a common tech-
nique for processing polymer composites. Surface modification can
be used to provide improved compatibility of nanoparticles
towards dispersing media to avoid convergence of nanoparticles
and to make chemically reactive nanoparticles. Coupling agents
Silane are important ligands for oxide nanoparticles to act. They
are a bifunctional group with features of trialkoxy group and
organic head group.
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For the surface treatment of metal particles, the authors have
used several techniques with varieties of coupling agent. Xavier
et al. [2], GPTMS WO3 nanoparticles with GPTMS and introduced
it into epoxy resin to boost the functional group interactivity of
nanoparticles and epoxy resin present in GPTMS on WO3. The risk
of corrosion is significantly reduced in the developed composites.
An outstanding barrier property is displayed, also increased
mechanical properties were reported due to improved adhesion.
Chang et al. [3], modified nano ZnO particles with 3-
Aminoproplytriethoxysilane using mechanical stirring and heating.
The treated fillers are then introduced into ultra-high molecular
weight polyethylene polymers. The developed composites exhib-
ited improved wear resistance properties. Yu et al. [4], surface
modified alumina particles with y -aminopropyl triethoxysilane
using chemical processing technique. The treated filters are intro-
duced into the epoxy resin matrix. The developed composites dis-
played better thermal properties and flexural properties. Rallini
et al. [5], treated boron carbide particles with triethylenetetramine
using mechanical stirring. The treated particles are then intro-
duced into the epoxy resin matrix. The developed composites exhi-
bit excellent thermal and fire-retardant properties. Tjong et al. [6],
treated ZnO particles with Maleated styrene-ethylene butylene-
styrene block copolymer and introduced it into polyethylene com-
posites. The resulting composites developed improved electrical
properties.

In the case of non-metal particles authors have done many
works related to surface property alteration. Owing to the low wet-
tability of non-active filler metal on these materials, the joining of
graphite materials is problematic in particular. Chen et al. [7], the
magnetron sputtering deposition of Cr film on graphite to alter the
graphite surface succeeded in overcoming this problem. Lamastra
et al. 8], researched diatomite fillers that can chemically bind to
elastomeric molecules during vulcanization, chemically adjusted
at 85 °C in H,0: NaOH: H,O solution. A technique that does not
require a toxic solvent was then used to silanize the modified dia-
tomite with bis(triethoxysilylpropyl) disulfide. Strong interfacial
adhesion and fine dispersion were given by the resultant compos-
ite. According to Zafar et al. [9], Hydroxyapatite layer between
bone and implants made of calcium phosphate (CaP) promotes
good contact, thus promoting osseointegration for bonding and
enhancing the durability of dental implants, which has been
achieved by electrospinning. It was observed that the amount of
work performed with tungsten metal particles was inadequate.
Hence in this work tungsten metal particles were treated with a
suitable coupling agent to modify their surface properties.

In this research, tungsten metal powder is treated with a
GPTMS silane coupling agent. The treating method has been dis-
cussed. The treated metal fillers are subjected to FTIR analysis
and TGA for testing the surface modification properties.

2. Materials and methods
2.1. Materials

Tungsten metal powder is chosen for surface modification in
this analysis was supplied by Sigma Aldrich, Bangalore, India.
Tungsten has the highest melting point (3422 °C, 6192 °F), lowest
vapor pressure (at temperatures above 1650 °C, 3000 °F), and the
highest tensile resistance of all metals in pure form. Tungsten
has the lowest thermal expansion coefficient on any pure metal.
Acetone was used in the initial stage as a cleaning agent before
the GPTMS was applied and the final stages before heating. Ace-
tone is an effective cleaning agent in the center of metal particles
and can wash away dirt and impurities. GPTMS is a bifunctional
silane agent with three methoxy groups on one side, and an epoxy
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ring on the other was supplied by Sigma Aldrich, Bangalore. GPTMS
is extremely water-resistant and can be used as a connecting agent
between the silica surface and the polymeric matrix.

2.2. Surface modification of tungsten particles

Initially, tungsten metal particles of 10 g were placed inside a
vacuum chamber with pressure 10~> mbar and a temperature of
140 °C for 1 h. The particles are then cleansed in 75 ml of acetone
with 300 rpm magnetic stirrer for 1 h at 25 °C and 60 min of soni-
cation was done. Then the dispersion was supplemented with 5 g
of GPTMS and stirred for 24 h using a mechanical stirrer. In the
final stage, the acetone was used after centrifuging to wash the
excess residue. Then the resulting material was allowed to dry at
60° C in a vacuum oven for 48 h. FTIR and TGA were carried out
on the treated particles to test GPTMS grafting on the tungsten
particles.

2.3. Testing and characterization

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

In FTIR, the infrared radiations are passed through the treated
metal particles. Certain radiations are absorbed by the particles
and certain radiations are transmitted through the particles. The
resulting spectrum obtained represents the fingerprint of the
molecules present in the treated particles. FTIR spectroscopy uses
KBr pellet to conduct FTIR spectroscopy. About thirty-five scans
were obtained in the spectrum in the 400-4000 cm~! range, with
4 cm™! resolution.

2.3.2. Thermogravimetric analysis (TGA)

The thermal stability of the surface treated and untreated tung-
sten particles were evaluated by the Thermo Gravimetric Analyser
NETZSCH model STA (Germany) 449F3. The percentage reduction
in the weight of the sample was found as a function of temperature
as per the standard ASTM E1131. Treated and treated metal parti-
cle samples of 10 mg were loaded into an aluminum crucible and
heated at a rate of 10 °C / min from 25 °C to 600 °C. The resulting
thermograms of reduction in weight of the sample as a function of
temperature are plotted as a graph.

3. Results and discussion
3.1. Analysis of FTIR spectra

The infrared spectroscopy of GPTMS treated tungsten particles
was monitored to verify the presence of GPTMS on tungsten parti-
cles. Fig. 1 shows the infrared spectroscopy analysis of tungsten
particles treated with GPTMS. The presence of sharp peaks is found
at 2940 cm™!. 2840 cm™! and 860 cm™! indicating the reaction
bands. Surface modification of tungsten particles by silane is con-
firmed with the bands present here. Bands present at 2940 and
2840 cm™! are the indication of the presence of the alkyl group
that belongs to the silane-modified tungsten particles. The pres-
ence of a band at 860 cm™! is the result of the reaction that
occurred between the methoxy group of silanes and tungsten par-
ticles [10]. Hence it confirms the interaction between the methoxy
group of silane and tungsten particles. Thus, it confirms that the
tungsten particles are effectively surface treated with a silane cou-
pling agent.

3.2. TGA analysis

The effective concentration of silane can be determined by TGA.
Fig. 2 shows the TGA thermograms of untreated and treated tung-
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sten particles. TGA thermograms of treated tungsten particles exhi-
bit three different weight loss regions. Initial weight loss primarily
happens because of the evaporation of moisture content in the par-
ticles and this exists at a range of 50 °C and 200 °C. The second
region occurs in a range of 200 °C to 400 °C. here the weight loss
is very rapid, and it is due to the decomposition of a silane coupling
agent that is treated around the tungsten particles. The final region
is at 400 °C to 500 °C which shows a very minimal drop in weight
percentage and it is due to the removal of burnt gases of the vola-
tile components. The untreated tungsten particles do not show a
decrease in weight and it is because tungsten is an extremely high
melting point metal and it will decompose at very high tempera-
ture and there is no decomposition happening here, there is no
decrease in mass.
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4. Summary and conclusion

Surface modification of tungsten particles is successfully done
by treating them with GPTMS. GPTMS being a silane coupling
agent, surface modification of metal fillers with GPTMS improves
the wettability of the filler materials. Surface modified tungsten
metal particles using silane coupling are investigated by FTIR and
TGA. FTIR shows the chemical reaction between the tungsten par-
ticles and GPTMS. Thus proving the successful surface modification
of tungsten particles with GPTMS. TGA indicates the decomposi-
tion of the silane coupling agent and also ensures the presence of
remaining tungsten particles. Using a silane coupling agent, surface
modification of metal particles is used to provide more outstanding
particle compatibility with dispersing media to avoid agglomera-
tion of the particles and to impart chemical reactivity to the
particles.
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Abstract

In this work a ternary Al-Fe-SiC metal matrix composites were reinforced using Zr particles through
powder metallurgy process. The Al matrix and the reinforcements were mixed in high energy ball mill
ataspeed of 250 rpm over a period of 5 h so as to develop a homogenously dispersed composite
material. The composite powders are then pressed at 500 MPa using hydraulic press. The compressed
composite green compacts are then sintered at 500 °C for 2 h and allowed to cool under furnace
atmosphere. The densities, micro hardness and compressive strength of Al-Fe-SiC-Zr composites
were investigated and reported. The composite materials were characterized using SEM, EDS and
XRD. The density of Al-10Fe-10SiC-10Zr hybrid composites was found to be around 3.44 gcm .
The Zr particles have influenced the micro hardness of the composite materials. The micro hardness
of the Al-10Fe-10SiC-10Zr hybrid composites was found to be better compared to Al-10Fe and Al-
10Fe-10SiC hybrid composites. The compressive strength of the Al-10Fe-10SiC-10Zr hybrid
composites was around 205 MPa which is 44% higher than the Al-10Fe composite material. The
porosity of the hybrid composites has reduced when compared to that of Al-10Fe and Al-10Fe-10SiC
hybrid composites. The wear studies reveal that Al-10Fe-10SiC-10Zr bear out better wear resistance.
The predominant wear mechanism was identified as adhesive wear followed by plastic deformation.
This improved wear resistance was due to the formation of oxides layers such Al,O3, Fe,O5 and also
due to the presence of AlFe; and Al;Zr, intermetallics.

1. Introduction

The utilization of hybrid composite materials as a replacement of conventional materials has increased
drastically in many areas such as aerospace industries, automobile industries and also in various industrial
applications where better mechanical, wear and corrosion characteristics are needed [1-7]. Therefore the main
objectives of the development of hybrid composites are to develop materials with low density and better strength
along with superior wear and corrosion resistance [8—10].

In the development of composite materials it is important to select the matrix materials, reinforcements,
percentage of reinforcement and finally the method and production parameters as per the requirements. Now a
day due to the economic considerations the industries are opting for low cost materials, in order to overcome
high production cost. The most widely used matrix used reinforcements are Al,O3, TiO,, SiC and graphite
[11-19]. T Sathish Kumar et al investigated the wear behavior of AA6082 alloy reinforced with Y,0O; and graphite
particles. The studies revealed that the hybrid composites have micro hardness which is 40% higher than that of
base alloy [20]. T Sathish kumar et al also studied the effect of heat trearment on tribological properties of
Al-7Si-ZrSiO, hybrid composites manufactured using stir casting processs. The results revealed that the wear
resistance of the hybrid composites is much superior to that of base alloy [21].

The other important factor to be considered is the wettability of Al matrix when fabricated using powder
metallurgy process. The ceramic reinforcements such as Al,0; and TiO, does not easily wetted as a result of

©2021 The Author(s). Published by IOP Publishing Ltd
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surface oxides on Al matrix. In order to improve the wettability of the Al based composites other reinforcements
such as Fe, SiC, and Zr are added [22—27]. The addition of these reinforcements increases the mechanical
properties as well as tribological and corrosion resistance properties of the composite material.

Another major area of concern is the uniform dispersion of reinforcements with the matrix materials. Even
though there are various methods for fabricating Al based composites such as stir casting method, the major
disadvantage was the lack of homogenous dispersion of the reinforcements as the result of agglomeration and
cluster formation. The powder metallurgy is one among those methods by which uniform dispersion of
reinforcements can be achieved. Moreover the powder metallurgy has been proven to be one of the cost efficient
and most reliable methods for fabrication of high melting point materials [5, 6, 8, 26, 27]. There are many
literatures based on light weight reinforcements so as to improve the mechanical properties of Al based
composite materials; however there are very few studies based on high density hybrid reinforcements so as to
improve the mechanical wear and corrosion characteristics of Al based composite materials.

Novelty of this work is to study the effect of Zr reinforcement on the Al-10Fe-10SiC hybrid composites. It
obvious, that the addition of ceramic particles Such as SiC will improve the mechanical properties and wear
resistant properties of the composites. But there will be some negative effects in terms of increase in porosity and
thereby making the composites more brittle in nature compared to the base material. The addition of Zr as
reinforcement might improve the ductile nature of the composites by reducing the porosity since Zr particles
have a density of 6.49 g cm . Further the Zr particles exhibit good mechanical hardness and better wear
resistant properties even at high temperatures.

In this work various proportions of Al-Fe-SiC-Zr hybrid nanocomposites were produced using powder
metallurgy process. The hybrid composites are then fabricated into 8 mm cylindrical pellets using high speed
steel die. The compacted green pellets are then sintered using muffle furnace. The sintered composite pellets are
subjected to mechanical characterizations such as density, microhardness and compressive strength. The wear
resistance properties were studied using pin on disc apparatus. Thus the main objective of this work is to develop
hybrid nanocomposite materials with superior mechanical and tribological properties that can be utilized in
automobile, aerospace and other industrial applications.

2. Materials and method

2.1. Materials

The pure aluminum was used as the base material and the Fe, SiC and Zr are used as reinforcements in weight
percentage. All the materials used in this research work are of research grade and of purity level 99.5%
respectively. The figure 1 shows the Scanning Electron Microscope images of Pure Al, Fe, SiC and Zr. The
micrographs were taken in Secondary electron mode operated at 10 kV. The morphology of pure Al resembles a
flake like structure with an average particle size of 50 pum. The Fe powders were elliptical in nature with a particle
size of 20 pm. The SiC and Zr powders were crystalline in nature and their particle size was found to be around

5 pmand 3 pm respectively.

2.2.Production of hybrid composite materials

The table 1 shows the various proportions of Al-10Fe-10SiC-Zr hybrid nanocomposites. The selected
proportions of matrix and reinforcements are then fed into a high energy ball mill consisting of tungsten carbide
balls. The ball milling process was carried out for 5 h at a speed of 250 rpm under the presence of toluene as a
process control agent so as to obtain homogenous and reaction free hybrid composite materials. The
homogenously mixed composite powders are then compacted using uniaxial hydraulic press at 500 Mpa so as to
develop an 8 mm cylindrical green pellet. The green pellets are then sintered at a temperature of 500 °C for 2 h
and cooled under furnace atmosphere.

2.3.Microhardness and density

The microhardness of the Al-10Fe-10SiC-Zr hybrid composites was carried out using Vickers hardness
equipment at a uniform load of 1 kg. The dwell time for the entire process was maintained at 20 s. The results of
the experiments represent an average of 10 measurements and the standard deviation values were reported. The
density of the composite specimens after sintering process was measured using Archimedes principle and the
relative density and porosity of the composite materials were calculated by the relations.

Relative Density = 1 — Porosity (1)

Theoretical Density — Actual Density % 100 )

Porosity =
" Theoretical Density
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Figure 1. Scanning Electron Microscope (SEM-SE) images of Al, Fe, SiC and Zr.

2.4. Compressive strength
The universal testing machine UTM was utilized to study the compressive strength of Al-10Fe-10SiC-Zr
composite materials. The 8 mm diameter composite pellets are compressed at a uniform and gradual speed rate

of 5 mm min~".

2.5. Microstructural characterization

The Scanning Electron Microscope (SEM) was used to explore the microstructures of the Al-10Fe-10SiC-Zr
composite materials. The topographical characterization was carried out using Atomic Force Microscope
(AFM). The XRD analysis was used to explore the chemical compositions present in the hybrid composites. The
EDS analysis was used to confirm the presence of various elements in the hybrid composites.

2.6. Wear analysis

The Al-10Fe-10SiC-Zr hybrid composite pellets of 8 mm diameter and 30 mm long were used as test specimen.
The DUCOM make pin on disc apparatus was used to perform wear test as per the ASTM-G99 standard. The
wear analysis was carried out for various conditions say applied load, sliding distance and sliding speed. The tests
were performed for five different trials for each specimen and the average values are tabulated. The composite
wear specimens were weighed before and after the experiments using electronic weighing scale [28, 29].

3. Results and discussion

3.1. Characterization

The figure 2 shows the high resolution Fe-SEM of Al-10Fe-10SiC-Zr hybrid composites of varying Zr content at
the magnification of 10,000 x at an operating voltage of 10 kV. From the figure it can be understood that the
reinforcements are uniformly dispersed into the Al matrix as the result of 5 h milling time. It can be observed
that the average particle size of Al powder was also reduced considerably due to ball milling process. The figure 3
represents the EDS mapping of Al-10Fe-10SiC-10Zr hybrid composite powders. From the spectra it can be
confirmed that the composite materials has the presence of Al, Fe, SiC and Zr content. Moreover there is also
formation of AlFes, Al;Zr, intermetallics and AlFe;C compound and ZrO, which can be inferred from the EDS
mapping. The AFM image of Al-10Fe- 10SiC- 10Zr hybrid composite is shown in figure 4. From the image it can
be understood that the there is uniform dispersion of reinforcements with the Al matrix and also it can be noted
that there is formation of surface oxides due to the ball milling process. The x-ray diffraction spectra of Al-10Fe-
10SiC-5Zr and Al-10Fe-10SiC-10Zr hybrid composites are shown in figure 5. The XRD analysis were carried out

3



Table 1. Density and Microhardness of Al-10Fe-10SiC- Zr hybrid composites.

S.no Composition Composition notation Actual density (g/cm”) Theoretical density (g/cm?) Relative density (%) Porosity (%) Micro hardness (HV)
1 Al-10Fe Cl 2.98 3.22 92.55 7.45 101
2 Al-10Fe-10SiC C2 3.05 3.27 93.27 6.73 118
3 Al-10Fe-10SiC-2.5Zr C3 3.14 3.36 93.45 6.55 120
4 Al-10Fe-10SiC-5Zr C4 3.23 3.46 93.36 6.64 132
5 Al-10Fe-10SiC-10Zr C5 3.44 3.65 94.25 5.75 135

suiysiiand dol

€£€5910 (1207) 8 ss24dxq 59y a0

P12 AeySe O




10P Publishing

Mater. Res. Express 8 (2021) 016533 GRRaghavetal

L BT S 120 ]
WO il Wag = HIDBEK

1 [UEEH- 1) Eongred &5 = o, ey |
WIS Wag » MDREK |

e
Reinfarceaments

L] WHT #1200y I ——

WO k- Wag » SHEDEA m

Figure 2. High Resolution Field Emission Scanning Electron Microscope (FE-SEM) image of Al-10Fe- 10SiC- 10Zr hybrid
composites.

using Xpert-3 diffractometer (45 kV, 30 mA) with Cu anode (A = 0.15406 nm). The XRD spectra exhibit the
characteristic peaks of Al, Fe, SiC and Zr which confirms the uniform dispersion of reinforcements in Al matrix.
The peaksat 26 = 39.5°,44.25°,65°,77.25° and 82.3° confirm the presence of Al in composite materials as per
the JCPDS No: 34-0529, 06-0696. The characteristic low intensity 26 peaks at 37.5° and 82.3° corresponds to SiC
which authenticates its presence in the composite materials (JCPDS No: 42-1172). The peeks at 260 = 44.25°,65°
and 82.3° also prove the presence of Fe particles in the composite materials (JCPDS No: 45-1203). The 26 peaks
at77.25°%14.5° 35.87°, 60.14° are the characteristics peaks of Zr (JCPDS No: 41-0814). The formation of AlFe;,




IOP Publishing Mater. Res. Express 8 (2021) 016533 GRRaghavetal

Figure 3. Field Emission Scanning Electron Microscope (FE-SEM) mapping of of Al-10Fe- 10SiC- 10Zr hybrid composites.
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Figure 4. AFM image of Al-10Fe- 10SiC- 10Zr hybrid composites.
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Figure 5. XRD Spectra of Al-10Fe-10SiC- Zr hybrid composites.

Al;Zr, intermetallics and AlFe;C compound were observed from the XRD analysis (JCPDS No: 45-1203,
41-0814).

3.2. Density and micro hardness

The density, Relative density, porosity and microhardness of the Al-10Fe-10SiC- Zr hybrid composites are
represented in table 1. The relationship between density and porosity of Al-10Fe, Al-10Fe-10SiC and Al-10Fe-
10SiC- Zr hybrid composites are shown in figure 6. The density of the Al-Fe-SiC ternary composites has
improved with the addition of Zr reinforcements. The density of the Al-10Fe composites was found to be

2.98 gcm whereas; the density of the Al-10Fe-10SiC-10Zr hybrid composites has increased to 3.44 gcm .
The porosity of the composite materials decreased with increase in Zr addition. The Al-10Fe-10SiC-10Zr hybrid
composites have better density and porosity compared to other combinations. The reason behind this decrease
in porosity is due the high density Zr reinforcements and also due the compaction pressure.It was also found that
theoretical density of the composites was higher than the actual density of all compositions. The relative density
percentage of the Al-10Fe-10SiC-10Zr composites was 94.25% and has increased 1.8% when compared with Al-
10Fe composites. The microhardness of the Al-10Fe-10SiC-Zr hybrid composites has increased slightly with the
increases in Zr addition. The improvement in microhardness was also due to the reduction in porosity of the
composite pellets and also due to the formation of AlFes, Al;Zr, intermetallics.
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3.3. Compressive strength

The compressive strength of various Al-10Fe-10SiC- Zr hybrid composites is shown in figure 7. The

Compressive strength of the Al-10Fe-10SiC-Zr hybrid composites shows betterment with the increase in load
bearing Zr reinforcement [30]. The other major reason for the improvement in compressive strength was due to
formation of hard AlFe; intermettalics and oxides as the result of sintering operation. The presence of SiC
particles in the composite materials also played a major role in the improvement of compressive strength.

3.4. Wear analysis

The primary concern for any light weight material is long service life and less replacement period, thereby
reducing the total expenditure incurred. Hence it is desirable to develop a material which has veryless wear loss
under sliding wear conditions. The effect of Zr reinforcement on the wear loss of Al-10Fe-10SiC ternary
composites is shown in figure 8. From the figure 8(a) it can be understood that the increase in applied load has
resulted in increased wear loss irrespective of Zr reinforcement. This phenomenon was due to the increased
contact surface between the specimen and rotating disc. Figure 8(b) reveals that the wear loss of the composite
materials increases as the distance of sliding increases. The increase in sliding distance increases the contact
period of the composite materials with the mating surface thereby increasing the temperature at the interface.
The increase in surface temperature further results in softening of materials and the deformation of materials
takes place. From the figure 8(c) it is clear that the increase in temperature at the interface due to the increase in
Sliding speed has resulted in softening of the composite pellet there by increasing the rate of wear loss. It can be
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Figure 8. Wear loss of Al-10Fe-10SiC-Zr hybrid composites.
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also noted that the wear losss of Al-10Fe and Al-10Fe-10SiC hybrid composites are higher than the Al-10Fe-
10SiC-10Zr hybrid composites under all sliding wear conditions.The Coefficient of friction analysis of various
Al-10Fe-10SiC-Zr hybrid composites is shown in figure 9. The addition of Zr reinforcements has resulted in
reducing the COF values Al-10Fe-10SiC ternary composites. The coefficient of friction of Al-10Fe-10SiC-10Zr
composites has improved compared to that of Al-10Fe-10SiC-5Zr, Al-10Fe-10SiC-2.5Zr hybrid composites as
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Figure 9. Coefficient of Friction (COF) of Al-10Fe-10SiC-Zr hybrid composites.

well as Al-10Fe and Al-10Fe-10Sic composite materials. This improvement in wear and friction characteristics
of the-10Fe-10SiC ternary composites was due to the formation of AlFe; and Al;Zr, intermetallics which
improved the density and surface hardness of the composite materials. The other major reason was the
formation of AlFe;C compound which increases the hardness and self lubricating property of the composite
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Figure 10. [A] FESEM image of Al-10Fe-10SiC-10Zr worn out Sample, [B] EDAX Spectra of Al-10Fe-10SiC-10Zr worn out Sample
[C] SEM image of Al-10Fe worn out sample [D] SEM image of Al-10Fe-10SiC worn out Sample.
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materials. Further there is also formation of ZrO,, Al,0; and Fe,O5 tribo layers which also played a vital role in
improving the sliding wear properties of Al-10Fe-10SiC-Zr nanocomposites. The figure 10 exhibits the high
resolution FESEM image and EDAX spectra of Al-10Fe-10SiC-10Zr hybrid composites worn out surface after
wear analysis. From the FESEM it is evident that the main wear mechanism was adhesive wear with micro
cracking which leads to plastic deformation. Figure 10(B) represents the EDAX spectra of Al-10Fe-10SiC-10Zr
hybrid composites after wear test, which confirms the presence of Al, Fe, SiC and Zr along with the presence of
oxides such as ZrO,, Al,0; and Fe, O3 at contact surface. Figures 10(C) & (D) shows the SEM images of worn out
surfaces of Al-10Fe composites and Al-10Fe-10SiC hybrid composites after wear test. From the spectra’s it can
be confirmed that the Al-10Fe composites has experienced abrasive wear along with delamination. Whereas the
Al-10Fe-10SiC hybrid composites experiences abrasive wear followed by adhesive wear which leads to plastic
deformation [31, 32].

4, Conclusions

The Al-10Fe-10SiC-Zr hybridcomposites were produced through mechanical alloying process. The mechanical,
tribological and corrosion resistance properties of the composites were studied at different conditions.

+ The density of the Al-10Fe-10SiC-10Zr hybrid composites has improved to 3.44 gcm ™ from 3.14 g cm ™~ for
Al-10Fe-10SiC-2.5Zr hybrid composites.

+ The Microhardness of the Al-10Fe-10SiC-10Zr (135 HV) hybrid composites is better to that of Al-10Fe-
10SiC-2.5Zr (120 HV) hybrid composites due to the formation of AlFe;C compound.

+ The porosity of the Al-10Fe-10SiC-10Zr (5.75%) hybrid composites has reduced compared to that of Al-
10Fe-10SiC-2.5Zr (6.55%) hybrid composites.

+ The compressive strength of the the Al-10Fe-10SiC-10Zr hybrid composites has found to be better compared
to other combinations.

+ The wear resistance and coefficient of friction of the Al-10Fe-10SiC-10Zr hybrid composites has improved
significantly compared to other combinations due to the formation of Al;Zr,, AlFe; intermetallics.

+ From the findings of this study, it can be concluded that the Al-10Fe-10SiC-10Zr hybrid composites has better
mechanical and tribological properties.
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Abstract

In this work, composites of poly(ethylene-co-vinyl acetate-co-carbon monoxide)
(EVACO)/surface-modified multiwalled carbon nanotubes (m-MWCNTS)
were prepared using a solution casting technique. Acid treatment was
employed for the surface modification of MWCNTSs to improve the compati-
bility between polar EVACO and MWCNTSs. The influences of m-MWCNTSs
on the crystalline, mechanical, thermal, and electrical properties of EVACO
at very low filler loading were systematically evaluated. The presence of m-
MWCNTs in the EVACO matrix influenced the crystallinity, and the respec-
tive changes were determined and quantified using dynamic scanning calo-
rimetry and X-ray diffraction. The mechanical properties of the composites
were improved remarkably by the addition of a minute quantity (0.05, 0.1,
0.15, 0.2, and 0.25 wt%) of m-MWCNTSs. Additionally, m-MWCNTs in the
EVACO matrix improved the thermal stability and electrical properties of
EVACO. However, the filler loading is below the threshold loading of the
fillers, and there was no drastic improvement in the electrical conductivity of
the composite.

KEYWORDS
conductivity, crystallinity, MWCNTSs, nanocomposites

the polymers and nanofillers are compromised and they
exhibit superior properties as compared to the virgin poly-

Polymer nanocomposites are used in a variety of applica-
tions starting from common household to biomedical
transplants and space missions. Inorganic nanofillers are
the most commonly used fillers in polymer matrices, sev-
eral unique properties of these fillers can never be reached
by organic materials. In many instances, nanofillers exhibit
some unique and exceptional properties several orders in
magnitude than polymers, and polymers have certain
unique properties that cannot be matched by any other
materials. In polymer nanocomposites, the properties of

mers in many aspects due to the synergistic action of the
nanofiller and the polymer matrix. Due to the high surface
area of the nanofillers, a small quantity of the filler is suffi-
cient to make a significant impact on the properties of the
polymer matrix alone.

The different nanosized allotropes of carbon as fillers
in polymer matrix composites have attracted extensive
interest owing to their lightweight, strength, conductiv-
ity, and so on. The allotropes of carbon that are com-
monly used as fillers in polymer composites are carbon

Polymer Composites. 2021;1-12.
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nanotubes (CNTs),l'"®! graphite,’°! graphene,!!~**!

fullerene,™*'® carbon black,!*”"2°! and so on, and the
resulting nanocomposites can be potentially used in a
myriad of applications. In general, the addition of any
aforementioned carbon allotropes above the percola-
tion threshold enhances the conductivity of the polymer
composites tremendously. The application of carbon
nanomaterials as nanofillers in composites is limited
to not only polymers but also ceramics!?'23! and
metals.?*2°! With the introduction of nanofillers in
polymer composites, the conventional applications of
polymers are widened.

Among the abovementioned carbon-based nanofillers,
CNTs, both single and multi-walled, have their own iden-
tity starting from their morphology and structure to the
properties. The tensile strength of the CNT-filled compos-
ites is expected to be higher than the other carbon
allotrope-filled composites since CNTs with a high aspect
ratio have more entanglements as compared with the
latter,'*”! CNTs also exhibit a tensile modulus higher than
stainless steel.?®! The ability of SWCNTs/MWCNTs as
nucleating agents to improve the crystallinity in several
semi-crystalline polymer matrices has been proven,'?~!
this increase in crystallinity will also contribute to the
enhancement in tensile strength in polymer composites.
Similar to carbon black-filled polymers for exterior applica-
tions, CNT-filled polymer composites are also resistant to
weathering.1*

The interfacial bonding of filler and matrix is impor-
tant in dictating the properties of any polymer composite.
Good interfacial interaction is possible by either modify-
ing the filler or matrix of the composite, and the addition
of a compatibilizer is an alternative solution. Modifying
the polymer is stringent and requires a lot of effort
starting from the selection of reagents to the modification
of the reaction vessels. Modifying the filler is easier than
the modification of polymer and it is a must if there is a
large difference in the polarity of the polymer and the
filler. The addition of a compatibilizer can have a detri-
mental effect on the properties of the composite, espe-
cially when conducting fillers like CNTs are used, which
is capable of improving the electrical properties on the
matrix. The filler modification is important irrespective
of the composite fabrication routes, such as in situ poly-
merization, melt blending, solution casting, and so
on. Surface modification of CNTs is essential before it is
mixed with the organic matrices since pristine CNTs exist
as bundles due to their inertness.!**! These bundles can
lead to anomalous properties of the composites, for
instance, stress concentration due to these bundles can
lead to early failure of the composite under loading.

Poly(ethylene-co-vinyl acetate-co-carbon monoxide
(EVACO) is developed to improve the polarity of poly

(ethylene-co-vinyl acetate) (EVA). Polarity in EVA is dif-
ficult to enhance just by increasing the vinyl acetate con-
tent since excess vinyl acetate can adversely affect the
properties of the polymer.!*® The addition of carbon
monoxide to the backbone of EVA increases the polarity
of the polymer, thereby improving its adhesion to polar
surfaces[37]; therefore, it is also used as an adhesion
booster in coatings. EVACO is semicrystalline and the
polyethylene phase imparts crystallization in it.

In this study, EVACO/modified-MWCNTs (m-
MWCNTSs) composite was prepared through solution
casting. Industrial processing of EVACO is mainly in the
form of solutions and the method used here is akin to
the bulk processing of EVACO. The modification of
MWCNTs with polar functional groups by reduction can
improve the miscibility of MWCNTs in the polar EVACO
matrix. The mechanical properties, electrical conductiv-
ity, and crystallizability of EVACO can be improved by
the addition of m-MWCNTs in small quantities. The
overall improvement in the properties of the composite is
attributed to the good interaction of m-MWCNTs with
EVACO.

The applications of EVACO are promising as a non-
migrating plasticizer in polyvinyl chloride for medical
applications and as an adhesion promoter in paints and
coating. EVACO can form very thin uniform layers on
metallic surfaces due to its high polar nature. Additionally,
unlike several other polymers, EVACO exhibits unique
properties such as low-temperature impact strength and
resistance to environmental degradation. Therefore, by
forming EVACO/m-MWCNT nanocomposites, one can
achieve better performance in terms of strength and
weather resistance in the respective applications.

2 | MATERIALS AND METHODS
EVACO (Elvaloy® 4924) provided by Du Pont, USA,
MWCNTs (product ID: 677248, purity: >90%,) with 5-15
walls (outer diameter 10-15 nm, inner diameter 2-6 nm,
and length 0.1-10 pm and) obtained from Sigma Aldrich
Inc., USA, and dichloromethane (DCM) of purity >99%
procured from Central Drug House Pvt. Ltd., New Delhi,
India, were used for the preparation of composite. Potas-
sium dichromate obtained from Sulab, Baroda, India,
and sulfuric acid purchased from Nice chemicals, Cochin,
India, was used for the surface modification of MWCNTSs.
To modify MWCNTs, 50 mg of MWCNTSs was added
to 10 N sulfuric acid in which 0.2 g of potassium dichro-
mate was dissolved.'®® The mixture was ultrasonicated
for 1 h and heated for 30 min at 80°C in a constant tem-
perature bath. The mixture was washed repeatedly in dis-
tilled water until the pH was neutral. The m-MWCNTs
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FIGURE 1
multiwalled carbon nanotubes dispersed in water after 7 days

Photographs of unmodified and modified

[Color figure can be viewed at wileyonlinelibrary.com]

were centrifuged and dried in a vacuum oven at 100°C. The
pristine MWCNTs and m-MWCNTs were dispersed in
water by sonication of half an hour and the photographs
taken after 7 days are shown in Figure 1. The m-MWCNTs
were dispersed well in water even after 1 week, whereas the
pristine MWCNTs were settled after 2 h.

The EVACO/m-MWCNT composite was prepared by
solution casting a mixture of EVACO and m-MWCNTs in
DCM. This mixture was prepared by dissolving 4 g of
EVACO in 75 ml of DCM by continuous stirring at room
temperature followed by the addition of m-MWCNT dis-
persion in DCM, in which known quantities of m-
MWCNTSs were taken. The mixture was then stirred and
then ultrasonicated (100 W) for 1 h and poured into a
glass Petri dish to cast the sample films, the cast film was
dried in a vacuum oven at 50°C for 6 h before further
studies. Composite films with 0.05, 0.1, 0.15, 0.2, and
0.25 wt% loading of m-MWCNTs were prepared along
with a control EVACO film.

The Raman spectra (inVia, Renishaw, UK) of pristine
and modified MWCNTSs were collected to understand the
effect of acid treatment on CNTs. The scanning electron
microscope (SEM) (JSM-6380LA, JEOL, Japan) was used
to study the fractured surfaces after the tensile test. The
samples were sputtered with gold (JEOL JFC 1600 auto
fine coater, JEOL, USA) to make them conductive. A
transmission electron microscope (TEM, CM12 PHILIPS,
Netherlands) was also used to image the MWCNTs before
and after modification, the TEM images of the represen-
tative composite sample were also taken. The MWCNTSs
for TEM imaging are prepared by sonicating the
MWCNTs for 30 min in ethanol and then depositing
them on 200 mesh carbon-coated Cu TEM grids. X-ray
diffraction (XRD) patterns (DX-GE-2P, JEOL, Japan) of
the EVACO and EVACO/m-MWCNT composites were
recorded under CuKa radiation in a 26 range of 5-50°.
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The degree of crystallinity (X,) for the samples was calcu-
lated by deconvoluting the XRD pattern to separate the
amorphous and crystalline contributions to the pattern
and the degree of crystallinity was calculated from the ratio
of the integrated area of all crystalline peaks to the total
integrated area under the X-ray diffractogram.® The
degree of crystallinity (X.) was measured by the following
equation:

I,
Xo=—% | 1
L+ V)

where I, and I. are the integrated intensities
corresponding to the amorphous and crystalline phases,
respectively. Interplanar distances (d) of the crystallites
in the composites are obtained by the following
equations:

A
=5’ (2)
where 1 is the wavelength of the X-rays (CuKa =
1.5418 A) and @ is the Bragg angle.

Fourier transform infrared (FTIR) spectra (Jasco FTIR
4200, Japan) of the pristine MWCNTSs, m-MWCNTSs, pris-
tine EVACO, and representative nanocomposites were

recorded in attenuated total reflection mode in a
wavenumber range of 650-4000 cm™' at an average of
32 scans with a resolution of 0.5 cm ' In the case

of MWCNTs and m-MWCNTs, 128 scans are averaged
and the resulting spectra were smoothened using a
Savitzky-Golay smoothing algorithm. Thermogravimetric
measurements were performed for EVACO and EVACO/
m-MWCNT composites under a nitrogen atmosphere
flowing at a rate of 100 ml min~" (Q600 V8.3, TA Instru-
ments). A constant heating rate of 10°C min ' was
maintained and the weight losses versus temperature cur-
ves were recorded over a temperature range of 25-700°C.

Differential scanning calorimetric (DSC) measure-
ments were carried out by using about 5 mg of the sam-
ples in air-tight aluminum pans in a DSC analyzer
(Q1000 V9.9, TA Instruments), under a nitrogen atmo-
sphere with a flow rate of 50 ml min~' from —50 to
150°C at a heating rate of 10°C min~.

The % crystallinity of EVACO was determined from
the area under the endothermic peak by using the follow-
ing equation'*®’;

AHy¢

Xe=e bt
Wi x AHp007,

x 100, (3)

where X, is the crystallinity (%); AH; is the apparent
melting enthalpy of crystallinity of EVACO (J/g); AH009
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is the extrapolated value of the enthalpy of crystallization
of a 100% crystalline sample of EVA having a value of
68 J g '*1: W, is the weight fraction of EVACO in the
composite.

The tensile testing was performed in a universal testing
machine (H25KS, Hounsfield, UK), at room temperature
as per American Society for Testing Materials (ASTM) stan-
dard D 638-10 at a strain rate of 50 mm min . The tensile
test specimens were punched out by using an ASTM D
412-06a die. The reported values of mechanical parameters
are the averages of three values. Maximum deviations in
the results of tensile strength, yield strength, M100, and
elongation at break were +5%. The electrical direct current
(DC) conductivity measurements were carried out on films
of 2 cm x 2 cm samples by using a two-probe method with
a digital multimeter (MECO, 81K) under ambient condi-
tions following ASTM D257.

3 | RESULTS AND DISCUSSION

3.1 | Raman analysis

The Raman spectra (Figure 2) of the MWCNTSs clearly
show the intense D-band at 1354 cm ™! (transverse or
out-of-plane vibration of graphene walls) and G-band at
1591 cm™ ' (longitudinal vibration of graphene or disor-
der of carbon) of typical MWCNTSs.[*?! The G-band was
split into two modes, G1 at ~1595 cm~! and G2 at
1619 cm %, in the deconvoluted image as in the inset of
Figure 2. The G2-band of the modified MWCNTs is evi-
dent in Figure 2, and it refers to the number of walls in
MWCNTs (reduction in ordered arrangement),[43’44] as
the number of walls decreases its intensity will increase.
In this case, an increase in the intensity of the peak in m-
MWCNTs is may be due to the exfoliation of outer layers
of the MWCNTs or due to the removal of amorphous car-
bon from the nanotubes during the acid treatment. A
slight reduction in the intensity of the peaks after modifi-
cation is attributed to the direct electron charge transfer
from the functional groups attached to the surface of the
MWCNTs through oxygen.!*>*! The ratio of the intensity
of D-band and G-band (Ip/Ig) gives the number of defects
present in the nanotubes, and as the number of
defects increases, the D/G ratio also increases. In this
study, the ratio is increased from 1.26 to 1.32 after the
functionalization of MWCNTs.

3.2 | TEM analysis

The TEM micrographs of the MWCNTs, m-MWCNTSs,
and EVACO/m-MWCNT composites are shown in
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FIGURE 2 Raman spectra of pristine multiwalled carbon
nanotube (MWCNT) and modified MWCNT [Color figure can be
viewed at wileyonlinelibrary.com|

Figure 3. The average aspect ratio of MWCNTSs is ~60,
which is calculated from the respective TEM images. In
the case of unmodified MWCNTs (Figure 3A), the
MWCNTs were with well-defined walls and circular ends
and the diameters were less as compared with acid-
treated m-MWCNTs. During the acid treatment, the sur-
face and the ends of the MWCNTs were damaged, as
clear in Figure 3B. The increase in the diameter of m-
MWCNTs can be attributed to the increase in the wall
thickness of the nanotubes since the acid treatment can
intercalate the functional groups between the layers of
the walls. The outer layers of the MWCNTs were severely
damaged during the treatment, as in the inset in
Figure 3B, which can improve the interfacial adhesion
between EVACO and m-MWCNTs. This damage in the
outer walls of MWCNTs after modification resulted in
the appearance of G2’ peak in the Raman spectra, which
correspond to the number of graphene layers constituting
the wall. In the TEM micrograph of EVACO/m-MWCNT
composite, the walls of the MWCNTs are indistinguish-
able from the matrix, especially at several damaged
regions of the m-MWCNTSs, which reveals a good interfa-
cial adhesion between MWCNTs and EVACO.

3.3 | FTIR analysis

The FTIR spectra of pristine MWCNT, modified MWCNT,
EVACO, and representative EVACO/m-MWCNT compos-
ites are shown in Figure 4. In the spectra of pristine
MWCNTs, the several peaks at the fingerprint region are
attributed to the hexagonal carbon. As the MWCNTs are
modified, several strong peaks have appeared in the spectra
and the intensity of the peaks corresponding to the hexago-

nal carbon has reduced. The broad peak at 3245 cm ' is
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FIGURE 3
electron microscopy

Transmission

micrographs of (A) unmodified
MWCNTS, (B) m-MWCNTSs, and
(C) EVACO/m-MWCNT
composite with 0.1% m-MWCNT
loading. EVACO, poly(ethylene
vinyl acetate-co-carbon
monoxide); m-MWCNT,
modified-multiwalled carbon
nanotube
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FIGURE 4 Fourier transform infrared spectra of pristine

MWCNT, modified MWCNT, neat EVACO, and 0.25% m-MWCNT-

loaded EVACO. EVACO, poly(ethylene vinyl acetate-co-carbon
monoxide); m-MWCNT, modified-multiwalled carbon nanotube
[Color figure can be viewed at wileyonlinelibrary.com]
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attributed to the overtone of —OH and C=O stretching.
The peaks 2925 and 2855 cm ' are assigned to the sym-
metric and asymmetric stretching of —CH groups formed
on the MWCNT surface after modification. The peaks at
1448 cm™ ' and 1127 cm ™' are assigned to —OH defor-
mation and C—O stretching of the carboxylic group,
respectively. Thus, it is concluded that the MWCNT
surface is attached with —OH and —COOH groups after
modification.*”!

In the spectra of EVACO and EVACO/m-MWCNT
composite, the characteristic peak at 3380 cm ™' is assigned
to OH stretching. The peaks at 2925 and 2855 cm ' are
due to symmetric and asymmetric stretching of —CH,
respectively. The peak at 1709 cm ™' is due to the C=0
stretching and 1464 and 1372 cm ™ are due to —CH scissor-
ing and —CH deformation respectively. The peaks at
1242 cm ! correspond to C—O stretching and 1019 cm ™ is
due to C—OH stretching. The peak at 721 cm ™" is assigned
to the rocking vibration of —CH.!**!

In comparison with the FTIR spectrum of pristine
EVACO, EVACO/m-MWCNT composite spectrum has
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several peaks, which are originated from the pristine 120
EVACO, but some peaks are modified in connection with JorC  400C Emf'ﬂ
the interaction of EVACO with modified MWCNTs. The 100 e '-___.|._"
intensification of the peak at 3380 cm ', which corre- s L) L Degradabion
sponds to —OH stretching, is due to the formation of a B0 e :L';L";:::'
hydrogen bond between —OH and —COOH groups on e '}‘; 5
the m-MWCNTs and C=0 groups of EVACO or vice E B0 4 'E
versa. During the formation of the hydrogen bond, the . — ECNTO . i
donor hydrogen atom from —OH forms a bond with a 404l _ ECNTOOE W
lone pair of electrons in C=0, which has two lone pairs - = = BECNTOA ‘l
of electrons.*”! Therefore, as the OH vibrates, this lone 24— - ~ELHITAS 1

. . . . . = ---EGNTD.2 |
pair also vibrates, which will contribute to more change ECNTO 26 Al
in the dipole moment and thus an increased intensity of 0 ' - : : - i -
—OH stretching.!*!  Similarly, this induced dipole 10 200 200 400 500 600
moment changed the intensity of the peak at 1709 cm™". T
The numerous peaks corresponding to the hexagonal FIGURE 5 Thermogravimetric analysis results of pristine

structure of MWCNTs also appear in the composite,
which made a downward shift in the spectra of EVACO/
m-MWCNT in the fingerprint region. This reveals that
a good interaction exists between the EVACO and
m-MWCNTSs.

3.4 | Thermogravimetric analysis

Thermogravimetric analysis results of EVACO and
EVACO/m-MWCNT composites are shown in Figure 5.
All the samples exhibit two steps in their degradation pro-
cess. The first step between 300 and 400°C in the degrada-
tion process is the elimination of acetic acid by ester
pyrolysis (deacetylation) during which the free acetate radi-
cal combines with the f-hydrogen to form acetic acid and
this mechanism is akin to the degradation process of the
ethylene-vinyl-acetate copolymer, which has an immediate
analogy to EVACO. This process is followed by the degra-
dation of the backbone of the polymer chain between
400 and 500°C, which has a polyene structure since the
side group is eliminated during ester pyrolysis.”*"

The thermal degradation temperature is slightly
improved in EVACO/m-MWCNT composite as com-
pared with that of pristine EVACO. A filler loading as
low as 0.05 wt% also made a remarkable improvement
in the degradation temperature, and it indicates the
strong interfacial interaction of the m-MWCNTs with
EVACO. As the m-MWCNT loading is increased, the
thermal stability of the composites also increases. This
increase in the thermal properties may be attributed to
the four major reasons, one is the physical adsorption
of the polymer chains around the surface-modified
nanotube restricting their mobility, thus preventing the
sudden degradation of these polymer chains.!*®! The
second is the enhanced adsorption of reactive prod-
ucts by the m-MWCNTs. The heterogeneous

EVACO and EVACO/m-MWCNT (ECNT) composites. EVACO,
poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT,
modified-multiwalled carbon nanotube [Color figure can be viewed
at wileyonlinelibrary.com]

adsorption of these organic molecules on the m-
MWCNTs is attributed to the high-energy adsorption
sites, such as defects, functional groups, and intersti-
tial space between the walls of m-MWCNTSs.!*2! This
adsorption process can be accelerated at high tem-
peratures. Moreover, the functional groups such as
—OH and —COOH are capable of trapping the reac-
tive free radicals to form stable molecules.!>*!

The third is the high-temperature stability and good
thermal conductivity of the MWCNTs. The high ther-
mal stability of MWCNTs increases the integrity of
char residue on the surface, which is formed at the ini-
tial stages of degradation, thus preventing the penetra-
tion of reactive molecules to the bulk of the composite.
The high thermal conductivity helps to distribute the
heat uniformly all over the composite.'>3! The fourth
is due to the reactive scavenging by capillary
condensation,” in which active molecules can be
adsorbed to the lumen of the MWCNTs, thus neutraliz-
ing the overall degradation process in the presence of
MWCNTs.

3.5 | XRD analysis

The structural changes in the composite especially crystal-
linity are characterized by comparing X-ray diffractograms
of EVACO and EVACO/m-MWCNTs with different filler
loading as shown in Figure 6. The intense peak at
20 = 20.83° is due to the (110) plane of polyethylene crys-
tallites, since the polyethylene segments impart crystallinity


http://wileyonlinelibrary.com

GEORGE ET AL.

INSPIRING
PLASTICS

romer~WILEY-L

in EVACO.®® The crystallinity of EVACO/m-MWCNT
composite increases as the filler content increases, as pres-
ented in Table 1. This increase in crystallinity is observed
up to a filler loading of 0.1%, thereafter it decreases.
Improvement in the crystallinity at these filler loading is
due to the ability of MWCNTs to attract the polymer chains
close to each other to form crystallites. But above certain
loading, that is, critical loading, these nanotubes may no
longer be able to bring the polymer chains together to form
crystallites, because, at high filler loading, the high-aspect-
ratio nanotube network can hinder the polymeric chain
movements. This will be severe as the filler loading is
higher since the nanotubes can destroy the coalition of
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FIGURE 6 X-ray diffractograms of neat EVACO and EVACO/

m-MWCNT composites. EVACO, poly(ethylene vinyl acetate-co-
carbon monoxide); m-MWCNT, modified-multiwalled carbon
nanotube [Color figure can be viewed at wileyonlinelibrary.com]
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polymer chains at the spherulite front. Also, at these filler
loadings, the bundling of MWCNTs can reduce the possi-
bility of a polymer chain wrapping around the MWCNTSs
to form the crystalline regions.

3.6 | DSC analysis

The DSC results of EVACO and EVACO/m-MWCNT
composites at different MWCNT loadings are shown in
Figure 7. The melting of pristine EVACO, as well as com-
posites, occurred in between 30 and 90°C. The melting
temperature of EVACO is determined by the segmental
mobility of the polyethylene phase, which constitutes the
crystalline phase in the terpolymer. As the filler loading
has increased, an increase in the crystallinity of the com-
posite over the pristine EVACO is observed. It is due to
the ability of modified CNTs to act as a nucleating agent
as reported earlier.*®*”! Nevertheless, the percentage
crystallinity is reduced remarkably and comparable to
that of pristine EVACO at a filler loading of 0.25 wt%.
The dilution of the crystallite growth front by the high-
aspect-ratio nanotubes and the arresting of free move-
ment of polymer chains by the networked MWCNTs are
expected at this filler loading, which may hinder crystalli-
zation of polymer chains that can otherwise undergo
crystallization if MWCNTs are absent. Therefore, the
modified MWCNTs favor the crystallization for a certain
critical filler loading and it decreases after that.

The first heating curves (Figure 7A) of EVACO and
EVACO/m-MWCNT composites have two major melting
peaks, which correspond to @ and f crystallites, whereas
during cooling only one melting peak was observed. In

TABLE 1 Crystalline properties of EVACO at different m-MWCNT loadings

Filler loading (%) Peak position (260) d spacing (A) The area under the peaks Total area % crystallinity

0.0 20.8 4.34 1499 4715 41.5
22.8 3.98 461

0.05 21.6 4.18 1662 4802 43.2
23.4 3.88 410

0.1 21.2 4.26 1620 4190 46.3
23.1 3.92 321

0.15 21.5 4.20 1486 4378 43.8
23.5 3.86 433

0.2 21.2 4.26 2218 7258 42.6
23.2 3.92 877

0.25 20.7 4.36 1309 3961 39.9
22.7 3.98 272

Abbreviations: EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled carbon nanotube.
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DSC curves of neat EVACO and EVACO/m-MWCNT composite (A) heating and (B) cooling. DSC, Differential scanning

calorimetry; EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled carbon nanotube [Color figure

can be viewed at wileyonlinelibrary.com]

solution casting, the polymer chains in the solvent are
free to move and capable of aligning themselves to a most
thermodynamically favorable position before the solvent
is completely evaporated, apart from self-crystallization,
the presence of m-MWCNTSs in the solution also drives
the polymer chains to arrange in a preferred order. Ulti-
mately this results in an increased crystallinity in the
composite. In melts, the restricted chain movements
allow the formation of one type of crystallite (f-crystal-
lite), and the intensity of this melting peak (Figure 7B) is
increased in the composite as compared with the pristine
EVACO. It is worth noting that there is a shift in melting
temperature of the composites to lower values. Therefore,
one can scrutinize that the presence of m-MWCNTSs in
EVACO can impart additional crystallinity in EVACO.
Table 2 shows the percentage crystallinity from first
heating and second heating DSC curves, glass transition
temperature (T,), and the melting temperature.

The glass transition temperatures (T,) of the composites
are high as compared with the pristine EVACO. The pres-
ence of nanotubes in the composite lessens the suppleness
of the polymer chain movements and the wrapping of

TABLE 2

% crystallinity from the first heating

polymer chains to the nanotubes increases the crystallinity
adjacent to the tube surfaces. Besides crystallinity, the inter-
ference of m-MWCNTSs decreases the polymer chain move-
ments, this interference will be high for a composite with
good filler dispersion.[37] Therefore, a maximum T, repre-
sents a composite with good filler dispersion.

3.7 | Tensile properties

The stress versus strain curves of neat EVACO and
EVACO/m-MWCNT composites are shown in Figure 8.
The addition of a small quantity of m-MWCNTs, which is
as low as 0.05% shows a large enhancement in the tensile
strength of the composite. There is a significant improve-
ment in the tensile strength of the other composites also.
The elongation at break is the highest for the composite
with a good tensile strength, which in turn has good crys-
tallinity as compared with neat EVACO, as observed in
DSC and XRD analysis. The number of crystalline block
segments in the composite is more than that is in neat
EVACO, since the crystallinity is increased in composite

The crystallinity of EVACO/m-MWCNT with different m-MWCNT loading

% crystallinity from cooling

Filler loading (wt%)  Melting temperature (°C) % crystallinity = Melting temperature (°C) % crystallinity T,

0 51.88 28.2 53.13 18.1 —41.4
0.05 52.05 54.4 51.36 30.2 —40.5
0.1 51.81 51.5 51.31 29.7 —40.07
0.15 52.57 47.9 51.08 26.3 —40.1
0.2 51.32 439 50.65 25.1 —40.4
0.25 52.24 33.6 51.19 18.2 —41.3

Abbreviations: EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled carbon nanotube.
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with filler loading. As the crystallinity increases, the ori-
entation of these segments and the respective tie chains
toward the applied force need more effort than the polymer
with less crystallinity,!®®! which will increase the tensile
strength and more elongation at break in the composites.
The simultaneous reduction in the tensile strength with
filler loading may be attributed to the less crystallinity in
them and also the nodal points in the MWCNT network,
which can act as the stress concentrators.

The mechanical properties of the nanocomposite
depend on several parameters, they are filler dispersion,
crystallinity, filler-matrix interaction, processing methods,
and so on.*®! If the dispersion is poor, even though nan-
otubes are flexible, the bundled MWCNTSs can act as rigid
stress concentrators due to their difference in elastic proper-
ties compared to the EVACO matrix. The stress concentra-
tion leads to the building up of stress around the particles
and ultimately results in the debonding of nanotubes at the
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FIGURE 8 Stress versus strain curves of neat EVACO and

EVACO/m-MWCNT composites. EVACO, poly(ethylene vinyl
acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled
carbon nanotube [Color figure can be viewed at
wileyonlinelibrary.com]
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MWCNT-EVACO interface. It is true in the case of
nanocomposite with 0.25% filler loading, which has the
least tensile strength and elongation at break among
the composites. The aspect ratio of MWCNTs affects
the tensile properties of the EVACO/m-MWCNT com-
posites. On comparing the ultimate tensile strength
and toughness of EVACO/nano-alumina trihydrate!*®!
and EVACO/halloysite nanotube!®® composites with
EVACO/m-MWCNT composite, one can observe that
EVACO/m-MWCNT composites exhibit superior mechani-
cal properties at very low MWCNT loading (Table 3).

3.8 | SEM fractography

The SEM micrographs of tensile fracture surfaces of neat
EVACO and EVACO/m-MWCNT composites are shown
in Figure 9. All the samples exhibit a typical ductile fail-
ure, which is revealed by the continuous crack propaga-
tion trajectories. The gradual transformation from ductile
to brittle nature is observed on the fracture surfaces. In the
composite samples, the stress whitened regions are less
intense because of the increase in the crystalline regions in
the composite. The tensile and yield strength of the com-
posites are enhanced through filler loading and the elastic
recovery zone of the composites is greater than the neat
polymer (Figure 8), therefore the composites are resistant
to stress whitening.!®’! There are no traces of crazing at
the edges of the crack propagation trajectories, but fibrils
are present on the fractured surface since the stress in the
polymer matrix in the premises of MWCNTs is different
from that is away from MWCNTs, which will reduce the
sensitivity toward crazing and promote shear yielding,
leading to the formation of fibrils.

3.9 | Electrical conductivity

DC volume resistivities of the EVACO/MWCNT compos-
ites are shown in Figure 10. The resistivity of the

TABLE 3 Mechanical properties of virgin EVACO and the composites

wt% of Ultimate tensile Yield Stress at 100% % elongation at Toughness
MWCNT strength (MPa) strength (MPa) elongation (MPa) break (kN/m?)

0 17.2 3.8 4.14 1420 134

0.05 24.9 5.8 6.04 1607 22.8

0.1 22.5 5.2 5.45 1573 19.6

0.15 22.1 4.6 4.91 1568 18.6

0.2 21.8 4.8 4.82 1580 17.4

0.25 21.5 4.5 4.59 1573 18.0

Abbreviations: EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); MWCNT, multiwalled carbon nanotube.
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FIGURE 9

The scanning electron microscopy micrographs of EVACO with different m-MWCNT loadings: (A) 0%, (B) 0.05%, (C) 0.1%,

(D) 0.15%, (E) 0.2%, and (F) 0.25%. EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled carbon

nanotube
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FIGURE 10
[Color figure can be viewed at wileyonlinelibrary.com]

Electrical volume resistivity of the composites

composite was reduced as the filler content was
increased, but the reduction in the resistivity is not appre-
ciable as the conductivity of the MWCNTs is concerned.
The reduction in the resistivity is due to the presence of
conductive MWCNTs and its insignificance is due to the
fact the MWCNT loadings are far less than that of the
percolation threshold. Below the percolation threshold,
the MWCNTs are isolated from each other, and no con-
tinuous network of MWCNTs is intact for electron trans-
port. The improvement in electron transport properties
in the presence of MWCNTS is due to the shortening of

the resistive electron path, which is otherwise completely
resistive if EVACO alone is considered.

4 | CONCLUSION

In summary, the addition of modified MWCNTSs was
an efficient way to improve the strength and crystalline
properties of EVACO. A minute quantity of MWCNTSs
was sufficient enough to make a significant change in
the properties of EVACO. Good interaction between
m-MWCNTs and EVACO was observed in the FTIR
analysis. The thermal stability of the composites was
improved with the filler loading. The increase in crys-
tallinity by the addition of m-MWCNTs is observed in
the case of all the composites irrespective of the filler
loading. Composite with 0.05% loading of MWCNTs
exhibited the best crystallinity (30.5%), which in turn
resulted in the maximum tensile strength in these com-
posites. The pristine EVACO and its composites
exhibited ductile fracture and as the filler loading
increased the fracture was approaching brittle nature.
The percentage elongation at break for pristine
EVACO is 1420%, which is increased to 1607% by the
addition of 0.05 wt% of m-MWCNTSs, with a subsequent
increase in the ultimate strength in 17.2-24.9 MPa. The
m-MWCNT loading in the composite was below the
percolation threshold; therefore, only a small reduction
(26-7 GQ) in the resistivity was observed among the
composite, which may improve the antistatic proper-
ties of the composite.
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In-Line and Cross-Flow Response
Interactions during Vortex Induced
Vibration of Marine Risers
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ABSTRACT

The paper presents a simplified method for understanding the interaction between in-line and cross-flow responses using
computational fluid dynamics simulations. Interaction between the responses in the in-line and cross-flow directions in
vortex induced vibrations of cylindricalrisers in the marine environment is still not fully understood. The trends of variation of
hydrodynamic and structural parameters as well as pattern of shedding have been determined numerically to understand
the effect of the in-line degree of freedom as well on the riser response and hydrodynamic force coefficients and the results
showthat a single degree of freedom riser is more susceptible to lock in vibration.

KEYWORDS: Vortex Induced Vibration, In-line, Cross-Flow, Force Coefficients, Response

1.INTRODUCTION

Drilling riser is a pipe laid vertically from
the oil well at the ocean bed to the
offshore drilling platform. It conveys the
drilling fluid and mud to and from the
drill site Marine drilling risers are used
especially with floating rigs which are
less stable and in particular cases
where disconnection of the platform
from the seafloor may be required quite
often. Figure 1 shows various layouts of
marine risers depending on the
constructional specification of
platforms. Figure 2 shows different
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offshore platforms with drilling depth [1]
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Marine drilling risers are used especially
with floating rigs which are less stable and

in particular cases where disconnection of the
platform from the sea floor may be

required quite often

layers used in the construction of a
flexibleriser.

The marine risers, which are classified
as bluff bodies, and when encountering
fluid flow, alternate vortices are shed in
the wake of the structure due to
boundary layer separation. This
alternate vortex shedding happens at
a discrete frequency depending upon
the flow Reynolds Number (Re). When
the vortex shedding frequency matches
with the natural frequency of the riser
structure, it resonates with high
amplitude of oscillation. These large
amplitude vibrations, that occurs during
"lock-in" of risers are catastrophic and
needs to be arrested for the safety of
crew working on the floating platforms
and also for extending operational life of
the risers. Vortex induced vibration (VIV)
of marinerisers poses all the challenges
in the deployment and operation of
marinerisers.

There have been lot of research in the
recent past to understand their
behaviour under various sub-sea flow
conditions. But most of the studies have
concentrated on understanding the
wake characteristics and estimating
hydrodynamic loading and response of
either stationary cylinder or cylinder
with a single degree of freedom
(1DOR)[2l.

Few results have been reported for
study of hydrodynamic response of
cylinder with two degrees of freedom
(2DOF) in both in-line (IL) and cross-flow
(CF) directions. IL vibrations have
significant impact on the shedding
pattern and also on the amplitude of CF
vibrations [3].

The first of its kind discussions were
reported in the case of flow around
cylinder with 2DOF [4]. They established
the effect of reduced velocity (U) on the
effect of forced and free 2DOF response
[4]. The effect of IL response on CF
response depends on the ratio of
natural frequencies in both the
directions
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During lock in, if the natural frequency in
the IL direction is twice that in the CF
direction, resonance occurs in both
directions leading to premature failure
oftheriser [5]. Also it has been observed
that IL response amplitude is a function
of U, and stability parameter, whereas
the CF response amplitude is a function
of U, and flow velocity [6]. Wake
characteristics, hydrodynamic force
coefficients and response vary
significantly when both IL and CF
vibrations occur simultaneously. Hence
there is a need for prediction of
response that hold good for the
combined ILand CF vibration.
2.PROBLEM DESCRIPTION

In the present paper a riser model with
outer diameter 0.076 m has been
numerically analysed using two
dimensional (2D) computational fluid
dynamics (CFD). Specifications of the
riser and the flow condition in listed in
Table 1. The incoming flow velocity is
fixed as 0.5 m/s to maintain the flow
regime uniform at Re = 3.8 x 10* which
corresponds to the ocean condition
encountered by a real marine riser used
for petroleum extraction in offshore
industries [71. In this paper an effort has
been made to study the effect of IL
vibration on the amplitude of CF
vibration and also on the wake
characteristics.

2.1. MathematicalModel

The riser has been modelled as a 2D
cylinder with 2DOF in the CF and IL
directions. The equations of motion for
the riser can be represented as Eq. (1)
and (2)

mY +o¥ + kY = FLL) I
m¥ 4 eF 4+ kX F|-|I':l L2

Where Y is the displacement in CF
direction and X is the displacement in

Properties Values Units
Diameter (D) 0.076 m
Aspect ratio ( L/D) 1312
Flow velocity (V) 05 m/s
Reynolds Number
ot flow (R 38 x10"
Mass ratio (m") 0.66 -

Table 1 Riser model specifications and
flow characteristics

the IL direction. The excitation forces are
lift force, F, (t) and drag force. F, (t). The
excitation forces are periodic in nature
due the alternate shedding of vortices,
which causes the riser to oscillate in CF
as well as IL directions. The riser is
observed to oscillate with frequency
equal to frequency of vortex shedding
(f,) inthe CF direction and at double the
frequency in the IL direction during lock
in. Lock in can be defined as the
resonance condition during which the
vortex shedding frequency lock on to
the natural frequency of the riser in the
cross flow direction. A simple
representation of the mathematical
model of riser with 2DOF is represented
in Figure 3.

The riser is modelled with zero
structural damping in the CF and IL
directions. kR, and k, are stiffness
coefficients in the IL and CF directions
respectively. In the present study k= k,.
For such a specific case the natural
frequencies in both directions will be
sameandhencen,=1

2.2.Fluid Domain Extends

Figure 4 (a) shows the computational
domain for the CFD simulation of VIV of
an elastically mounted cylinder with
2DOF. The origin of the Cartesian
coordinate system is located at the
centre of the cylinder. The length of the

Figure 3 Representation of mathematical
model of riser with 2DOF
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domain is 40D with the cylinder located at 10D away from the inlet
boundary. The cross flow width of the domain is 20D with the centre of the
cylinderatthe middle.

Detailed views of the mesh around the cylinder along with the
computational domain after meshing have been shown in Figure 4 (b) and
(c) respectively. There are 307 nodes around the circumference of the
cylinder and the minimum element size near the rigid wall boundary has
been computed from boundary layer theory to be 0.0001D [8].

The non-dimensional element size represented as y+, next to the cylinder
surface is found to be less than unity. For cylinder wall a no slip boundary
condition has been applied assuming the surface to be smooth. Inlet
boundary has been treated as velocity-inlet with inflow velocity, V = 0.5
m/s. Outlet boundary has been treated as pressure outlet, the gradients of
fluid velocity are set to zero and the pressure with zero reference pressure.
On the two transverse boundaries, symmetry boundary condition has
been applied. Grid independency study has been carried out for the
presentgridin the previous work done by the authors [9].

2.3.FlowModel

Numerically this problem has been treated as a case of two-way fluid
structure interactions (2way FSI). Modeling and meshing has been
performed in ANSYS ICEM CFD and solving using ANSYS FLUENT. Flow
around the cylinder is modeled using the transient, incompressible
Reynolds Averaged Navier-Stokes equation (RANSE) based solver with k -
w SST as the turbulence model. RANSE solver does the virtual averaging
of velocities over an interval of time and hence for a specific interval, the
velocity vector appears to be constant in a RANSE solver. In the present
work an optimised fine grid is used to compensate for this drawback of
the solver enabling it to capture the physics of Von-Karman Street eddies.

The governing equations are discretised using finite difference method.
Non iterative time advancement (NITA) scheme with fractional time
stepping method (FSM) has been chosen for pressure-velocity coupling of
the grid. A least-squares- cell (LSC) based scheme has been used for
gradient in spatial discretisation and a second order upwind scheme as
convective scheme.

2.4.StructuralModel

An elastically mounted cylinder can be mathematically represented by
Eq. (1) and (2). These equations of motion are solved using a six degrees of
freedom solver (6DOF), an integral part of the main solver by defining the
cylinder as an object with 2DOF in transverse direction. A user defined
function (UDF) compiled in C programming language has been hooked to
the cylinder dynamic boundary conditions. The governing equations for
the motion of the centre of gravity of the cylinderin the CF and IL directions
are solved in the inertial coordinate system. Velocity in the CF and IL
directions are obtained by performing integration on Eq. (3)and (4).

¥ ®)
EERY (4)
Where X and y, are accelerations in the IL and CF direction respectively, m
is the mass of the cylinder and F, resultant fluid force acting on the cylinder
in the respective direction. Position of the centre of gravity of the cylinder
(CG) is updated after solving the equations of motion of a spring mass

system represented by Eq. (1) and (2). Mass of the cylinder is given in the
UDF asinEq.(5)and (6).

p = fiy 4 0 (5)

m= [1+ Cylmy (6)
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Figure 4 (a) Computational domain
(b) computational mesh
(c) mesh around the cylinder

Where m, is the added mass and m, is the
mass of the cylinder. Added mass coefficient
C, for the aspect ratio of the present model is
foundto be equalto1.0[10].

Analysis has been performed assigning the
cylinder 2DOF with k, = k, so that the natural
frequencies of the cylinder in both directions
remain equal. The results are compared with
the case when the cylinder has only 1DOF in
the CF direction. Amplitudes of CF response
are compared with existing results [9] and
also the shedding patterns in both cases
have been analysed.

3.RESULTS AND DISCUSSIONS

From the numerical analysis of cylinder with
2DOF it has been observed that the
hydrodynamic force coefficient in the CF
direction, C, shows an increase of 17.4% than
that for 1DOF case. This result is comparable
with the findings of previous research in the
field which shows an increase in the lift
coefficient value by permitting an extra
degree of freedom [11l.
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RMS value of C,is constant for both cases with avery small decrease of
4% with 2DOF case. C, oscillates about zero with almost equal
frequencies for both the cases. But the frequency of oscillation of C, is
lesser by 7.2% for 2DOF case. The values of important hydrodynamic
and structural parameters of both cases are shown in Table 2.

The non-dimensional amplitude in the CF direction obtained with
2DOF is 11.3% more than that with 1DOF. X/D is approximately 0.2. Time
histories of major parameters obtained from the 1DOF analysis are
shown in Figures 5(a) - (d) and that for 2DOF in Figures 6(a) - (d).
Frequency of oscillation of the cylinder in the CF direction obtained
from 1DOF case is found to be more closer to the theoretical value of
vortex shedding frequency obtained from the normal value of St = 0.2
(f,=1.3). For the 2DOF case, the frequency of oscillation deviates from
the vortex shedding frequency.

For 2DOF case, the frequency of oscillation of C, and the oscillation
frequency of cylinder in the CF direction remains same. In 1DOF case,
C, oscillation frequency remains same as that in the 2DOF case, but the
cylinder vibration frequency in the CF shifts towards the natural
frequency of cylinder in CF direction.

In the present analysis, the natural frequency in both directions are
specifically fixed to be equalto the theoretical value of vortex shedding
frequency. Hence the phenomenon can be looked upon as the lock-in
of vortex shedding frequency on to the natural frequency of the
cylinder. It can be concluded that a cylinder with 1DOF is more prone to
lockinvibration compared to that with 2DOF.

This observation can be related to the shifting of the vortex shedding
pattern from two singles (2S) to two pairs (2P) mode when motionin IL
direction is arrested. The shedding patterns for 1DOF and 2DOF cases
are shown in Figure 5(a) and Figure 6(a) respectively. St obtained also
is with the range of normal value for cylinders during lock in. Even
though the values of C, for both cases are almost same, the oscillating
frequency varies significantly.

The trajectory of oscillation of cylinder in 2DOF case is represented in
Figure 7. A clear eight figure trajectory is observed which is typical for
VIV of cylinders [11]. Also it has been observed that the motion the IL
direction lags behind that in CF direction by a phase angle 30°. The
represented trajectory in Figure 7 corresponds to 30" phase lag [12].

4.CONCLUSIONS

Accounting for an additional degree of freedom seems to have
significant effect on the magnitude of lift coefficient but the frequency
of oscillation of C, remains constant for both the cases. C; is
independent of the degree of freedom of the cylinder but the
frequency of oscillation varies significantly. Oscillation amplitude of
the cylinder in the CF direction is more in 2DOF case which can be
relatedtotheincreaseinC.

It has been clearly observed that with 1DOF, the cylinder is more
susceptible to lock in vibration since the vortex shedding frequency
locks onto the natural frequency of the cylinder in the CF direction. But
with 2DOF, no such shifting of frequency is observed. Shedding pattern
shifts from 2S during 2DOF motion to 2P when motion in IL direction is
arrested. An eight figure trajectory typical for VIV is obtained from the

Parameters 1DOF 2DOF
(1]1, =1)
CL 057 0.69
Cob 149 143
fosc CL(fv) 116 114
fosccy 25 232
fer 126 115
fiL - 3.28
St 018 017
Y/D 1.06 1.2
X/D - 017

Table 2 Hydrodynamic and structural parameter
off cylinder with 1DOF and 2DOF
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2D simulation. Hence the efficacy of 2D CFD as a tool to predict
response of cylinder with 2DOF under VIV is accomplished. The
observations made above are definitely strong inputs in the design
deploymentand operation of marinerisers.
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Figure 6 Pressure contours and time histories of
various hydrodynamic and structural parameters
(a) Vortex shedding pattern behind cylinder with
2DOF showing 2S mode (b) C, of cylinder with
2DOF (c) Cp of cylinder with 2DOF (d) Motion
history of cylinder with 2DOF

Figure 7 Trajectory of the cylinder
with 2DOF motions under VIV
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Abstract. Co-based composites are extensively utilized in the field of prosthesis and dental
implants. Hybrid composites made using Powder metalurgy process, Co-10Cr-GNSA were
studied. The surface morphology of the hybrid composites were studied using Scanning
Electron Microscope. The elemental analysis was carried out using X-Ray Diffraction
technique. The hybrid composites were analyzed for its various mechanical properties like
microhardness, compressive strength, and density. Value of micro hardness of the composite
materials showed dight improvement with addition of GNSA reinforcement. The value of
density of the hybrid composites was found to be decreasing linearly with the addition of
GNSA. Compressive strength of the materials showed a reasonable increment. Wear analysis
to study the tribological characterization of the hybrid composites were done with the help of a
pin on disc wear testing machine. The wear and COF studies show that with a rise in GNSA
content, wear resistance increases because of the presence of oxides of GNSA particles. From
the worn out surfaces of the hybrid composite it is concluded that the deformation of the
composites takes places initialy due to abrasive wear followed by plastic deformation. An
electrochemical workstation was used to understand the corrosion characteristics of the hybrid
composites in the presence of 3% NaClelectrolyticsolution.Co-5Cr-5GNSA hybrid composites
exhibit better electrochemical corrosion resistance compared to other specimens.

Keywords: Powder metallurgy, Wear, Corrosion, GNSA

1. Introduction

Now a days more and more people suffer from osteoarthritis disorder, which makes them experience
severe pain and discomfort. Recent survey suggests that there are nearly 50 million cases worldwide
who are suffering from osteoarthritis disorder and in need of joint replacement surgery [1]. Co-Cr-Mo
aloy is the extensively used artificial prosthetic material considering its higher value of wear,
hardness and corrosion resistance. Even though Co-Cr-Mo alloys are excellent prosthetic material, till
there are certain disadvantages such as wear of implants in the hip joints and problems related to bio
compatibility since Mo is not a bio degradable material[2-5]. Therefore it is the need of the hour to

Content from this work may be used under the terms of the Creative CommonsAttribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by 10P Publishing Ltd 1
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produce a composite with much better wear and corrosion resistance which is also bio degradable and
compatible to human body.

The ground Nut Shell Ash (GNSA) which is primarily a biological waste and is available in
abundance all over the world. Moreover the GNSA particles have presence of MgSiO3 and AISIO3 in
high concentration .Hence it can be used to replace the hazardous Mo reinforcements[6].

There are many conventional methods to produce wear resistance artificial prosthetic implants
such as plasma spraying, physical vapor deposition, electro deposition and chemical vapour
deposition. Since these manufacturing processes includes more complex steps and requires costly
equipments, the cost of the implantsis high. The powder metallurgy technique has its own advantages
which include uniform dispersion, low processing cost and ability to manufacture high melting point
materials. Hence the powder metalurgy process possesses great potential for producing Co-Cr based
hybrid composite materials with highly desirable mechanical properties along with wear and corrosion
resistance] 7-13].

This work aims to develop a Co-Cr-GNSA hybrid composite material with better wear,
corrosion resistance and mechanica properties. In this study, four different compositions based on
weight percent is formulated as follows Co-10Cr, Co-10Cr-2.5GNSA, Co-10Cr- 3.5 GNSA and Co-
10Cr-5GNSA. The composite powders are mechanically milled and compacted and sintered in order
to develop specimens of 8mm cylindrical pellets. The hybrid composites are then studied in order to
explore their morphological properties using SEM. The mechanical behavior along with tribological
and corrosion resistance behavior were studied and their mechanisms were reported.

2. Materialsand Method

The materials CoCr (99.5% purity) which is used in this study were purchased from Mepco Ltd Tamil
Nadu, India. The ground nut shell ash (GNSA) powder used in this work is prepared using heat
treatment method which is discussed in our pervious paper [6]. Mechanical ball milling process was
used for alloying the Co-Cr- GNSA hybrid composites. The process was carried out for two hours and
was then compacted into 8 mm diameter pellet which is cylindrical in shape. The value of compaction
pressure was set to 750 M Pa consistently. After this, the soft green compacts were hardened by forcing
them to sintering process at 10000C for 2h.The morphology of the hybrid composites were studied
using a Fidd Emission Scanning Electron Microscope (FE-SEM).ASTM: B962-13 standards were
used to calculate the density of the Co-Cr- GNSA hybrid composites. The ASTM E384 standards were
used to study the micro hardness of the hybrid composite pellets at a uniform load and dwell time of 1
kgf and 10 seconds respectively. Compressive strength of the hybrid composites were studied at a scan
rate of 5 mm/min, with the help of a Universa Testing Machine (UTM). ASTM G99-05 standards
were used to study the wear and friction behavior of the composites. EN 32 steel of hardness 65 HRC
was used for the analysis. The specimens were cleaned using acetone solution before and after the
wear test. The wear analysis of the composites was done at various sliding conditions such as the load,
dliding distance and sliding speed. The electrochemical corrosion tests were simulated on a three
electrode workstation using 3% NaCl solution as electrolyte][14-16].

3. Results and Discussion

3.1 Field Emission Scanning Electron Microscope Analysis

FE-SEM images of Co-10Cr- 3.5 GNSA & Co-10Cr-5GNSA hybrid Composites respectively are
shown in Figure 1. There is a homogenous mixture of GNSA Particles with Co and Cr particles. The
wettability of the GNSA particles was the major factor in achieving uniform amalgamation. It can be
noted that due the milling operation the size of Cr particles have reduced to around 500 nmin size and
are bonded strongly with Co matrix.

3.2 Microhardness
The microhardness test was done using a Vickers Micro Hardness Testing M achine with the test being
conducted at five different points. Figure 2 shows the variation in the average value of microhardness
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of the composites at different configurations based on its composition, i.e. Co-10Cr, Co-10Cr-
2.5GNSA, Co-10Cr- 3.5 GNSA and Co-10Cr-5GNSA. The microhardness of the composites varied
from 320 HV to 340 HV. The hardness of Co-10Cr was found to be 320 HV and the introduction of
GNSA resulted in an increase in the microhardness. The maximum microhardness was found to be in
Co-10Cr-5GNSA composite with a value of 340 HV. The uniform amalgamation of GNSA particles
was the major reason for this improvement in microhardness.

3.3 Compressive Strength and Density

With the addition of the GNSA reinforcement the density of the Co-10Cr —GNSA hybrid composites
were found to be decreasing. The value of density for Co-10Cr composites was recognized as 8.1
g/cm3 whereas the density of the Co-10Cr-5GNSA hybrid composites were around 7.65 g/cm3 as
shown in Figure.3. This reduction in density was attributed by the relatively soft nature of the GNSA
particles. With the addition of GNSA particles, the compressive strength of the hybrid composite
materials showed dight increase in its value. Figure.3 helps us understand the compressive strength of
different combinations of Co-10Cr-GNSA hybrid composites. The compressive strength of Co-10Cr
composite was established to be in the region of 380 MPa. The compressive strength has dightly
increased to 401 MPa for the Co-10Cr- 5 GNSA hybrid composites which is due the presence of
AlSIO3 particlesin the GNSA ash content.
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Figure 1.FESEM images of Co-10Cr- 3.5 GNSA & Co-10Cr-5GNSA hybrid Composite.
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3.4 Wear and COF Analysis

The loss of material due to wear of the Co-10Cr-GNSA hybrid composites is shown in Figure 4. The
variation of wear loss of Co-10Cr-GNSA hybrid composites is depicted as graphical plots. The Figure
4 (A) indicates the wear analysis data of the Co-10Cr-GNSA hybrid composites at different loads
(10N,15Nand 20N). The diding speed (1.5 m/s) and sliding distance (1000 m) were kept constant. The
Co-10Cr-5GNSA hybrid composites have witnessed very minimal wear loss at al loading conditions.
The wear loss of Co-10Cr-GNSA hybrid composites at various diding distance and speed is shown in
Figure 4 (B&C) respectively. The wear loss has experienced similar trend.With the increase in GNSA
concentration in the matrix there is definite resistance to wear and thereby the wear loss is very
minimal for the Co-10Cr-5GNSA hybrid composites. The variation in coefficient of friction at
different loads, sliding distance and diding speed for Co-10Cr-GNSA hybrid compositesis depicted in
Figure5(A,B&C). It was observed that with an increase in load, the COF of the hybrid composites
increased. Whereas, it reduced with an increase in dliding speed. Overall the Co-10Cr-5GNSA hybrid
composites displayed better COF value. This improvement in Wear and friction characteritics is may
be attributed to the presence of AlSiO3compounds in the composite material and also due to the tribo
oxide surface layer formation on the surface of the composite specimen.The worn out surface analysis
of the Co-10Cr-GNSA hybrid composites after wear analysis is represented in Figure 6. From the
worn our surface analysis it can be concluded that there is plastic deformation experienced in hybrid
composites which is preceded by abrasive wear.
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3.5 Electrochemical Corrosion Analysis.

The corrosion analyses of the Co-10Cr-GNSA hybrid composites were done using an electrochemical
work station with three electrodes. The electrolyte which was used in this study is 3% NaCl solution.
The polarization curves are obtained by using tafel extrapolation methods as shown in Figure.7. The
test results exhibit that the corrosion potential value, Ecorr and the corrosion current value, |Corr of
Co-10Cr-5GNSA hybrid composites was found to be better compared to other combinations of hybrid
composites. The Ecorr value of Co-10Cr-5GNSA hybrid composites was found to be -0.419 V and
Icorr value was around -0.12 mA/cm?.  The corrosion performance of Co-10Cr-3.5 GNSA was also
similar to that of Co-10Cr-5GNSA hybrid composites. The Co-10Cr composite shows lesser corrosion
resistance than the hybrid composites as shown in Table.1.

Table 1.Tafel plot falouts of Co-10Cr-GNSA hybrid composites.

S.No Specimen Ecor (V) lcorr (MA/CITY)
1 Co-10Cr -0.442+0.051 0.5+£0.020
2 Co-10Cr-2.5 GNSA -0.437+£ 0.044 0.4+£0.011
3 Co-10Cr-3.5GNSA -0.420+0.021 -0.1+£0.003
4 Co-10Cr-5GNSA -0.419+£0.0191 -0.1+0.002
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Figur e 7.Potentiodynamic polarization plot of Co-10Cr-GNSA hybrid composites
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4. Conclusions
The Co-10Cr-GNSA hybrid composites were studied and their r mechanical, Wear and corrosion
mechanisms were reported.
e The addition of GNSA reinforcement resulted in an increment in the Microhardness of the Co-
10Cr-5GNSA hybrid composites (340 HV) compared to Co-10Cr composites.
e The compression strength of the Co-10Cr-5GNSA hybrid composites (401 MPa) has
improved considerably than the Co-10Cr composites.
e The vaue of density of the Co-10Cr-5GNSA hybrid composites showed a considerable
decrement due to the addition of less dense GNSA reinforcement.
e The Co-10Cr-5GNSA hybrid composites exhibited a higher resistance to wear.
e Corrosion resistance of Co-10Cr-5GNSA hybrid composites was found to be better than the
Co-10Cr composites from the electrochemical corrosion analysis.
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ABSTRACT

Wear and corrosion exist as one of the main important factor of energy and material losses in mechanical
and chemical process. This work is about the methods to evaluate the wear and corrosion resistant prop-
erties of the mild steel like EN-8, EN-9 and EN-24 by calculating its corrosion rate. All materials have to be
analyzed for its wear properties since higher wear can lead to a machine failure. The Pin on Disc appara-
tus is used for the analysis. Every oil-washed system- engines, hydraulics, transmissions, and final drives-
produces wear metals in everyday operation. If wear accelerates, the concentration of wear metal parti-
cles increases, signaling a problem. Wear Analysis allows us to find problems before they result in major
repairs or machine failure. Prediction of the material behaviour at the increasing load is necessary for a
safe working of the machines. The ferrous materials are hardfaced using Tungsten Inert Gas welding pro-
cess. The wear analysis of ferrous welded materials is carriedout. The various forms of mild steel selected
are selected are EN 8, EN 9, EN 24. The materials are hardfaced using TIG (Tungsten Inert Gas) welding
process and filler material used is same for all the materials. The materials are cut into specific dimen-
sions using Wire cut EDM process. These specimens are tested for its wear properties, microhardness
etc. Pin on Disc apparatus is used for wear analysis and Vicker’s microhardness tester is used for micro-
hardness. Similarly a corroded component results in reduced life. Corrosion results in unexpected failures
of critical components. Corrosion testing is a very time-consuming process; especially in the case of out-
door atmospheric tests. Such long timescales involved in such tests prevent the opportunity for proper
materials selection. The vey commonly used corrosion tests are measurements of the weight loss or
thickness loss. This test can be simply done in laboratory in limited period of time and thereby it’s pos-
sible to predict the corrosion rate of the materials. By comparing wear and corrosion rates of hardfaced
and non hardfaced surface its possible to conclude that the hardfacing improves both the wear and cor-
rosion resistant property of these materials.

© 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Second International
Conference on Recent Advances in Materials and Manufacturing 2020.

1. Introduction

tural beams, car bodies, kitchen appliances, and cans. The materials
are welded using hardfacing technique to learn the properties of

The word steel is used for many different alloys of iron. These
alloys differ both in the way they are made and in the extent of
the materials added to the iron. All steels, though, contain minute
amounts of carbon and manganese. In other words, it can be said
that steel is a crystalline alloy of iron, carbon and several other ele-
ments, which hardens above its critical temperature. A study on
the wear properties of different grades of steel is done. The selected
grades of steels are EN 8, EN 9, and MS. These grades of steels are
widely used in manufacturing of different components like struc-

https://doi.org/10.1016/j.matpr.2020.11.592
2214-7853/© 2020 Elsevier Ltd. All rights reserved.

the material. The welding method used is Tungsten Inert Gas weld-
ing technique or the Gas Tungsten Arc Welding. Corrosion is one
amongst the life-limiting factor of a component. Unexpected corro-
sion failure can happen any time to any critical component at the
worst possible instant. Corrosion testing is a very time-
consuming process; particularly in the case of outside atmospheric
tests. Unfortunately, the higher timescales involved in such tests
prevent the chance for proper materials selection. In real life situ-
ations, the component might already be half way of their lifecycle

Selection and peer-review under responsibility of the scientific committee of the Second International Conference on Recent Advances in Materials and Manufacturing 2020.
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when identified with corrosion. A proper accelerated testing for
corrosion has to be done before choosing the material for any com-
ponent. Accelerated testing instead of limiting to the design stage
of a system’s lifecycle, can also be used to provide support at the
time of identification of corrosion. At certain times, the emergence
of sudden corrosion problems requires quick answers. Preventing
corrosion in critical components, to extend its service life and
ensure reliability, is of paramount importance. A clear-cut test data
within a short span of time is required to prevent the corrosion and
predict the characteristics of the material.

Hardfacing is a type of metal working process where a harder or
tougher material is welded over to a base metal. The welding of the
tougher material to the base material, usually is in the form of spe-
cialized electrodes forarc weldingor filler rod for oxy-
acetylene and TIG welding. Hardfacing with the help of arc
welding is a kind of surfacing operation to extend the operation
time of critical industrial components, especially on new compo-
nents, or during maintenance program.

Hardfacing is a low cost method of depositing wear and corro-
sion resistant surfaces usually by welding on metal components to
extend service life. It is primarily used to restore worn parts to
usable condition, but hardfacing is also applied to new components
before being placed into service to get a long service life thereby
reducing the cost of maintenance.

Welding material selection depends upon three major factors:

1. Base Metal — Primarily affects the choice of build-up materials.
a. Manganese steel is used for components subject to high
impact loading. Rebuild to size using manganese steel weld
deposits.
b. Carbon and alloy steel components are rebuilt to size using
low alloy steel weld deposits.

. Type of Wear — The primary consideration in selecting the final
hardfacing layers is the type of wear to be encountered in
service.

. Corrosion — Chemical attack.

TIG welding is the currently used method for hardfacing the
metal surface. The majority of the of researchers concentrates their
work on reducing the wear rate of material by improving the wear
resistance by addition of alloy elements in the base material [1]. As
we know that the wear is surface phenomena it only occurs on a
surface of the material, surface modification is the most common
and economical way to improve the wear resistance of a material
[1]. Hardfacing is a metalworking process where harder material
applied to the base material with the help of different welding pro-
cesses like Arc welding, TIG welding and plasma Arc welding pro-
cesses. This process is called Hardfacing because the deposited
surfaces are harder than the base metal usually [2]. Hardfacing is
generally used to improve the surface property of the material.
An alloy is homogeneously deposited onto the surface of a soft
material by welding, to increase hardness and wear resistance
without significant loss in ductility and toughness of the substrate
[3]. The hard-facing alloy is applied to the material to achieve high
wear resistance and better properties [4]. Mild steel is the most
commonly used steel. It is the combination of carbon, manganese,
phosphorus, Sulphur, and silicon. It is low carbon steel; Mild steel
is very much suitable as structural steel Mild steel is widely used in
bolted, riveted or welded construction of bridges, building it is also
used in forming tanks, bearing plate, fixture, sprockets, cams,
gears, base plates, forging, brackets, automotive and agricultural
equipment, machinery parts. Augustin Gualco, [4] perform hard-
facing with help of FCAW on iron-based alloy and conclude that
2-layer welding gives higher wear resistance. G.R.C Pradeep [5]
perform hardfacing with 3 different welding processes Tig, Arc
and Gas welding and conclude that the Arc and Gas welding sam-
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ples yielded better welding property. Harvinder Singh [1] perform
hardfacing process with 3 different electrode Hardalloy400, Hard
alloy-11I and Hard alloy-V and conclude that Hard-alloy V gives bet-
ter hardness compare to another electrode. Z. Horvat, [6] used
SMAW and Induction welding for hardfacing and conclude that
the Weight loss due to erosion was lower on both the ploughshares
as compared to standard shares. John J. Coronado, [7] used SMAW
and FCAW and found that FCAW gives higher Abrasion wear resis-
tance rate than the SMAW. Patrick W. Leech, [8] used the high alloy
(SHS9290) & tungsten carbide-Ni-based matrix composite with
SMAW welding and found that the SHS9290 alloy has lower wear
rate than the WC- Ni-based MMC in the dry sand rubber wheel
tests and pin-on- flat tests using garnet abrasive. Amardeep Singh
Kang, [9] performed MMAW process on spring steel (EN-45A) with
3HCr, 8HCr 10HCr, 18HCr electrode and found the wear rate of
hard-faced material was lower 18Hcr hardfacing electrode gives
higher hardness and maximum wear resistance. Hiilya Durmus_,
[10] used arc welding on St37 for Hardfacing processes with Fe-
Cr-C-B, Fe- Cr-C contains electrode and found out that the wear
resistance is not only correlated with hardness but also affected
by the morphology of microstructural constituents. S. Sitthipong,
[11] used MAG, FCAW SMAW, welding on Propeller Shaft AISI with
X111T5- K4, ER110S-G and E11018-GH4R, electrode and conclude
that the grain structure of weld metal by FCAW was finer and
harder than the other welding also at the weld zone structure
are fine then the

HAZ Vickers test FCAW Produced higher hardness value than
other welding Resistance of abrasive wear is higher in FCAW Weld-
ing. M. KirchgaRner, [12] used the GMAW process with the help of
Fe-Cr- C-Nb hardfacing alloy and found out Fe-Cr-C-Nb alloys pro-
vide good wear behaviour under all test. G.P. Rajeev, [ 13] used AlSI
H13 die steel with CMT welding and Stellite 21 alloy for hardfacing
and found that Stellite coated H13 Plate could be subjected to
quenching and tempering heat treatment to restore the properties
of the welding layer without defects. In present work, the arc weld-
ing process is used to perform hardfacing processes on ASTM A-36
Mild Steel. In this study, two different hardfacing electrode Zed
alloy 550, and Nikko steel Hv-600 are used to prepare different
samples. With the help of Pin on Disk wear testing machine wear
rate of different samples was investigated, also microhardness
and microstructure of the samples are investigated
simultaneously.

2. Experimental details
2.1. Material selection

The materials selected are EN 8, EN 9, and EN24, whose chem-
ical composition is already discussed. These materials are chosen
because of the immense applications of these materials in various
engineering application and less amount of study which is done in
this field. The properties of these materials also make it special and
durable. These materials fall under the category of mild steel. All of
the above materials have carbon in the range of 0.4%. The amount
of carbon in these materials makes it corrosive and thus the mate-
rials are prone to corrosion to a large extent. A study is also made
to analyse the properties regarding the hardness of the material.
The property of the material is found unaltered after hardfacing
the material with the TIG welding filler wire. The filler wire used
here is ER70S2. This is usually used for the welding of mild steel.

2.11.En8

ENS8 is an unalloyed medium carbon steel with good tensile
strength. It is normally supplied in cold drawn or as rolled. Tensile
properties can vary but are usually between 500 and 800 N/mm2.
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ENS8 is available from stock in bar and can be cut to our require-
ments. Table 1 shows the various Composition of EN 8.

2.1.2. En9

EN9 is an unalloyed medium carbon steel. It is supplied at the
hardness obtained after hot rolling or cold drawing, with hardness
normally within the range of 180 to 230HB. EN9 is available from
stock in bar and can be cut to your requirements. Also EN9 can be
found in plate form and its flame cut to required sizes and nor-
malised. Table 2 shows the main Composition of EN 9

2.1.3. En 24

EN24 is a high quality, high tensile, alloy steel. Usually supplied
readily machine able in ‘T’ condition, it combines high tensile
strength, shock resistance, good ductility and resistance to wear.
MS is available from stock in round bar, flat bar and plate Table 3.
shows the various Composition of EN 24

2.2. Selection of electrode

ER 70S-2.

ER 70S-2 is a copper coated GTAW rod containing Al, Ti and Zr
as strong deoxidents in addition to Mn and Si and is often referred
to as triple deoxidised. This has advantages when rimming or
semi-killed mild steels are welded or where joint preparations
are rusty or contaminated. Fig. 1 show the ER 70S-2 filler rod. ER
70S-2 is primarily used for single pass welding. Table 4 shows
the Composition of ER 70S-2.

2.3. Welding details and parameters

The welding process used here is Tungsten inert Gas welding
process also known as Gas Tungsten Inert Gas welding process.

The same filler material ER 70S-2 is taken for the entire speci-
men. The specimen size is 12 X 50 X 50 mm. The hardfacing is to
be done on the 12 X 50 mm face. The welding speed doesn’t affect
the material much as the required are of welding is small. So the
speed is not taken into consideration. The material after hardfacing
is grinded to get a smooth surface using manual grinding opera-
tion. Each specimen has 3 samples making it a total of 9 samples.
3 for EN 8, 3 for EN9 and 3 for EN 24 specimen.

Table 1
Composition of EN 8.

COMPOSITION
C.
0.40%

Si. P.

0.015%

0.25% 0.80% 0.015%

Table 2
Composition of EN 9.

COMPOSITION
C.
0.50%

Si.

0.25% 0.70% 0.05% 0.05%

Table 3
Composition of EN 24.

COMPOSITION
C.
0.19%

Si. Cu

0.6% 1.65% 0.6%
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1. ER 70S-2 filler rod.

Fig.

Table 4
Composition of ER 70S-2.
Material Composition
C 0.05
Si 0.5
Mn 1.2

For Corrosion testing, the hardfaced surface was cut for
25mm X 10 mm X 10 mm using wire cut EDM and it was
employed for the test. A hole was drilled near the upper edge of
the specimen in order to hook it on to the glass rod for immersion.
The Specimen are polished with emery sheet, degreased and
washed with distilled water. The specimens are stored in desicca-
tors in the absence of moisture before their use for the
investigation.

The welding parameter variation with respect to the specimen
are shown in Table 5, 6 and 7.

2.4. Sample preparation and testing

In this Experiment Mainly Three Test was conducted after
applying the hard-facing layer,

A. Wear Analysis:
1. Micro hardness test.
2. Wear test Pin on Disk (POD).
3. Microstructure Examination.
B. Corrosion analysis:
1. Weight loss method.

3. Result and discussion
3.1. Wear analysis

The first testing method deals with wear analysis. Many types
of wear analysis testing are done.

3.1.1. Microhardness testing

The welded specimen was tested for its microhardness prior to
wear analysis. Due to the carbon content in the specimen the spec-
imen is expected to exhibit a high hardness value. The test for
microhardness is carried out in a Vicker's Microhardness testing
apparatus. The arithmetic mean value of the diameter is automat-
ically measured and displayed. The test is carried out for a load of
1000gms. Tables 8-10 shows Microhardness test results for EN 8,
EN9 and EN 24 respectively.

3.1.2. Wear test Pin on Disk (POD)

The wear analysis was done for a time period of 10 min for each
specimen and the respective wear of the material was noted with
respect to the time. The test was carried out at 200 rpm with a load
of 74 N. The mass loss of the material if noted as test proceeds. The
track diameter of the disc is 100 mm.



R. Suraj Materials Today: Proceedings 42 (2021) 842-850

Table 5
Welding Parameters for EN 8 specimen.
PARAMETER TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 TRIAL 5
VOLTAGE (volts) 15 15 15 15 15
CURRENT (amperes) 100 105 110 115 120
GAS FOW RATE(lps) 6 6.5 8 7.5 6.3
GAS Argon + Helium Argon + Helium Argon + Helium Argon + Helium Argon + Helium
FILLER MATERIAL ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2
ELECTRODE Thoriated Tungsten Thoriated Tungsten Thoriated Tungsten Thoriated Tungsten Thoriated Tungsten
(2.4 mm dia) (2.4 mm dia) (2.4 mm dia) (2.4 mm dia) (2.4 mm dia)
Table 6
Welding parameters for EN 9.
PARAMETER TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 TRIAL 5
VOLTAGE (volts) 15 15 15 15 15
CURRENT (amperes) 125 115 110 100 120
GAS FOW RATE(Ips) 6.2 8.5 3 9 7.2
GAS Argon + Helium Argon + Helium Argon + Helium Argon + Helium Argon + Helium
FILLER MATERIAL ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2
ELECTRODE Thoriated Tungsten Thoriated Tungsten Thoriated Tungsten Thoriated Tungsten Thoriated Tungsten
(2.4 mm dia) (2.4 mm dia) (2.4 mm dia) (2.4 mm dia) (2.4 mm dia)
Table 7
Welding parameters for EN 24.
PARAMETER TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 TRIAL 5
VOLTAGE (volts) 15 15 15 15 15
CURRENT (amperes) 103 110 115 120 125
GAS FOW RATE(Ips) 73 8.1 8 6 9
GAS Argon + Helium Argon + Helium Argon + Helium Argon + Helium Argon + Helium
FILLER MATERIAL ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2
ELECTRODE Thoriated Tungsten Thoriated Tungsten Thoriated Tungsten Thoriated Tungsten Thoriated Tungsten
(2.4 mm dia) (2.4 mm dia) (2.4 mm dia) (2.4 mm dia) (2.4 mm dia)
Table 8 Table 11 .
Microhardness test results for EN 8. Wear analysis on ENS.
sI LOAD (F) MEAN DIAMETER (d) VICKERS SI TIME WEAR FRICTION FORCE COEFFICIENT OF
NO  kef mm HARDNESSHV — ZFsindl236/2 NO  (sec) (um) (N) FRICTION
1 0 0.38 3.45 0.53
1 1 0.0799 290 2 60 102.34 41.98 0.53
3 120 142.34 34.89 0.54
4 180 245.34 34.76 0.53
5 240 250.56 35.09 0.54
6 300 293.55 36.13 0.54
]l;/i‘igizt?ardness test results for EN 9. 7 360 323.36 37.03 0.56
) 8 420 405.11 37.86 0.55
SI LOAD (F) MEAN DIAMETER (d)  VICKERS HARDNESS 9 480 540.22 40.87 0.55
NO kef mm HY — 2Fsin136/2 10 540 670.21 38.97 0.56
& 11 600 700.74 45.67 0.56
1 1 0.08123 281
Table 10 Table 12 s
Microhardness test results for EN 24. Wear analysis on EN8.
SINO LOAD(F) MEAN DIAMETER  VICKERS HARDNESS SI  TIME WEAR FRICTION FORCE  COEFFICIENT OF
(d) Hy — 26sin136/2 NO (sec) (um) (N) FRICTION
- 2
d 1 0 -14.67 2.08 0.63
1 1 0.080 285 2 60 10.78 36.57 0.62
3 120 41.39 40.03 0.63
4 180 265.32 38.11 0.63
5 240 440.95 45.98 0.64
The observation for the respective specimen is as shown below: 6 300 367.9 43.67 0.64
Tables 11-13 shows Wear analysis on EN9, EN8 and EN24 ; igg g‘g'zg 2(11‘519 g'gg
respectlyely. Fig. 2, Fig. 3, Fig. 4 shows the V_arlatlon of wear with 9 480 54022 4276 0.62
rest to time for EN8, EN9 and EN 24 respectively. 10 540 532.82 4234 0.63
Wear analysis shows that EN 9 is having maximum wear. The 11 600 645.45 40.08 0.63

wear is least for EN24.
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Table 13
Wear analysis of EN24.
SI TIME WEAR FRICTION FORCE COEFFICIENT OF
NO  (sec) (um) (N) FRICTION
1 0 0 13 0.61
2 60 98.12 42.97 0.64
3 120 100.34 43.52 0.64
4 180 110.71 42.19 0.63
5 240 111.04 43.98 0.66
6 300 133.25 451 0.68
7 360 259.45 44.97 0.59
8 420 298.22 44.68 0.61
9 480 24483 43.44 0.63
10 540 353.83 44.51 0.65
1 600 400.89 43.83 0.76
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Fig. 2. Variation of wear with rest to time for ENS8.
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3.1.3. Hardness test

Fig. 5 shows the Variation of hardness with respect to the mate-
rial. The hardness of EN24 is found to be higher than EN8 and EN9.
The microhardness test results prove this. It is expected to have
less wear when the hardness is more. The wear analysis suggests
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the same. MS has the least wear when compared to the other spec-
imens. The comparison of wear behaviour of the 3 materials is as
shown in figure below. The results say that the wear of the three
materials selected are increasing with respect to the time. As time
increases the wear of the material keep on increasing. The incre-
ment is almost linear as shown in the figure. Fig. 6 shows the Com-
parison of wear for EN 8, EN 9, EN 24.

The comparison of frictional coefficient of the specimens
selected is shown below. The variation of frictional coefficient is
seen to be almost constant for the materials. MS is found to have
the highest frictional coefficient. Fig. 7 shows the Comparison of
frictional coefficients for the materials.

3.1.4. Microsturcture analysis

The microstructure of the specimens is studied respectively on
the hardfaced area, parent material and the worn area. The image
is captured using an image analysis system. The analysis is done
using the Quantiment image analysis software.
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The images obtained are shown in Fig. 8, Fig. 9, Fig. 10, Fig. 11, R I } il UATR S
Fig. 12, Fig. 13, Fig. 14, Fig. 15, Fig. 16. A i 1 LR

The observations from the microstructure analysis are tabu- : i [ !
lated in Table 14. EN 24 worn surface is having the higher percent- Ll L
age of porosity. The percentage porosity of EN 24 worn surface is ] gl b e ® i
91.11% and the volume fraction is 0.29. Ll Ly

Fig. 8. Microstructure of the base EN8.

Fig. 12. Microstructure of worn surface of EN 9.

Fig. 9. Microstructure of base EN 9.

Fig. 13. Microstructure of worn surface of EN 24.

3.2. Corrosion analysis

Sulphuric acid is used directly or indirectly in all industries and
is a vital commodity in our national economy. The widespread use
of this acid places it in an important position with regard to costs
Fig. 10. Microstructure of base EN 24. and destruction of corrosion. In some cases, corrosion increases
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Fig. 15. Microstructure of welded area of EN 9.

Fig. 16. Microstructure of welded area of EN 24.

with concentration of the acid and in others it decreases. For these
reasons, it is important to have a good picture of corrosion by sul-
phuric acid. Therefore the present experiment was carried out by
using 1 N sulphuric acid of commercial grade. The 1 N sulphuric
acid solution was prepared by mixing 28 ml of commercial grade
sulphuric acid in 1000 ml of distilled water.
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Table 14
Observations from microstructure analysis.
s MATERIAL GRAIN PERCENTAGE VOLUME
SIZE POROSITY FRACTION
1 EN 8 base metal 5.71 78.06 0.22
2 EN 9 base metal 8.23 0.52 0.29
3 EN 24 base metal 9.08 56.82 0.23
4 EN 8 welded area 8.7 55.98 0.25
5 EN 9 welded area 8.52 45.41 0.24
6 EN 24 welded area  9.06 57.16 0.23
7 EN 8 worn surface 6.95 0.37 0.36
8 EN 9 worn surface 9.79 0.38 0.36
9 EN 24 worn surface  4.92 91.11 0.29

3.2.1. Corrosion rate expressions

Metals and nonmetals will be compared on the basis of their
corrosion resistance. To make such comparisons meaningful, the
rate of attack for each material must be expressed quantitatively.
Corrosion rates have been expressed in a variety of ways in the lit-
erature; such as percent weight loss, milligrams per square cen-
timeter per day and grams per square cm per hour. These do not
express corrosion resistance in terms of penetration. From an engi-
neering viewpoint, the rate of penetration or the thinning of a
structural piece can be used to predict the life of a given
component.

The expression mil per year (mpy) is the most desirable way of
expressing corrosion rates. This expression readily calculated from
the weight loss of the metal specimen during the corrosion test by
the formula given below:

mpy = 534W/DAT (1)

Where,W = Weight loss, mgD = Density of specimen, g/cubic
c¢mA = Area of specimen Sq. cmT = Exposure Time, hr

Thus corrosion rate calculation involves whole numbers, which
are easily handled.

The corrosion analysis test using weight loss method is carried
out according to the ASTM standards. Table 15 shows the Corrosion
Rate of different materials.

By comparing the corrosion rates of the three metals before and
after the hardfacing using TIG welding. The following results are
obtained and it is plotted as graphs below in Fig. 17.

From the above graph it is clear that the two meals (EN-9 and
MS) in its original condition has similar corrosion rate and among
this EN-8 shows more corrosion rate.

Next part is to compare the corrosion rates of parent and the
hardfaced metal. The effect of hardfacing on these three metal
shows an improvement in the corrosion resistant properties. The
three comparison graphs are shown below in Fig. 18, Fig. 19 and
Fig. 20 Fig. 21.

After comparing with its parent material, it need to going to
compare the three welded materials and following result are
obtained.

4. Conclusion

Steel being an important constituent in industrial applications
has to be studied for its durability and worthiness. This study gives

Table 15

Corrosion Rate.
Material 1 h (mpy) 3 h (mpy)
EN-8 108.436 195.787
EN-9 105.945 194.081
MS 192.533 287.695
EN-8 (Weld) 87.484 129.768
EN-9 (Weld) 87.20 141.256
MS (Weld) 169.428 244.708
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an idea regarding the durability of the materials. The properties of
the materials are studied. The material due to its wide range of
applications plays a vital role in modern day industry so the study
suggests a better option among the three selected materials. Fur-
ther studies on the properties can give a clear idea about the
selection.

- The wear properties of ferrous welded materials like EN 8, EN 9,

and EN 24 are studied.

It is found the EN24 has the least wear when compared to EN 8

and EN 9.

- The microhardness of EN24 is higher than EN 8 and EN 9 thus
making it wear resistant than EN 8 and EN 9

- The coefficient of friction in dry sliding condition is found to be
constant throughout the experiment.

- The hardfaced material has much more corrosion resistant
capability than the parent material.

- Hardness of three materials various accordingly with the chem-
ical composition.
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The dispersion and distribution characteristics of the reinforcements are the key reasons that influence
the mechanical properties of the nanocomposites. In this paper, the dispersion and distribution analysis
of nanofillers in a representative polymer is performed and the results are correlated to the crystalline
and mechanical properties of the nanocomposite. The nanocomposite used in the present study is
Elvaloy®4924 (EVACO)/halloysite nanotubes (HNTs) composite. The dispersion of halloysite nanotubes
in the EVACO matrix is recorded as aluminum elemental maps obtained from energy dispersive spec-
troscopy (EDS). The dispersion and distribution of fillers in the composite are quantified using an image
processing technique and it is correlated to the crystalline and tensile properties of the composites. The
better dispersion and distribution of HNTs at 1wt.% filler loading resulted in a remarkable improvement
in the crystallinity of the composite, which is measured by X-ray diffraction (XRD) and differential scan-
ning calorimetry (DSC). The tensile strength was highest for composites loaded with 1 wt.% filler, and the
strength decayed as the loading was further increased. Agglomeration of halloysite nanotubes and
polymer-filler debonding was the major reason behind the reduction in tensile strength with filler load-
ing, as observed in the scanning electron micrographs of the fractured surfaces.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

The addition of nanomaterials in polymer matrices is exten-
sively used for refining the thermal, mechanical, flame resistance,
and electrical characteristics of polymers. The improvement in
these properties depends on the nature of the nanofiller used
and their interaction with the respective polymer matrix. The nat-
urally existing nanomaterials which are abundant, low cost, and
non-toxic are used in the bulk production of polymer nanocompos-
ites (PNCs) [1-3]. Clay and its minerals are the most commonly
used nanofillers in PNCs because of their large availability, good
interaction with the matrix, and ability to exfoliate into two-
dimensional nanostructured layers [4].
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The specific surface area of the filler and the interaction at the
interface of the matrix and the filler have a vital role in improving
the properties of the composite. In nanocomposites, the interaction
between the polymer and the nanofiller is better than their micro-
sized counterparts due to the large surface area of the nanoparti-
cles [5]. The high surface area and associated high surface energy
of the nanomaterials reduce the number of nanoparticles required
to achieve a significant improvement in the properties of the com-
posite [6]. As compared with the microsized particles, the quantity
of nanoparticles required is only 1/100™" to achieve the same prop-
erties in the composite [7]. The interaction of the fillers and poly-
mer matrix in a polymer composite is a function of the surface area
of the nanoparticles, and the nanoparticles have a large surface
area as compared to the microsized counterparts of the same
weight.

In polymer matrices, the addition of nanofillers exhibits a
simultaneous enhancement in several properties of the matrix.
Carbon nanotubes, for example, can simultaneously enhance
polymer matrices’ crystallization [8], tensile properties [9],
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conductivity [10,11], and UV stability [12]. Similarly, besides
mechanical properties, clay and layered hydroxides can improve
the flame retardancy [13] and barrier properties [14,15] of the
polymers. The properties exerted by a certain nanofiller are unique
for a polymer matrix composite that cannot be replicated by
another polymer/nanofiller combination.

EVACO is a semi-crystalline polymer and the presence of HNTs
can improve the crystallinity of EVACO as the same is observed in
many other semi-crystalline polymer matrices. The presence of
carbonyl groups in the backbone of EVACO increases the polarity
and thereby its affinity for metallic surfaces [16]. Halloysite is a
halogen and phosphorous free flame retardant and the water mole-
cules present between the SiO4 and AlOg layers [17] will dilute the
free radicals or the reactive species at the flame front to enter the
flame as the combustion begins. Halloysite nanotubes have also
found applications, in controlled drug release [18] and protective
agents [19], fillers [20-23], emulsifiers [24], adsorbents for pollu-
tants [17], etc.

The characteristics of the polymers depend on their chain dy-
namic [25] and the motions of the chains are also influenced by
nanofillers. The nucleating ability of the nanofillers, at low filler
loading, improves the crystallinity of polymer matrices [21,26].
The solution cast EVACO/HNT composites were extensively studied
using different characterization techniques. In this work, the effect
of the position of HNTs on the crystalline and mechanical proper-
ties of EVACO matrix is studied by image processing of elemental
mapped electron micrographs. The tensile properties and crys-
tallinity of the composites are affected by the dispersion and distri-
bution of HNTs. The presence of HNTs in the EVACO matrix
improved the flame retardancy of the composite.

2. Materials and methods

The materials for the present study were Elvaloy®4924
(EVACO), HNTs, and dichloromethane (DCM), which are purchased
from Du Pont India., Sigma Aldrich, India, (product ID: 685445) and
Central Drug House (P) Ltd, India, respectively. To prepare the com-
posites, a known quantity of EVACO was dissolved by constant stir-
ring (at a speed of ~700 rpm) into a fixed quantity of DCM using a
magnetic stirrer in a closed beaker. A known quantity of HNTs was
well dispersed in a small part of DCM by stirring and subsequent
ultrasonication for 30 min. The above solution of HNTs in DCM
was combined with the former EVACO solution by stirring fol-
lowed by ultrasound treatment. The mixture was then poured onto
glass petri dishes to create the respective composite films and are
allowed to dry at room temperature and then in a vacuum oven at
50 °C for 6 h. Composites films with HNT loadings 1, 3, 5, 7, and
10 wt.%, respectively were prepared.

Energy-dispersive X-ray spectroscopy (EDS) (Link ISIS-300,
Oxford Instruments, UK) was used to map the aluminum in the
composite, each aluminum dot corresponds to HNTs, and Image-
] software [27] to analyse the maps. X-ray diffraction patterns
(JEOL, DX-GE-2P, Japan) of the composite sheets were analyzed
using CuK,, radiation to determine the crystallinity of nanocom-
posites. The percentage of crystallinity (X;) was estimated by
deconvoluting the XRD patterns to amorphous and crystalline con-
tributions, and the extend of crystallinity was estimated by the
ratio [28].

X = (1)

where I, and I, represent the integrated intensities of the amor-
phous and crystalline regions in EVACO, respectively.

Fourier transforms infrared (FTIR) spectra (Jasco FTIR 4200,
Japan) of the EVACO and the representative composite were
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recorded in ATR mode in a wavenumber range of 650-
4000 cm~'. Thermogravimetric measurements (TGA Q5000, TA
instruments, USA) were performed under nitrogen atmosphere
for the samples under a nitrogen flow of 25 mL min~! and at a con-
stant heating rate of 10 °C min~!. Differential scanning calorimetric
measurements (DSC) (Mettler Toledo DSC, USA) were carried out in
a nitrogen atmosphere between 0 and 150 °C at a heating rate of
10 °C min~!. The extend of crystallinity of EVACO and the compos-
ites were determined from the area under the endothermic curve,
using the equation [29]:

X AH

=—— < x100 2
Wi x AHfyg0.- @

where W; = weight fraction of the polymer, X. = crystallinity (%),
AHy = enthalpy of melting of completely crystalline EVACO (J/g),
AHfi00% = enthalpy of crystallization of a 100% crystalline sample
of EVA = 68 Jg~' [30].

The tensile measurements (Hounsfield Universal Testing
Machine, H25KS, Hounsfield, UK) at ambient conditions were made
for three dumb-bell samples, prepared according to ASTM D 412-B.
The fractured surfaces were analyzed using a scanning electron
microscope (SEM) (JSM-6380LA, JEOL, Japan). The specimens were
sputtered with gold (JEOL JFC 1600) in an auto fine coater before
imaging.

3. Results and discussion
3.1. Dispersion and distribution of HNTs in EVACO

To find the dispersion of HNTSs, each dot in the aluminum ele-
mental map was considered as an HNT and a sparse sampling tech-
nique was employed. The aluminum elemental map of a
representative composite is shown in Fig. 1. In sparse sampling,
the elemental maps were divided into 20 equal sections and the
numbers of particles in each section were counted. The average
number of particles per unit area was calculated and the respective
standard deviation was estimated for each composite. A large stan-
dard deviation shows a poor dispersion and the standard deviation
was calculated using the following equation [31]:

1

o= i () “

Al K

Fig. 1. Representative Aluminium elemental map of the composite with 1 wt.% HNT
loading.

———— 30 pm
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where Ny; represents the counts of inclusions per unit area in the it

location, N, is the number of particles in the unit area and © is the
standard deviation.

The sparsely sampled elemental maps of the synthesized com-
posites are shown in Fig. 2. The average number of particles per
unit area, standard deviation, and the expected number of particles
are presented in Table 1. From Table 1, it is clear that the standard
deviation in the number of particles in each section of the compos-
ite is increased with filler loading. The increase in standard devia-
tion is due to the agglomeration of the particle that in turn made a
significant difference in the average number of particles which was
supposed to be increasing akin to the expected number of particles.
The expected number of particles was calculated by multiplying
the average number of particles in a composite with 1 wt.% filler
loading with the higher filler loadings. At 1 wt.% filler loading,
HNTs were dispersed uniformly.

To understand the distribution of the particle, the distance
between each particle and its nearest neighbor (NND) was calcu-
lated using an Image] plug-in [32] from the aluminum elemental
maps. Fig. 3 shows the distribution of nearest neighbor distances
for a representative composite. The nearest neighbor distance com-
pares the position of a particular nanotube with respect to the
other nanotubes in the composite. For uniform distribution, the
nearest neighbor distribution should be narrow and it was esti-
mated by calculating the FWHM of the Gaussian fit of the distribu-
tion and it is presented in Table 2.

The ratio of the average actual neighbor distance (Ryk) to the
average expected nearest neighbor distance (Eg) [33] of the parti-
cles in the composites is another means of optimizing the NND.
Higher the Rg/Ek ratio, the better the distribution. Rx and Ey are
estimated using the following equation.

0.5

Ledi andEy =~
n Vi

where A is the area under study, d; is the distance between the i
particle and its imminent particle, and n is the number of particles.

In EVACO/HNT composites, the NND of 1 wt.% HNT loading has
a wider distribution than that of a 3 wt.% HNT loaded composite.
Since 1 wt.% HNT loaded composite has less number of HNTs in
it. For filler loadings above 3 wt.%, NND has a broad distribution,
which is due to the presence of agglomerates. Ri/Ek ratio is also

Rk =

()
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Table 1
Sparse sampling.

Filler The average number Standard deviation in Expected
loading of particles unit area the number of number of
(wt.%) particles particles.
1 85 8 85

3 98 9 255

5 99 14 425

7 89 18 595

10 80 24 850
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Fig. 3. Nearest neighbor distribution of 1 wt.% HNT filled nanocomposite.

Table 2

Nearest neighbor distance.
HNT loading (wt.%) FWHM of NND Ri/Ex
1 0.88 1.365
3 0.74 1.344
5 0.79 1.331
7 0.88 1.292
10 0.94 1.237

Fig. 2. Sparse sampled aluminum maps of HNT loaded composites, (a) 1 wt.%, (b), 3 wt.% (C), 5 wt.% (d) 7 wt.% and (e) 10 wt.%.
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Fig. 4. Radial distribution of HNTs in EVACO/HNT composites.

decreasing with the filler loading since the agglomerates can
impact the uniform dispersion and distribution of the fillers in
the polymer matrix.

The radial distribution function also specifies the distribution of
the nanotubes in the composites. It is a measure of the number
density of the particles along the radial direction with respect to
a reference particle [34].

The uniformity in the radial distribution of HNTs is reduced as
the weight percent of the nanofiller is increased (Fig. 4). The
straight radial map shows a uniform distribution, whereas the
rough map stands for the non-uniform distribution of HNTs. The
indistinguishable boundary of the HNTs in the TEM image (Fig. 5)
of the selected composite reveals the interaction between the filler
and the matrix. The crystallization of the polymer around HNTs
tells the nucleating ability of the HNTs. The major vibrational peaks
corresponding to the functional groups of pristine EVACO is
obtained through FTIR analysis and it is presented in Table 3.

3.2. The crystallinity of EVACO/HNT composite

The influence of HNTs on the crystallinity of EVACO was evalu-
ated by DSC and XRD analysis. The percentage crystallinity
obtained from XRD and DSC analysis is presented in Table 4. The
broad melting peak between 20 and 100 °C in Fig. 6 is due to the
uneven random crystals in the semi-crystalline EVACO. The addi-
tion of small quantities of HNTs i.e., 1 wt.% and 3 wt.% improves

Fig. 5. TEM micrograph of EVACO/CNT composite with 1 wt.% HNT loading.
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Table 3
FTIR spectra peak positions.
Peak position (cm™!) Assignment
3418 —OH stretching
2919 and 2850 Symmetric and asymmetric CH, stretching
1736 C=O0 stretching
1467 and 1375 CH scissoring and symmetric deformation
1231 Twisting and wagging of CH
1019 C—OH stretching
721 Rocking vibration of CH

Table 4
Percentage crystallinity of EVACO and EVACO/HNT composites.

Filler loading (wt.%) % crystallinity from DSC % crystallinity from XRD

0 46.84 26.59
1 50.33 28.96
3 51.77 30.21
5 46.44 25.75
7 42.13 24.71
10 41.88 18.71

the crystallinity in the composite remarkably. The uniform disper-
sion and distribution of HNTSs can be attributed to this increment. If
the filling of the filler is increased above 3 wt.%, the nanotubes may
arrest the spherulitic growth front, which originates from the
nucleation source, thereby reducing the growth of crystalline
regions and ultimately a reduction in the crystallinity. Additionally,
a large number of tubes in the matrix can decrease the movement
of polymer chains, which can otherwise undergo crystallization in
the absence of halloysite nanotubes. The large agglomerates can
also adversely affect the crystallinity of the composite with high
halloysite nanotube loading .

The XRD results also show the increase in crystallinity for filler
loadings of 1 wt.% and 3 wt.% and decrease thereafter. The discrep-
ancy in percentage crystallinity from the study of DSC and XRD is
due to the eventual errors that can arise during XRD pattern decon-
volution and baseline line correction in DSC curves. [35]. It can be
concluded that the dipole-dipole attraction between the nanofiller
and the matrix at low nanofiller loading, especially when they are
in the solution, can bring the polymer chains close together and
align them in an order to favor crystallization.

-]
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Fig. 6. DSC first heating curves of pristine EVACO and representative composites.
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Fig. 7. The fracture surface of (a) EVACO, (b) EVACO/ HNT composite with 1 wt.% HNT loading, and (c) 7 wt.% HNT loading.

Table 5
Tensile properties of virgin EVACO and its nanocomposites.

Filler loading (wt.%) Tensile strength (MPa) Toughness (kN/m)

0 315 143
1 33.2 16.2
3 31.2 141
5 29.2 135
7 27.2 12.2
10 25.9 8.3

3.3. Mechanical properties

The pristine and composite samples of EVACO exhibited ductile
fracture, as it can be identified by the continuous crack propaga-
tion trajectories on the fractured surfaces (Fig. 7). Due to the good
dispersion and distribution of halloysite nanotubes, the highest
tensile strength is observed for the nanocomposite with 1 wt.%
percent filler loading (Table 5). In the composite with 3 wt.% hal-
loysite nanotube loading, an overall increase in crystallinity is
found, but the dispersion as well as the distribution of the hal-
loysite nanotubes is inferior to 1 wt.% HNT loading. The resulting
non-uniform distribution of stress ultimately leads to a small
decrease in the ultimate tensile strength. At high filler loading,
>3 wt.%, the cluster of halloysite nanotubes and the debonding of
these agglomerations from the polymer leads to premature failure,
as observed in SEM micrographs of the fracture surface in Fig. 7,
and the lessening in the ultimate tensile strength.

4. Conclusions

It is summarised that the dispersion and distribution of the filler
play a key role in controlling the crystallizability and mechanical
characteristics of the Elvaloy®4924 (EVACO)/halloysite nanotube
nanocomposites. The image processing of SEM-elemental maps
revealed that 1 wt.% HNT loading shows a good dispersion and dis-
tribution of the fillers in the matrix. The reduction in mechanical
and crystalline characteristics of the composites are in good agree-
ment with dispersion and the uniform spreading of halloysite nan-
otubes in an array. For 1 wt.% HNT loading, the composite exhibits
the best mechanical characteristics and crystallinity. The halloysite
nanotubes influence the crystallinity of EVACO at low filler weight
fractions, thus discloses the halloysite nanotube’s potential as a
nucleating agent.
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In this work, the effect of different fillers on the crystalline and mechanical properties of the poly
(ethylene-co-vinyl acetate-co-carbon monoxide) (EVACO) terpolymer composite is studied systemati-
cally. Alumina trihydrate nanoparticles (nano-ATH), halloysite nanotubes (HNTs), and the multiwalled
carbon nanotubes (MWCNTSs) are the representative fillers used in the present study. The surface of
MW(CNTs are decorated using carbonyl, however, nano-ATH and HNTs are used without any surface
treatment. The mechanical properties of the composites are evaluated using a tensile test and the
improvement in the mechanical properties can be correlated to the improvement in the crystallinity in
the composite. The presence of nanofillers in the EVACO matrix significantly influenced the crystallinity,
which was determined by X-ray diffraction. The fractography studies reveal the presence of agglomerates
at high filler loading results in the subsequent reduction in the tensile properties. Interestingly, the
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MW(CNTs at very low filler loading significantly enhances the tensile properties of EVACO.
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1. Introduction

Polymer nanocomposites are finding new applications every
day and replacing the conventional polymers from household to
advanced engineering applications [1]. Nanofillers from various
sources/origin are commonly used as fillers in polymer nanocom-
posites. The nanofillers with superior mechanical properties are
often used in polymers with poor mechanical characteristics. The
addition of nanomaterials in the polymer matrix can impart certain
unique properties that cannot be matched by any other material. In
the case of nanocomposites, the properties of polymers and nano-
fillers are often compromised and they exhibit superior properties
as a combined material [2]. Additionally, a small quantity of the
nanofiller is sufficient to make a significant impact on the proper-
ties of the polymer matrix.

Nanomaterials, such as carbon nanotubes [3], clay [4], alumina
trihydrate [5], layered double hydroxides [6], halloysite nanotubes
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[7], nanocellulose [8], graphene [9], etc. are the common multi-
functional nanofillers used in the polymer nanocomposites. The
properties such as crystallinity, thermal degradation, tensile
strength, permeation resistance, electrical conductivity, flame
retardance, etc. are affected by the addition of nanofillers. The
unique characteristics of the fillers impart significant property
enhancement in the polymer nanocomposite without affecting
the processability of the polymer. For instance, the two-
dimensional layered nanostructures can influence the permeation
characteristics of the polymer [10]. Similarly, the carbon nanotubes
increase the electrical conductivity [11], and alumina trihydrate
imparts flame retardancy [12]. The aspect ratio (AR) of the nanofil-
lers also impacts the mechanical properties of the polymer
nanocomposites [13]. The proven ability of nanofillers as nucleat-
ing agents to improve the crystallinity of several semi-crystalline
polymer matrices [14-16] that in turn contribute to the enhance-
ment in the tensile strength of polymer composites.

Interfacial bonding between the matrix and the nanofiller plays
an important role in determining the properties of the nanocom-
posites. The interfacial bonding of the filler and the matrix can
be improved by modifying the polymer or the filler with suitable
functional groups. However, modifying the filler is easier than
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the modification of polymer, and the fillers are often modified to
match the polarity of the polymer matrix.

A polar filler is modified with a non-polar agent to be used in a
non-polar polymer matrix, but it can be directly used in a polar
polymer. Additionally, the dispersion of the nanofillers also
impacts the mechanical properties of the nanocomposites [17].
Surface modification of carbon nanotubes (MWCNTSs) is essential
before it is mixed with the organic matrices, since pristine
MWCNTs exist as bundles due to their inertness [18]. The polar
nanofillers such as ATH and HNTs can be directly used as nanofil-
lers into a polar polymer matrix.

A carbonyl group is introduced to the copolymer poly(ethylene-
co-vinyl acetate) (EVA) to form the terpolymer poly(ethylene-co-
vinyl acetate-co-carbon monoxide (EVACO). Such an addition
increases the polarity of the new polymer. The polarity of EVA is
difficult to improve by increasing the vinyl acetate content alone,
as the increase in vinyl acetate content can adversely affect the
properties of EVA [19]. The addition of carbon monoxide to the
backbone of EVA increases the polarity of the polymer, thereby
improves its adhesion to polar surfaces, therefore EVACO is used
as an adhesion booster in coatings. EVACO is semi-crystalline in
nature, and the polyethylene phase imparts crystallization in it.

In this study, EVACO/nanofiller composites are prepared
through solution casting. Industrial processing of EVACO is mainly
in the form of solutions, and the method used here is akin to the
bulk processing of EVACO. The polar fillers such as ATH and HNTs
are directly reinforced to the EVACO matrix, but, MWCNTSs are sur-
face modified with polar functional groups before reinforcing them
into the EVACO matrix. The mechanical properties and crystalliz-
ability of EVACO can be improved by the addition of nanofillers
in small quantities. The effect of different nanofillers on the
mechanical properties and crystallinity of EVACO is studied here.

2. Materials and methods

Poly(ethylene-co-vinyl acetate-co-carbon monoxide) (Elvaloy®
4924) provided by Du Pont, India, halloysite nanotubes (HNTSs)
and carbon nanotubes (MWCNTs) procured from Sigma Aldrich,
India, nano-ATH obtained from US Research Nanomaterials Inc.,
USA, and dichloromethane (DCM) procured from Central Drug
House (P) Ltd, New Delhi, India were used in the present study.

To fabricate the composites, a predetermined quantity of
EVACO is dissolved in DCM by continuous mixing using a magnetic
stirrer. To the above solution, the appropriate quantities of nanofil-
lers are slowly added and mixed thoroughly by vigorous stirring
and subsequent ultrasonication. The mixture is then poured into
Petri-dishes and allowed to dry to get the respective composite
films. The composite films are then dried at room temperature
and then in a vacuum oven at 50 °C for 6 h.

The tensile measurements (Hounsfield Universal Testing
Machine, H25KS, Hounsfield, UK) at ambient conditions were made
for three dumb-bell samples, at a crosshead speed of 50 mm/minute,
prepared according to ASTM D 412-B. The fractured surfaces were
analyzed using a scanning electron microscope (SEM) (JSM-
6380LA, JEOL, Japan) and the samples were sputtered with gold
(JEOL JFC 1600), in an auto fine coater, prior to imaging. Transmis-
sion electron microscope, CM12 PHILIPS, Netherlands, was used to
image the morphology of the nanofillers. X-ray diffraction patterns
(JEOL, DX-GE-2P, Japan) of the composite sheets were analyzed
using CuKy, radiation to determine the crystallinity of nanocompos-
ites. The degree of crystallinity (X.) was calculated by deconvoluting
the XRD patterns to amorphous and crystalline contributions and
the degree of crystallinity was calculated by the ratio [20].

I

X.=—

1
L (1)
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where I, and I; are the integrated intensities corresponding to the
amorphous and crystalline phases, respectively.

3. Results and discussion
3.1. Morphology of fillers

The morphology of the nanofillers is compared in Fig. 1 a-c, and
one can observe a significant difference in the aspect ratio (AR) of
the nanofillers used in the present study. On comparing the TEM
images of the nanofillers, the highest AR is observed in the case
of MWCNTs (AR~100) (Fig. 1a), followed by HNTs (AR~20)
(Fig. 1b), and the lowest in the case of nano-ATH (AR~1.0)
(Fig. 1c). Additionally, the surface texture of the MWCNTs is
smoother than HNTs and ATH besides the smaller diameter.

3.2. Crystallinity of the nanocomposites

The crystallinity of the semicrystalline polymers can be influ-
enced by the nanofillers. Many nanofillers act as nucleating agents
when they are incorporated into different semicrystalline polymer
matrices [21,22]. Due to the high polar nature of the nanofillers used
in the present study, the crystallizable polymer chains are pulled
together to form for more crystallites, that are not formed in the
absence of nanofillers [23,24]. The percentage crystallinity is
increasing with the filler loading initially but decreases thereafter.

From Table 1, in the case of each nanofiller type, as the filler
loading is increased, the corresponding crystallinity (X.) was ini-
tially increased (at 1% loading of ATH and HNTs, and 0.1 wt% load-
ings in the case of MWCNTSs). The crystallinity is decreasing slowly
after the above threshold of filler loading in the case of all the fil-
lers. It is likely that, at high filler loading, due to agglomerations,
the nanoparticles hinder the polymer chain movements and
reduces the crystallinity. One can note that, in the case of MWCNT
loading, even though the wt% of MWCNT loading is far less than
HNTSs or nano-ATH loading, the change in crystallinity is analogous
to the other experiments. Apparently, the crystallinity of the
present nanocomposites is a function of filler loading besides the
nature of the fillers.

3.3. Mechanical properties

In general, all the semicrystalline polymers exhibit a ductile
fracture. EVACO is a semicrystalline polymer, therefore, large plas-
tic deformation is expected for pristine EVACO and its nanocom-
posites. The ductility of the composite decreases as the filler
loading exceeds a certain threshold. In general, irrespective of
the wt% of the nanofiller, the mechanical properties decrease after
an initial surge for all the nanocomposite variants. The maximum
value of ultimate tensile strength and toughness is observed for
1% filler loading in both HNT and ATH nanocomposites, whereas
for MWCNT reinforced nanocomposites the the highest tesile prop-
erties are observed for 0.05% filler loading, as shown in Table 2. The
reduction in the mechanical properties with an increase in filler
loadings accounts for the agglomeration of nanoparticles leading
to non-uniform stress distribution in the composites. The low filler
loading of MWCNTs makes a significant impact on the tensile prop-
erties of EVACO than HNTs or nano-ATH, since MWCNTs have a
significantly higher aspect ratio, as shown in Fig. 1a, and lower
density (p = 2.1 g/cc) as compared to HNTs (p = 2.53 g/cc) and
ATH (p = 2.42 g/cc). Moreover, the tensile strength of individual
strands of MWCNTSs is equivalent to that of a steel wire with the
same dimensions. Additionally, the dispersion of the nanofillers
is uniform at low filler loading, consequently, the effect of stress
concentration by agglomeration and the associated premature
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Fig. 1. TEM images of (a) MWCNTSs, (b) HNTs and (c) nano-ATH.

Table 1
Normalized percentage of crystallinity for each filler loading. 35 -
G o tnllerm

Filler Sl. No Filler Loading (wt%) X o ﬁ-
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Fig. 2. Representative stress-strain curve of EVACO/nanofiller composite.

failiure can be mitigated in those composites. In all the cases, the

tensile strength increases initially and decreases thereafter as the stress increases. Which in turn indicate the role of crystallinity on
filler loading is increased. The representative stress-strain curve the tensile properties of the polymer nanocomposites.

of EVACO/HNTs nanocomposites is shown in Fig. 2. There is no

apparent change in the profile with filler loading, however, the 3.4. Fractography analysis

stain is improved after the filler addition, as compared with the

pristine polymer. The schematic diagram in the inset shows the The fracture surfaces of the representative nanocomposites after
behavior of crystallites in a semi-crystalline polymer as the applied the tensile test is observed using SEM, as shown in Fig. 3a-c. From

Table 2
Comparison of mechanical properties of EVACO/nanofiller composites.

Type of filler Filler loading (wt%) Ultimate tensile strength (MPa) Toughness (kN m~1) Percentage elongation at break (%)

Nano-ATH 0 315 143 834
1 33.2 16.2 893
3 31.2 141 821
5 29.2 135 748
7 27.2 12.2 711
10 25.9 8.30 834

HNTs 0 315 14.3 930
1 342 16.8 882
3 32.0 14.5 845
5 285 124 802
7 26.5 9.9 834

MWCNTs 0 315 14.3 944
0.05 45.6 24.3 924
0.1 41.2 209 921
0.15 40.5 19.8 913
0.2 39.9 18.6 902
0.25 394 18.0 910
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Fig. 3. The fracture surface of (a) EVACO, (b) EVACO/1 wt% ATH composite, and (c) EVACO/10 wt% ATH composite.

the above figures, one can conclude that the fillers significantly
affect the mechanism of fracture. In the case of pristine EVACO,
the crack propagation trajectories are very clearly indicating a pure
ductile failure. As the filler loading is increased to 1 wt% stress whi-
tened regions are observed, which is an indication of more crystal-
lite deformation due to high crystallinity of the composite at 1 wt%
loading. In general, the stress whitened regions appears as white
regions on the fractured surface of a semicrystalline polymer, which
are formed due to the elongation of polymeric chains forming the
crystalline part of the polymer. At 10 wt% loading filler loadings,
the agglomerated particles and the debonding of these agglomer-
ates from the matrix is clearly visible. The formation of these
agglomerates leads to premature failure, resulting in a lower tensile
strength than the pristine polymer as observed previously. It is
important to note that the roughness of the fractured surfaces are
increasing with the filler loading, which conveys the brittle nature
of the composites at high filler loading.

4. Conclusions

In summary, the mechanical properties of the EVACO nanocom-
posites are dependent on the nature of fillers and the wt.% of filler
loading. In the case of a semicrystalline polymer, the ability of the
nanofillers to form crystallites determines the overall mechanical
properties. Thus the filler aspect ratio and the properties of the fil-
lers, in turn, affect the optimal filler loading and the tensile prop-
erties. The good dispersion and distribution of fillers also play a
major role in controlling the crystallizability and ultimately the
mechanical properties. In this study, 1 wt% loading of both HNTs
and nano-ATH results in the highest tensile properties in the case
of EVACO/HNTs and EVACO/nano-ATH nanocomposites and
0.05 wt% MWCNTs in the case of EVACO/MWCNTs nanocompos-
ites. The improvement in the mechanical properties of EVACO/
MW(CNTs is way higher at a very low MWCNT loading as compared
to HNT and nano-ATH loaded composites. It is assumed that the
high aspect ratio and the mechanical properties of MWCNT result
in a significant improvement in the tensile properties.
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ABSTRACT The design and performance analysis of an open-ended three-phase induction motor, driven
by an Infinite Level Inverter (ILI) with its speed control using scalar and direct vector control techniques
are presented in this paper. The ILI belongs to an Active-Front-End (AFE) Reduced-Device-Count (RDC)
Multi-level Inverter (MLI) topology. The fundamental structure of this inverter topology is a dc-to-dc buck
converter followed by an H-bridge. This topology performs a high-quality power conversion without any
shoot-through issues and reverse recovery problems. The performance of the proposed topology is validated
using a resistive load. The THD of output voltage waveform obtained is 1.2%. Moreover, this topology
has exhibited a high degree of dc-source voltage utilization. ILI considerably reduces the switching and
conduction losses, since only one switch per phase is operated at high frequency, and other switches are
operated at power frequency. The overall efficiency of the inverter is 98%. The speed control performance
of the ILI topology using three-phase open-ended induction motor has been further validated through scalar
and direct vector control techniques. Results obtained from simulation studies are verified experimentally.

INDEX TERMS Active-front-end, multi-level inverters, reduced-device-count, scalar and direct vector
control, three-phase infinite level inverter.

AFE Active Front End
CHB Cascaded H- Bridge qZSI Quasi Z- Source Inverters
ESR Equivalent Series Resistance RDC Reduced Device Count
FOC Field Oriented Control RSA Reduced Switch Asymmetrical
FC Flying Capacitor RSM Reduced Switch Modified
GaN Gallium Nitride RSS Reduced Switch Symmetric
IGBT Insulated Gate Bipolar Transistor Si Silicon
ILI Infinite Level Inverter SiC Silicon Carbide
M Modulation Index SM Sub Modules
MIC Module Integrated Converter SPWM Sinusoidal Pulse Width Modulation
MLI Multi-Level Inverter SVPWM  Space Vector Pulse Width Modulation
MMC Modular Multilevel Converter THD Total Harmonic Distortion
NPC Neutral Point Clamped WBG Wide Band Gap
PWM Pulse Width Modulation ZVS Zero Voltage Switching
qCHB-FLBI  Quasi Cascaded H- Bridge Five Level C Filter Capacitance
Boost Inverter D Diode
fe Carrier Frequency
i Modulating Frequency
fs Fundamental Frequency
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Current through the Capacitor
Capacitor Ripple Current

Peak Current through the Capacitor
Current through the Diode

Flux And Torque Producing
Components of Current

Current Carrying Capacity of Switch
Current through the Inductor
Average Inductor Current

Peak Current through the Inductor
Inductor Ripple Current

Maximum Current

Phase Current

Reverse Recovery Current

Stator Current

Phasor Reference Current

Current through the Switch

Current Carrying Capacity of Switch
Inductance

Switching Power Dissipation

High Frequency Operating Switches
Power Frequency Operating Switches
Load Resistance

Actual Torque

Reference Torque

Turn OFF Time

Turn ON Time

Reverse Recovery Time

Sampling Time

Voltage across the Capacitor
Average Output Voltage across
Buck Capacitors.

Collector Emitter Voltage at Saturation

Maximum Voltage across the
Capacitor

Capacitor Voltage Ripple
Voltage across the Diode
Voltage Stress across the Diode
Forward Voltage of Diode

Gate Source Voltage

Input DC- Source Voltage.
Voltage across the Inductor
Maximum Voltage

Sinusoidal Output Voltage
Output Phase Voltages

Phase Voltage

Standing Voltage across the Switch
Voltage across the Switch
Switching Voltage Stress
Sinusoidal Varying Modulation Index
Angular Frequency

Linear Current Change through
Inductor

Actual Speed

Reference Speed

A*  Reference Rotor Flux Linkage
A, Flux Linkage

0r Torque Angle

L Laplace transform

I. INTRODUCTION

Nowadays dc-to-ac inverters are playing a crucial role
in power electronic areas such as electric drives, electric
vehicles/hybrid electric vehicles, uninterruptable power sup-
plies, HVDC power transmission, renewable energy integra-
tion, Flexible AC Transmission Systems (FACTS) and static
VAR compensators. Based on the development and the nature
of output voltage waveform, the inverters are broadly classi-
fied as two-level or square wave inverters, quasi-square wave
inverters, two-level PWM inverters and multilevel inverters
(MLI). The major problems associated with conventional or
two-level inverters include the requirement of semiconduc-
tor devices of higher power ratings. To obtain the required
voltage/current capacity, many devices need to be connected
in series/parallel strings. As a result, these inverters generate
low power quality output waveforms along with more con-
duction loss. Hence to overcome the aforementioned draw-
backs, MLI can be chosen as a better alternative [1].

During the past three decades, MLIs [2]-[7] attracted wide
attention both in the scientific as well as in industrial fields,
because of its improved power conversion capabilities such
as better power quality, control and efficiency as compared to
all other conventional inverters. The basic concept of MLI
is to generate a higher number of voltage levels with less
distortion. The power conversion is performed by various
dc low voltage levels along with several low rated power
semiconductor switches. Each level is defined as the por-
tion of voltage waveform where the magnitude of voltage
remains constant for a defined duration which leads to the
generation of a staircase voltage waveform. If the number
of voltage levels increases, then the power quality of the
output voltage waveform also increases. In modern industrial
applications, demand for MLIs have increased due to its
viable technology to implement controlled speed drive and
to maintain power quality in high-power applications. The
basic fundamental topologies of MLIs are classified into three
categories; they are i. Cascaded H-Bridge (CHB) [2], [8], [9],
ii. Neutral Point Clamped (NPC) or Diode Clamped [10] and
iii. Flying capacitor (FC) [11]. They are popularly known
as classical topologies. Out of these fundamental topologies,
first two are required to have a single dc source, while the
third one requires multiple dc-sources. But, to realize those
topologies, more numbers of semiconductor devices and pas-
sive components are required. Hence the system becomes
bulky and complex. One of the most desirable properties of
the multilevel structure is modular structure or modularity.
Among the aforementioned topologies, the CHB due to its
modularity exhibits higher output voltage, power level and
reliability. Practically, NPC and FC topologies are feasible
up to 5-levels only, beyond this limit, their structure and
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control implementation become more complex and also the
device count for different ratings increases a lot. On the other
hand, for higher levels, CHB is the best solution, since its
devices are of the same power rating. However, the control
implementation is more complex due to the requirement of
coordination among too many power semiconductor devices
and the increased number of dc-sources required for gener-
ating a higher number of levels [9]. Apart from the classical
topologies, several novel application-oriented MLI topolog-
ical developments have been reported in various literatures.
They are basically derived from classical topologies or their
hybrids. However, none of the new generation topological
developments can be claimed to be absolutely advantageous.
Most of them are designed for specific applications.

In general, the application-oriented topologies have been
focussed on increasing number of output voltage levels
and power quality, with reduced number of switching
devices, passive component counts and cost. Some of the
application-oriented approaches are discussed in [12]-[19].
Another significant development in MLIs is fault-tolerant
topology. Chen et al. [20] has proposed a fault-tolerant topol-
ogy to obtain uncompromised multilevel voltage waveform
in the event of partial failure(s) in the power circuit. Such
topologies maintain the output voltage waveform utilizing
control signal modification along with redundancy offered
by multi switching states. Another important contribution
in MLI topologies was introduced by Glinka [21] presented
a new single DC source-based multilevel topology, known
as ‘Modular Multilevel Converter (MMC)’. The salient fea-
tures of this MMC are its modularity and scalability. This
topology is simpler than CHB inverter. It could conceptually
meet any voltage level requirements with reduced harmonic
issues, lower converter components ratings, and also with
improved efficiency. The proposed topologies have caught
the attention for medium/high-power energy conversion
systems, industrial applications including FACTS, HVDC
transmission systems, medium-voltage variable-speed drives
and medium/high voltage dc-to-dc converter applications.
Suman Debnath et al. [22] presented a review article regard-
ing MMC. It is highlighted with a general overview on the
basics of operation, control challenges, state-of-the-art con-
trol strategies and application challenges. Majority of MLIs
are originated by arranging different configurations of Sub
Modules (SM), which are able to connect to each other, that
can create conventional and modern MLIs. Vijeh et al. [23]
presented a general review of MLIs based on main
submodules.

In the last couple of decades, the researchers are tak-
ing efforts and are being directed to reduce the device
count (RDC) in MLI topologies. The reduction of semicon-
ductor switches and passive components in MLIs can improve
the efficiency and reliability of the system as well as the over-
all loss, cost, size and complexity. A large number of different
novel RDC-MLI topologies have been reported in different
literatures [24]-[34]. The aforementioned topologies have
their own merits and demerits from application requirements.

VOLUME 9, 2021

Bana et al. [35] presented a comprehensive review on some
recently developed RDC-MLI topologies, which are more
suitable in different applications such as machine drives,
renewable energy systems and FACTs. These topologies can
be used in grid-tied as well as in standalone applications.
The RDC-MLI topologies are broadly classified into three
types. They are reduced switch symmetric H-bridge type
MLI (RSS-MLI) [36], [37] and reduced switch asymmetrical
H-bridge type MLI (RSA-MLI) [38]. The general structure of
the configurations mentioned above is an RDC-MLI coupled
with an H-bridge, whereas reduced switch modified MLI
(RSM-MLI) [39]-[41] topologies are without H-bridge.

In recent years, a number of novel topologies have been
noticed in various literatures. The general structure of such
existing topologies are Active Front End (AFE)-RDC-MLI
topology. These existing MLI topologies varies depending
on the dc-to-dc converter used. Those topologies consist of
an AFE converter (dc-to-dc converter) followed by a syn-
chronized H-bridge. The main role of the AFE converter is
generation of voltage levels, and that of H-bridge topology
is polarity generation (inverter). Different AFE- RDC-MLI
topologies are discussed in various literatures [42]-[53].

This paper presents the design and performance analysis
of a three-phase AFE-RDC-MLI topology for open-ended
three-phase induction motor drive application. In this pro-
posed topology dc-to-dc buck converter is used for generating
different voltage levels, which is operating at high switching
frequency. The generation of output voltage levels depends
upon the switching frequency of the AFE converter. If the
switching frequency is increased, then the number of output
voltage levels also increases. Due to the higher number of
voltage levels, the output voltage waveform becomes smooth
sinusoidal. If the switching frequency of the AFE converter
is increased to almost infinity, the levels generated in the
output voltage waveform becomes infinite. Hence, the power
quality of the output voltage waveform is enhanced. There-
fore, the proposed topology is called as an infinite level
inverter (ILI) topology. The performance of the proposed
topology has been validated with a resistive load as well as
with an open-ended three-phase induction machine. Results
obtained from the simulation studies are verified experi-
mentally. The taxonomy of MLIs are briefly discussed in
TABLE-1. The proposed MLI topology has several
advantages.

1) Only one switch per phase operates at high frequency.

2) H-bridge inverter circuit operates at power frequency.

3) This topology is free from shoot through menace
because of the presence of inductors between the volt-
age source and inverters.

4) The output filtering capacitors in AFE converters can
be an electrolytic capacitor which is smaller and less
expensive as compared to ac capacitors.

5) This topology is suitable for implementing sophisti-
cated algorithms.

6) The advance control strategies developed by the
researchers related to dc-to-dc converter can be directly
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TABLE 1. Taxonomy of multilevel inverters.
Simulation /
- . Experiment /
S1. No. [Ref.], Year Topology Objective and Parameter discussed (Pd) Suggestions /
Application
A comprehensive review of some of the recently
proposed RDC -MLI topologies. A qualitative and quantitative
1 (1], Feb, 2020. Review paper; Reduced Switch Pd: Total power semiconductor switch count, summary of varﬁous new MLI topolog'ies
Count (RDC) MLI X . have also been discussed and a comparison
number of DC sources, passive component .
. . g . is made.
requirement, highest switch voltage rating,
total standing voltage
A survey of topologies, controls, and
applications.
Diode-clamped, capacitor-clamped . P
2 [2], Aug, 2002 and cascaded multicell with Pd: High-voltage high-power devices, optical Different industrial applications and
. technological aspects are discussed
separate dc-sources sensors and other opportunities for future
development, Control and
modulation methods.
The multilevel diode-clamped converter; Simulation and experiment performed
. obtains well-balanced voltages across the using 32-bit digital signal processor.
3 (3], Jan/Feb 1999 di:&::lf:ﬂpb;ﬁf\;gfg ;P(;g‘;pe de-link capacitor with less THD.
Application: high-power and/or high-voltage
Pd: THD, efficiency and power factor. electric motor drives.
TheA operatlng prmc_lple, feg tures, Simulation and experiment.
. . . constraints, and potential applications of
Diode-clamp, flying capacitors these converters will be discussed
4 [4], May/June, 1996 and cascaded-inverters with ) ’ T Application: Reactive power compensation,
separate dc-sources. Pd: Harmonics, EM1 problems, voltage sress, back—lo—bapk intertie, utilit)_/ compatible
> adjustable speed drives.
components and topology comparison.
Recent contributions on topologies,
modulation, and recent advances and
industrial applications of multilevel
5 51, Aug, 2010 Review paper; Multilevel converters. Hig}}—performance multileye] converter
converters. Pd: Current state in industrial applications, applications based on topologies are tabulated.
Modulation and control of multilevel
converters, Nontraditional applications
of MLI, Future trends and challenges
A survey of different topologies,
control strategies and modulation
techniques used by cascaded MLI.
. o . Pd: High degree of modularity, the Application: Pumps, fans, STATCOM,
6 (6], July, 2010 A survey - Cascaded MLIs possibility of connecting directly to traction, LNG plant.
medium voltage, high power quality,
both input and output, high availability,
and control of power flow in the
regenerative version.
Review and analyse the most relevant
characteristics of MLI and provides an
introduction of the modelling techniques,
A Review: Potential in current operational and technological issues. Multilevel converter-driven
7 [7], June,2008 L S .
and future power applications applications overview.
Pd: Modeling techniques, modulation
strategies, operational and technological
issues.
Review; Voltage-source-converter Review of voltage-source-converter topologies.
topologies.
8 [8], Dec, 2007 1) 2L VSCs, 2) NPC, Pd: Operating principle of each topology and Application: Industrial medium-voltage drives.
3) CHB, and Modulation methods. The latest advances and
4) FC multilevel VSCs. future trends of the technology are discussed.
Charge balance control schemes
used for cascade multilevel converter
in order to maintain equal charge/discharge Simulation and . al
. rates from the dc sources (batteries, capacitors, tmulation and experimental.
9 [9], Oct, 2002 Cascade multilevel converter or fuel cells) in an HEV,
’ Application: Hybrid electric vehicles
Pd: Output voltage, THD ,
efficiency and power factor.
Diode clamping inverter, which works
without the series association of the .
X . Experimental.
clamping diodes.
10 [10], July, 2000 Diode Clamping MLI T . .
Pd: Blocking Voltage Distribution, switch App lllcatlon. Diode clar?p ing MLIin
. . . arge power conversion area.
and diode clamping mechanism,
auxiliary clamping, operation principle.
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TABLE 1. (Continued.) Taxonomy of multilevel inverters.

Simulation /
L . Experiment /
Sl. No. [Ref.], Year Topology Objective and Parameter discussed (Pd) Suggestions /
Application
The requirements imposed by a direct
torque con?rol (DTC) strategy on multilevel Simulation and experimental
11 [11], Aug, 2002 Flying Capacitor MLIs inverters are analyzed. Application: Motor drive
Pd: Flux and torque.
The proposed topology achieves
21-level output voltage without H-bridge using
A Novel Asymmetrical asymmetric DC sources. Si . .
21-Level Inverter for ' ' ' imulation and experimental.
12 [12], Jan, 2021 Pd: RDC, THD, maximum power point tracking,
Solar PV Energy System total standing volta, itch t Application: Solar PV E Syst
With Reduced Switch Count s g ge,switches count, pplication: Solar nergy System
and sources count, gate driver boards,
the number of diodes and capacitor count
and component count level factor.
The hybrid topologies compared with
the conventional CHB converter, and .
. . Experimental.
. . the best topologies recommended for
Hybrid multilevel dc-to-ac di i licati
13 [13], 2020. converter using single-double medium voltage applications. Application: Medium voltage
source unit Pd: Number of power switches, THD, applications. Qrid-connected
. . photovoltaic system.
symmetric and asymmetric inverter,
high and low voltage comparison included.
Investigation of a transistor clamped Experimental
Transistor clamped T-type T type H-bridge MLI with Inverted P '
14 [14], 2020. multilevel H-bridge double reference single carrier PWM Application: Renewable ener.
inverter technique (IDRSCPWM) are discussed. PP § licati gy
Pd: RDC topology , THD applications
Design and implementation of MLIs for
fuel cell energy conversion system. Simulation and experimental.
15 (151, 2020. Cascaded MLI Pd: RDC topology, THD, quality of Application: Fuel cell energy
output and stress, efficiency and conversion system
power loss.
The DSOGI controller is implemented to
control a binary hybrid MLI by which . . .
. Simulation and experimental.
real power control, reactive power control,
16 [16], 2020. Binary hybrid MLI harmonic elimination -and source Application: Grid integrated
current balancing. .
solar energy conversion system.
Pd: RDC, THD, efficiency, Power quality.
Design and testing of
5-level symmetric cascaded
MLI-CHB inverter with . . .
6 switches for photovoltaic system Simulation and experimental.
17 [17]1,2017. Cascaded H-bridge MLI ’
Pd: THD, power loss, Application: Photovoltaic system.
implementation complexity,
cost, advantages.
A new three phase MLI with
reduced number of
components count is proposed. Simulation and experimental.
18 (18], 2020. Three Phase MLI Pd: RDC, THD, compared Application: Low and medium power
number of levels, active switches, photovoltaic systems.
diodes, capacitors and
total standing voltage.
DS-MLI with fewer power switches are
proposed for solar PV power
conversion systems. Simulation and experimental.
19 (191, 2020. Dual source MLI (DS-MLI) Pd: RDC. THD, efficiency, loss, Application: Domestic solar
Small signal model is discussed. PV applications
The proposed one is compared with its
conventional counterpart.
A multilevel converter topology with
fault-tolerant ability is presented.
20 [20], Mar, 2005. | Multilevel converter topology Simulation and experimental.
Pd: Voltage levels balance,
fault-tolerant ability
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Simulation /
Experiment /

TABLE 1. (Continued.) Taxonomy of multilevel inverters.

Objective and Parameter discussed (Pd)

Suggestions /
Application

Simulation and experimental
(Stratix FPGA), dSpace (ds1103).

nge of high

SI. No.

[Ref.], Year Topology

A 2MW-17-level prototype of the new
MMLC family is presented.

Application: Wide ra
voltage application

converters, operating directly

s, traction

21

[21], 2004.

Modular-multilevel converter

Pd: Behaviour at steady state,
transient conditions and
fault conditions.

A general overview of the basics of
operation of the MMC along with its
control challenges are discussed.

on the power line, and network
interties.

Application: HVDC Systems,
Variable-Speed Drives,

Dynamic Braking Chopper,

flexible ac transmission system

22 [22], Jan, 2015

A review; Modular Multilevel
Converter

Pd: Modulation, design,
control, and modelling of the MMC
This paper presents five

Main Submodules (SMs)to be used as
the basic structures of MLIs and has
widely reviewed almost all presented

Application: Wide range of power

23 [231,2018

General review; MLI based on
Main Submodules:
Structural point of view

multilevel inverters in these manuscripts
based on the proposed SMs with variety

Pd: Number of components, the ability
to create inherent negative voltage,
working in regeneration mode and using
single DC source. Comparison details of

asymmetrical MLI included.
Summarize the recently developed
multilevel topologies with a
reduced component count, based
on their advantages, disadvantages,

connections.

electronics applications.

Giving guidelines to further
improve the current multilevel
topologies more efficiently

and compactly.

24 [24], 2020.

Topological Review:
voltage source MLI
with reduced device count

construction, and specific applications.

Pd: A detailed comparison in
terms of switch, diode, capacitor, inductor,
transformer count was performed and

systematically summarized in tables.
Recently proposed multilevel inverter
topologies with reduced power switch

count are reviewed.

Application: High and
low power applications.

25 [25], 2015.

A Review: MLI topologies:

Pd: A detailed comparison of recently
proposed MLI topologies is presented

A new topology with a lower voltage
rating component to improve the

performance by remedying the mentioned

disadvantages are discussed.

Simulation and experimental
(dSPACE). /

The proposed topology can be
operated with a different
real-time environment

26 [261, 2017.

High-level inverter topology

Pd: DC, efficiency , Power loss,
Voltage stress, load power factor.

The proposed topology has been compared
with other similar topologies.
Generation of higher number of voltage
levels by stacking inverters of

lower multilevel structures with low voltage
devices for drives is presented.

with good performance.

Simulation and experimental.
(FPGA,TMS320F28335).

Application: Induction motor
drives.

27 [27], 2016.

A 9-level inverter is developed by
stacking two-hybrid 5-level inverter.

Pd: Speed control of induction motor,
A 9-level inverter is compared with other
existing 9-level topologies and tabulated.
RDC based Basic Cell (BC) of a novel
Switched-Capacitor Converter (SCC)
and its generalized structure has been

proposed.

Simulation and experimental
(dSPACE 1104)./

The proposed SCMLI is verified

28 [28], 2020.

Switched Capacitor Converter
(SCC)

The detailed analysis of capacitor
selection procedure for 13 levels SCMLI is
presented.

for asymmetric dc-source configuration

Pd: Switching loss, reduced devices,
voltage balance,

with resistive load condition.
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98438



A. Hareesh, B. Jayanand: Scalar and Vector Controlled ILI Topology Fed Open-Ended Three-Phase Induction Motor

IEEE Access

TABLE 1. (Continued.) Taxonomy of multilevel inverters.

multilevel converter

Simulation /
i ' . Experiment /
SL. No. | [Ref.], Year Topology Objective and Parameter discussed (Pd) Suggestions /
Application
A new S{ngle.- phase MLI topology has been Simulation(PLECS software)and
proposed in this paper to reduce the number of experimental.(ASPACE 1104). /
. switches in the circuit and obtain higher P ‘ '
29 [29],2019. | Asymmetrical MLI topology voltace lovel at the outout
£ put Application: MLI topology with
Pd: Reduced Switch Count, power loss. multiple extension capabilities.
The issues associated with PUC are addressed
and two approaches as remedy are presented. Simulation and experimental
Packed U-Cell (PUC), a new (TMS320-F28335).
30 [301], 2017. reduced-structure

Pd: Reduce component count,
total blocking voltage, switch ratings
and extending its performance
to high voltage applications.

Application: High and low voltage
applications.

31 [31],2017.

Three phase five-level inverter
topology

An optimized topology of three-phase, MLI
topology configuration for five or
higher-level operation with reduced
switch count is discussed.

Pd: Reduced switching device
count, conduction and switching losses,
efficiency, THD.

Simulation and experimental
(MS320LF28069).

Application: Solar PV,
drives applications.

32 [32],2019.

Five-level inverter topology

In this paper, five-level inverter topology
based on the stacked cell approach to MLIs with
reducing the number of switches, flying capacitors to
cut size, weight and costs while facilitating higher
reliability, simpler wiring and lesser electromagnetic
interference are discussed.

Pd: Fault-tolerant operation, loss steering
and common-mode elimination. Comparison of the
proposed topology with existing methods and highlight
its merits and features.

Simulation and experimental.

Application: High reliability
electric drives
(induction motor drive)

33 [33],2019.

Single-phase symmetrical and
Asymmetrical MLI topology.

The presented topologies can generate 9-level output
voltage in a symmetrical configuration, 13-level
and 17-level in asymmetrical configuration
with a single cell. A detailed comparison has been done
of the presented topology with recently proposed
topologies in terms of DC sources.

Pd: RDC, THD, semiconductor switches,
capacitor and total blocking voltage.

Simulation and experimental
(dSPACE-1103).

Application: High power/
high voltage applications
with equal and unequal
DC voltage sources.

34 [34],2017.

Single DC source nine-level
switched-capacitor
boost inverter topology.

In this paper proposed boost
inverter topology with nine level output
voltage waveform using a single dc-source
and two switched capacitors.

The number of devices and cost are
highlighted by comparing the recent and
conventional inverter topologies.

The total voltage stress of the proposed
topology is lower and has a maximum

efficiency of 98.25%.

Pd: Step-up inverter, switched capacitor,
reduce switch count, efficiency.
Comparison of different PWM techniques

Simulation(PLECS) and
experimental.

Application: Low and
medium voltage applications.

is presented.
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TABLE 1. (Continued.) Taxonomy of multilevel inverters.

Simulation /
i - . Lo Experiment /
SI. No. [Ref.], Year Topology Objective and Parameter discussed (Pd) Suggestions /
Application
This review paper focuses on a
number of recently developed
. . MLIs used in various applications.
Review paper; Each topology has been reviewed
Reduced Switch(RS) MLI ’ .
. carefully based on the number of switch
Topologies, . . .
. g count, number of dc sources used, Simulation and experimental.
Symmetrical H-bridge based PIV. TSV, and applications
35 [351, 2019. RS ML s 1Y, ancapp : Aoplication: Renewabl
Asymmetrical H-bridge based | Application: Renewable energy
RS MLI Pd: Recently developed RS integration and Drives Application.
and Modified RS MLI MLI t({)pologles,' Cf)r'nprehfans'lv'e analysis
topologies and comparative evaluation.
. RDC, comparison based on RSS MLI,
RSA MLI and RSM MLI topologies
included. / Switching loss, THD
In order to generate all voltage
levels (even and odd) single-phase Simulation and experimental.
cascaded multilevel inverter based on (89C52 microcontroller
Cascaded MLI with series . Hf b ridge unit s proposed. by ATMEL).
. . Nine different algorithms are proposed
36 [36], 2014. connection of H-bridge; . X L
X . to determine the magnitudes of Application: Drive and
basic units - . .
dc-voltage sources and it compared to control of electrical machines,
the conventional topologies. connection of renewable sources,
FACTS devices.
Pd: RDC, blocked voltage.
. . . Simulation(MATLAB/Simulink)
Design of symmetric multilevel X
Lo and experimental
converter to enhance the circuit’s .
erformance is presented (ATMega 64 microcontroller
p : by ATMEL).
37 [37], 2015. Symmetric multilevel converter Pd: proposed inverter is compared to the o ) )
. . . Application: Suitable for medium-
conventional topologies, conventional o
. . . voltage applications and where a
cascaded inverter, semi cascaded inverter .
. . higher number of output levels
and cross-switched inverter. .
are required.
Symmetric, asymmetric, and cascade
switched-diode multilevel converter are
proposed, which can produce many levels Simulation and experimental.
Symmetric, Asymmetric, and with minimum number of power electronic
38 [38], Oct, 2014 cascade switched-Diode switches, gate driver circuits,
multilevel converter power diodes, and dc voltage sources. Application:
High-voltage applications.
Pd: RDC,THD, efficiency, standing voltage
on switches.
In this paper present single-phase Simulation and experimental
Pack U-Cell (PUC) MLL (dSpace | 183)
The output voltage has a higher amplitude P ’
39 [39], Mar, 2018. Seven-level Pack U-Cell inverter than the maximum dc-link value used Application: P ali
in the topology as a boost operation pplication: Power Qua 1,
’ Renewable Energy Conversion,
Pd: THD, efficiency, Power losses. Photovoltaic Applications.
Simulation (MATLAB/Simulink)
This suggested topology requires less switches and experimental (DSPIC30F4011).
and relevant gate driver circuits realising
40 [40], June 2013. Cascaded MLI topology P inverter ) of the proposed symmetric and
: asymmetric multilevel inverters,
Pd: RDC,symmetric, asymmetric structures, which can generate al_l voltage
steps for a test case nine-level
PIV and power losses. . .
symmetric and 17-level asymmetric
inverter.
The proposed E-Type module which Simulation(MATLAB/Simulink)
can generate 13 levels with reduced and experimental
components, It can be used in high (Microcontroller ATMEGA16).
An Envelope Type X L .
41 [41], 2016. (E-Type) Module: voltage high power applications with
P ’ unequal DC sources. Application: High voltage
high power applications
Pd: RDC, THD, Power losses. with unequal DC sources.

98440

VOLUME 9, 2021



A. Hareesh, B. Jayanand: Scalar and Vector Controlled ILI Topology Fed Open-Ended Three-Phase Induction Motor

IEEE Access

TABLE 1. (Continued.) Taxonomy of multilevel inverters.

SI. No. [Ref.], Year

Topology Objective and Parameter discussed (Pd) gzgp;fggzi//
Application
A single-phase seven-level inverter

Simulation /

42 [42], June, 2011

Single-phase seven-level
Grid-connected inverter

for grid-connected photovoltaic
systems, with a PWM control scheme
is proposed in this paper.

Pd: RDC,THD.

Simulation(MATLAB Simulink)
and experimental (TMS320F2812).

Application: Photovoltaic system;
grid-connected PV inverters.

43 [43], April 2015.

Boost dc-link cascaded MLI

A structure of single-phase
seven-level boost dc-link
cascaded MLI (BDCLCMLI)
is proposed.

Pd: Reduction of voltage stress
across the inverter switches,
RDC, Power loss, THD.

Simulation (MATLAB)and
experimental.

Application: Uninterrupted Power
Supply.

SHE-PWM Cascaded MLI

Elimination Pulse Width Modulation (MSHE-PWM)
technique based transformerless Static Synchronous

New Multilevel Selective Harmonic

Simulation(Matlab/Simulink)and

five-level inverter

. . Compensator (STATCOM) system employing experimental(dSPACE DS1104).
4 [44], 2014. with adjustable de-voltage cascaded H-bridge inverter configuration is discussed
levels control g g " | Application: Reactive power(VAR)
Pd: efficiency, THD, Reactive power (VAR) compensation; STATCOM.
compensation.
The proposed inverter is derived . . .
from Buck-Boost converter, Simulation and experimental.
which is with the ability to Application: Wide range
45 [45],2014. Buck-Boost MLI buck/boost the input voltage. PP : g
varied dc-link voltage,
Pd: The current sharing with such as r:g:zggf enerey
modulation strategy is discussed. & ’
This paper presents a novel
Switched-Capacitor (SC) based Simulation(MATLAB-
(2n+1)-level single-phase inverter Simulink-PLECS)
Switched Capacitor (SC) components and input de-valage sppl Ch-R10 GPIC).
46 [46], 2019. based (2n+1)-level ponents P 8¢ SUppLy- $ :
single-phase inverter. Pd: quasi-resonant switching, Application: 500 VA prototype
efficiency, comparative analysis, (Level Step-up Single
thermal modelling and design -Phase Inverter) are presented.
guidelines, THD, loss calculation.
The proposed topology can
realize the multilevel inversion
with high step-up output voltage,
simple structure and reduced number Simulation and experimental.
47 (47].2016 Single phase step-up

of power switches.

Pd: RDC, THD, summarize
comparisons of the popular

five-level inverter topologies
and the proposed inverter.

Application: Photovoltaic(PV)
systems

48 [48],Sept. 2019.

Single dc-source-based
seven-level Boost inverter

of an MLI that can increase the number of
output voltage levels with a lesser number

This paper discussed about
an effective circuit arrangement

of device count.
Pd: RDC, THD.

Device count-based comparative
analysis is presented.

Simulation
(MATLAB/Simulink)
and experimental
FPGA-NEXYS 4).

Application: Suitable for electric
vehicles as less number of series-
connected battery cells are

49 [49], Jan. 2009.

Single-phase five-level

two reference signals and a carrier signal to

Photovoltaic (PV)inverter generate PWM switching signals (DSP TMS320F2812).
for PV application. s
topology Application:
Pd: THD, efficiency Grid-connected PV systems

A single-phase MLI utilizes

required.

Simulation and experimental
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TABLE 1. (Continued.) Taxonomy of multilevel inverters.

Simulation /
S1. No. [Ref.], Year Topology Objective and Parameter discussed (Pd) ES;;;ISSE;//
Application
This paper proposes a single-phase
modified quasi-Z-source (MZ$) Simulation and experimental
hybrid three-level inverter. (TMS320F28335)
In addition, a single-phase modified ’
Modified quasi-Z-source quasi-Z-source cascaded hybrid Application: R ded
50 [50], 2017. cascaded hybrid five-level five-level inverter (MqZS-CHI) pplication: P ccommende
inverter is designed by connecting two three-level hich or 1
PWM switching cells in series for producing 1gh output voltage
a nine-level output voltage. with lgwe.r THD
applications.
Pd: THD, efficiency, boost factor.
This study presents a new inverter
topology based on a mixture of
cascaded basic units and one Simulation
H-bridge unit. The cz{sgaded basic units (MATLAB/Simulink)
Z-source-based MLI with produce positive and and experimental
51 [51], Oct. 2011. ) L . zero-voltage levels and at the same :
reduction of switches . . .
time suggested inverter obtains Application:
positive, zero—lir\ll(él:f:gatlve voltage DVR: Power quality.
Pd: THD, RDC.
This paper proposes a single-phase,
seven-level, transformerless inverter.
The proposed configuration achieves
voltage boosting using a non-isolated
interleaved buck-boost converter, . .
. which is fused with the inverter Simulation (MATLAB) and
Integrated semi-double configuration through two switched experimental.
52 [52], 2019. stage based MLI with . SC) )
voltage boosting scheme capacitors (SC). Application:
Pd: Stray capacitor voltage, the common-mode Photovoltaic Systems.
voltage (CMV), Leakage current minimization,
Semi-double stage system, Voltage boosting,
power transmission ratio,
efficiency.
A dc-to-ac inverter of bidirectional buck
topology using non-linear robust
controller is proposed to achieve
dynamic robust performances for Simulation and experimental./
Switch-Mode dc-to-ac both resistive and reactive loads.
53 [53], 1998 inverter using buck Dynamic performance of the proposed
converter Pd: The proposed inverters are immune inverter is validated for both resistive and
to the large disturbances in input voltage reactive loads.
andload current and the output
voltage remains steady state and
dynamic stable.
This paper describes the concept, design,
construction, and experimental
investigation of a 40-kVA inverter
with silicon carbide junction field-effect Simulation and experimental.
. transistors (JFETs). The inverter was
>4 [54], Aug. 2013. | 40-kVA SiC JFET Inverter designed to reach an efficiency exceeding Application:
99.5%. High-efficiency inverter; exceeding 99.5%
Pd:Silicon carbide (SiC),Powerlosses,
efficiency measurements.

applied to the system. Since the AFE converter operates
at high switching frequency ranges, it is more flexible

to control.

7) The system exhibits high dynamic performance.
the output voltage remains
unchanged when subjected to large disturbances in

Hence,

supply voltage or load currents.
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system.

dynamically

8) The dc-to-dc converter based topology is highly
compatible for implementing closed-loop control

The main outcomes of this article are as follows.

o Design, analysis and performance of a three-phase infi-

nite level inverter-driven induction motor is performed.
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« This topology has been tested with a resistive load and
found to possess very good quality voltage and current
waveforms in terms of THD.

e The dc-voltage requirement for generating a fixed
ac-voltage output is much less than that required by other
similar topologies, which is validated by SPWM control.

o The third harmonic injection modulation scheme has
also been performed using this inverter and found that
the dc-source utilization can be improved further.

o The efficiency of the inverter has also been found to
be better since only one switch per phase is operated
at a high frequency. All the switches in conventional
inverters are operated at high frequency.

o Scalar and vector control of induction motor has also
been performed using this topology. It has been found
that both the controls exhibits better dynamic perfor-
mance with this topology. Moreover, the ILI has been
found to impart better performance to an induction
motor drive.

« In conventional inverter circuits, the voltage applied
across the terminals of the motor would be of abso-
lute discrete values like Ve, —Vie, Vies2, —Vaey2, etc.
Hence, the instantaneous error voltage between the
applied voltage and the desired sinusoidal voltage would
be large. This error voltage manifests as torque ripples
in the motor, deteriorating the performance of the motor.

« In the buck converter-based topology presented in this
paper, the applied voltage is near to sinusoid and hence
the error in the applied voltage is almost negligible.
This results in negligible torque pulsations in the motor,
thereby obtaining better performance from the motor.
Open ended windings are used so that all the three buck
converters can be connected to the same voltage source.

Now-a-days power, electronic industries and their applica-
tion fields are changing from traditional silicon (Si) power
semiconductor devices to potentially superior and high fre-
quency operable counterpart, i.e., Wide Band Gap (WBG)
devices, like Silicon Carbide (SiC) and Gallium Nitride
(GaN) [54]. With the advent of WBG materials, standard
Si technology is being replaced by high-frequency switches.
If the Si semiconductor devices used in ILI topology are
replaced with WBG devices, then there will be more improve-
ment in efficiency and performance. Thereby, the system
becomes more compact and operable at high frequency
ranges.

This paper is organized as follows. In section II, a brief
description of the basic structure of the proposed three-phase
infinite level inverter topology is discussed. Principle of
operation of ILI is discussed in section III. In section IV,
modes of operations. In section V, the mathematical model
of the proposed topology is discussed. In section VI, design
of ILI. Criteria for selection of components are discussed
in section VII. The efficiency calculation is discussed in
section VIII. In section IX, the third harmonic injection
method is discussed. In section X, scalar and vector control
of ILI fed induction motor are presented. Simulation results
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are presented in section XI. In Section XII, the comparison of
ILI with conventional H-bridge inverters and AFE-RDC-MLI
topologies are presented. In section XIII, discusses about the
experimental setup and results. Finally, section XIV, con-
cludes the paper and XV, provides with future scope.

Il. THREE-PHASE INFINITE LEVEL INVERTER TOPOLOGY

The basic structure of infinite level inverter is a buck con-
verter followed by an H-bridge. The proposed topology has
the sole objective of reducing the count of passive elements
and power semiconductor components without any loss of
power quality in power conversion. Meanwhile, it reduces the
switching and conduction losses, size and control complexity
of the circuit. Three individual ILI circuits are combined to
obtain a three-phase ILI topology which is shown in Fig. 1.
The proposed topology consists of one high-frequency oper-
ated switch for every buck circuit and four low-frequency
operated switches for every H-bridge; hence, one inductor
and one capacitor per phase. This topology has a high degree
of dc-source voltage utilization and low voltage stress across
the switches as compared to traditional two-level and other
similar inverter topologies. Other attributes of this circuit are
the absence of shoot-through issue, less reverse recovery loss
and body diode conduction loss in semiconductor switches.

STy
j
1 Qi Qz|
Vi D1 Cr
Qg Q4
1 Qo Qug|
D3
Q) Qiz|

FIGURE 1. Three phase Infinite Level Inverter topology. Basic structure of
the proposed topology is a buck converter (AFE converter) followed by an
H-bridge. This topology consists of one high-frequency operated switch
for every buck circuit and four low-frequency operated switches for every
H-bridge; hence, one inductor and one capacitor per phase.

Ill. PRINCIPLE OF OPERATION

In an MLI each level is defined as the portion of voltage
waveform where the magnitude of voltage remains constant
for a defined duration. In the ILI, the voltage varies at every
instant, and there is no time span where the voltage remains
constant. If the time span in which the voltage remains con-
stant tends to zero, the voltage waveform becomes a pure
sine wave. The AFE converter generates a fully rectified
infinite level voltage waveform by varying the duty cycle of
the buck circuit in a fully rectified sinusoidal manner. The
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quality of output voltage depends on the switching frequency
of the AFE converter. Fig. 2 shows the SPWM control logic
of ILI. The number of voltage levels developed across the
buck capacitor is given by

Jfe
VLevel = (1)
Jm
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FIGURE 2. SPWM control logic of ILI. (a) High-frequency switching pulses
of AFE converter (b) Power frequency switching patterns of polarity
generation-part (H-bridge inverter).

where, ‘f/ is the carrier frequency and ¥, is the modulating
signal. The duty cycle of the AFE converter is denoted by ‘8’
which varies in a rectified sinusoidal fashion.

§ = M |sin(wt)] 2)
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where, ‘M’ is the modulation index. The output voltage of the
buck converter is given by,

Voo = 8V, 3)

The fully rectified sinusoidal output voltage across ‘Cy is
given by,

Veor = ViM |sin(wt)] “

where, = 27f and ‘V/ is the input dc-source voltage. The
rectified sine wave is unfolded by the H-bridge circuit to get
a sinusoidal voltage across the load (7). The switching pulses
for the H-bridge are synchronised with the modulating signal
of the AFE converter. Therefore, the output voltage becomes

+ViM |sin(wt)] 0 < wt <7 (@)
—ViM |sin(wt)] 7w < wt <21 (6)
Vo = ViMsin(wt) 0 < wt <21 @)

The inversion process occurs at the natural zero-crossing
point of the output voltage, resulting in zero voltage switch-
ing (ZVS) and hence reduces the switching power loss.
In a three-phase ILI, the duty ratios of dc-to-dc converter
switches are displaced by 120°. The three-phase voltage
generation across the buck converters are fully rectified sine
waveforms (8), (9), (10).

Veolr = ViM [sin(wt)| 0 < wt <27 ®)
Veor = ViM |sin(wt — 120)] 0 < wt <21 )
Veos = ViM |sin(wt + 120)] 0 < wt <2 (10)

These rectified voltage waveforms are unfolded into the
sinusoidal waveforms by appropriate switching of H-bridge.

Voa = ViMsin(wt) 0 < wt <21 (11
Vop = ViMsin(wt — 120) 0 < wt < 27 (12)
Voe = ViMsin(wt + 120) 0 < wt < 27 (13)

IV. MODES OF OPERATION

There are four modes of operation for this inverter. They
are discussed with the help of Fig. 3 Mode-1: During the
period 8T, the switch Q. is turned ON, and the induc-
tor current starts rising. The diode is reverse biased. The
output capacitor is charged exponentially. Mode-2: Dur-
ing the period (1 —§) T, switch Q. is turned OFF, and
the parallel diode starts conducting. The current through
the inductor falls, and it freewheels through the diode.
In modes 1&2, Q1 and Q4 are conducting, so that a posi-
tive voltage is obtained across the load. Hence it generates
the output voltage as +V;M |sin(wt)| across the load side.
Mode-3: is same as mode-1, except for the fact that Q> and
Q3 are switched ON. Mode-4: is same as mode-2, except for
the fact that O, and Q3 are switched ON. Hence it generates
the output voltage as —V;M |sin(wt)| across the load side. The
output voltage developed across the inverter load terminal is
Vo = ViMsin(wt); 0 < ot < 2.
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FIGURE 3. Mode of operations. (a) Mode-1, (b) Mode-2, (c) Mode-3,
(d) Mode-4.

V. MATHEMATICAL MODEL OF ILI

The ILI is a buck—H bridge cascade. The buck converter
is represented using the conventional transfer function of a
dc-to-dc converter. The input to the transfer function is a
rectified sine wave, acting as its variable duty cycle. The
output for this transfer function is a rectified voltage, which
would be available from the buck converter provided with
such a duty cycle. This rectified voltage is unfolded with
an H-bridge. This process is represented using a switch,
which passes the input as such to the output when the input
is positive and passes the negative of the input when the
input is negative. This is equivalent to inversion process.
The main part of the proposed converter is a dc-to-dc buck
converter is shown in Fig.5. Here the buck converter plant is
modelled to attain a simplified and linearized system around
the equilibrium point using feedback control technique. The
dynamic averaged equations of buck converter are Inductor
current,

diL _Vco Vid
T _“co 4 14
dt L + L (14

Capacitor voltage,

Ve _ir_ Voo
d ~ C RC

(15)
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FIGURE 4. (a) AFE converter switching characteristics wave forms and
(b) Waveforms of voltage and current of (i) Inductor and
(i) High-frequency switch.

On applying these equations into single input single output
system model, the standard variables are used.

do -1V
—_— = —X _
a LT
do 1 1
— = —x - —x
d _C ' RC

(16)

where, system input 'U’, system output 'y’, and system
state ‘X’. On rewriting the system equations in terms of the
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FIGURE 5. DC-to-dc buck converter topology.

standard variables, the inductor current,i, = Xx,, capacitor
voltage,V,, = x, and duty ratio is the input '’ and Output,
y = V., = x,. Thereby the dynamic averaged equations

can be rewritten with the new variables. Hence the state
equations are (16). This equations satisfies linearity. By using
sinusoidal PWM switching technique, the input dc-source
voltage (V;) is transformed into a fully rectified sinusoidal
voltage waveform. Its frequency is same as the reference
signal. In case of the proposed topology, the duty cycle is in
a rectified sinusoidal fashion. Hence, the transfer function of
input is

U(s) = 17)

s2+1

To obtain the transfer function, from the state equation
apply Laplace transform

1
cY <S + —) =X
RC ! (18)
-1 V,

1 i
SCY (S+ 7)) = 7V + U

On rearranging the equation,
1 1 Vi
Y (S 4+ —=S+-—|==U 19
( + RC + LC> CL (19)

The transfer function of the buck converter is given by the
equation.

veo _ Ve 0)
UGs) 2+ g=S+ [

The rectified sinusoidal output voltage across buck capac-
itor is inverted using an H-bridge inverter. The converter
output transfer function is mathematically expressed as

Vi

y(s) = %ﬁﬂsinwﬂ) 1)
S+ zeS+ e

For mathematical modelling, the following parameters are
used. The design values are taken as L = 9.7mH,C =
0.23uF, Ry, = 502. The numerator and denominator coef-
ficients of the transfer function are V;/LC = 1519 x 10%
ands® + 8.7 x 10*s + 4.5 x 103 respectively. Mathematical
model of ILI and its output response are shown in Fig. 6.
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FIGURE 6. i) Mathematical model of proposed converter, (ii) Simulated
output waveforms (a) reference signal, (b) rectified sinusoidal output
voltage waveform generated by means of dc-to-dc buck converter
transfer function, (c) sinusoidal output voltage waveform obtained from
the inverter.

VI. DESIGN OF ILI

A. INDUCTOR (L)

In the ILI, the design of inductors plays a crucial role. The
inductors are placed in the high-frequency operating part
of the circuit, and it is fabricated using E65 ferrite core.
When the switch ‘Q.;’ is turned ON for time period *§7°,
the voltage across the inductor (V) is given by the difference
between supply voltage and the output voltage.

dif,

Vi =L— 22

L o (22)

The linear change in current (Alz ) through the inductor is,
Vi—V,

Al = %M (23)

Fig. 4(a) shows the voltage and current waveforms of
the inductor and Fig. 4(b) shows those wave forms across
the high frequency switch. The peak current through the
inductor considered is Irqyg + %. When the high fre-
quency switch Q. is turned OFF, the freewheeling diode
conducts during (1 — §)T period and voltage of -V,, appears
across the inductor. Hence, voltage stress across the switch
during this period is equal to V;. The inductor current is
controlled by two voltages which are appearing at both
ends of the inductor (L). One is a high-frequency PWM
pulsating voltage appearing across the diode (D) and the
other is the voltage across the capacitor (C), which is
fully rectified sinusoidal voltage waveform of 10 kHz. Out-
put voltage is a pure sinusoid super imposed with ripple.
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The average duty ratio is taken to be 50%. The rms value
of the fundamental component of inductor current ripple
(ILrippie) can be calculated as
= | 2] = Crttiapm, 4
The duty cycle is getting varied continuously from 0 to
dmax 1n every half cycle of sinusoidal output wave. Depend-
ing upon the modulation index, §,,,, Will also vary. Hence,
50% duty cycle is taken as an average operating point.
The maximum permitted amount of ripple is 5%. Therefore,
Ipripple < 5%I where I is tms value of the load current. The
inductor value can be calculated as

Vi
(5=)3)

Z 25
(anv)lLripple (23)

B. CAPACITOR (C)

The ripple in the load current is considered as negligible.
Hence, the ripple current through the capacitor (Icsippie) is
equal to the ripple current of the inductor current. So, the rip-
ple voltage of the capacitor is

Icrippl
VCripple = gIZ)) < (26)
where Vcyipple < 5%V, and in turn,
ICripple (27)
N 27va(VCripple)

In order to ensure that output waveform is unaffected by
the resonance caused by L and C, their values must be chosen
such that

LC < ( )? (28)

= 2710,

VIl. SELECTION OF ILI COMPONENTS

A. SWITCHES

ILI has two different topological stages. (i) AFE Converter
operating in power frequency and (ii) H-Bridge operating at
high switching frequency.

Stage-I: In AFE converters, the high-frequency switches
and diodes (D) are subjected to the same voltage. The voltage
stress experienced across these devices is the same as the
source voltage (V;). During the turn OFF period (1 — §)7T,
the voltage stress across the high-frequency switch becomes
equal to V;, at the same time D is turned ON. During §T
period, high frequency switches are turned ON and D is
turned OFF. The diodes act as an open switch. Hence, the volt-
age stress across diode is V;. In order to ensure safe operation
of the switches, their ratings are taken to be higher than V;’.

Stage-II: After every half cycle a couple of switches are
switched ON, while the other switches are switched OFF.
The effective voltage stress across the H-bridge switches is
equal to the load voltage (V,). Hence their voltage ratings
must be higher than V,,. Current passes through the switches
only when it is turned ON. The maximum current flowing
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through the switches is equal to the peak current through the
inductor (I peak)-

ISWraling = ILpeak (29)

Voltage stress (Vswsrress) €xperienced across the high fre-
quency switches, during the turn OFF period is

Vswstress = Vi (30)

B. DIODE

Current passes through the diode only when the high fre-
quency operated switch is turned OFF. Its rating is chosen
as

IDrating = ILpeak (3D

When the diode becomes reverse biased the voltage stress
exerted across it is equal to V.

Vbstress = Vi (32)

C. OUTPUT CAPACITOR

The maximum voltage (Vcmax ), applied across the capacitor
is equal to V;. The capacitor carries only the ripple component
of current. Hence,

ICpeuk = Al (33)

VIIl. EFFICIENCY
Efficiency of any power electronic circuit is determined by
the losses taking place in switches as well as in passive com-
ponents. Losses in switching devices include switching losses
and conduction losses. Switching loss depends on switching
frequency and conduction loss depends on the load current.
Since only one switch per phase is operated in high frequency,
switching loss in this topology will be less. Moreover, total
number of switches in this topology is much less than that in
any other multilevel circuit, making conduction losses much
lesser in this topology.

The simplified mathematical expression for the conduction
and switching losses of IGBT switch in AFE converter is
based on equation (34)

Pb = Vee saln + ~1Ton 22 + @orr 2211, 9)
D = Vce_satim ) ON D) OFF D) sw

where Pp is the switching power dissipation, 7, is the collec-
tor current passing through the switch, Vce_sat is the on-state
drop, fi is the switching frequency, Tpoy is the turn-on
period, ToFr is the turn-off period and Vi is the standing volt-
age of the switch. In case of diodes, the forward conduction
and switching losses are considered. Meanwhile, the inductor
and capacitor loss of the AFE converter is calculated by
equation (35). ESR is also considered for the calculation of
capacitor loss.

I .
N Ay

+ {0.11LESR} (35)
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where 'V}, is the voltage across the diode. In polarity gen-
eration part, the H-bridge inverter switches are operating in
soft-switching manner at fundamental frequency. The con-
duction and switching losses of H-bridge inverter comes to

(Vce_satlm) Ny

1 Vi I, Vs Iy,
N Ton =) + (Torr =22 ‘
+2 [( oN 2)+< OFF > 2>i|fLNAW (36)

The calculated value of switching losses per phase for both
high frequency operating switch and H-bridge switches are
1.26W and 0.025W respectively. In theoretical loss calcula-
tion, the efficiency of the inverter is found to be 98%.

IX. THIRD HARMONIC INJECTION METHOD

The SPWM control technique used in conventional VSI, can
obtain sinusoidal output voltage, with less harmonic distor-
tion, however the maximum obtained output fundamental
amplitude, is only 78.54 %. while, M = 1 (Line voltage =
0.6123V;M). To expand the output fundamental amplitude
beyond from this limit, the ‘M> 1" have to be taken more than
one. To improve the dc-bus voltage utilization of the inverter,
without entering the over modulation, the third harmonics
injection logic can be used. The third harmonics injection in
the leg voltage references leads to an increas in the linear
modulation range of three-phase VSI, by reducing the peak
of the leg reference voltages and hence the modulation index
can be pushed beyond the value of one without entering over
modulation. By injecting the third harmonics with amplitude
of one sixth of the fundamental harmonics, the maximum of
the fundamental can be increased by 15.47% as compared
to the SPWM control scheme (Line voltage = 1.4142V;M)
The same concept is applied to the proposed topology, con-
sequently the linear modulation range is extended. Hence,
this increases the maximum fundamental output voltage with-
out moving into the over modulation region. Moreover the
third harmonic component does not affect the output phase
voltages. Fig. 7 shows the logic for implementing the third
harmonic injection PWM. It helps to improve the dc-bus
voltage utilization of ILI as well as the fundamental amplitude
of output line-to-line voltage by 15.47%. Thereby, effectively
improve the dc-bus voltage utilization. The duty ratio of
an ILI is

Sref = |dsin(wt)| (37)

A third harmonic component of & sin(3wt) is superim-
posed with the sinusoidally varying duty cycle. The optimum
point obtained is at d = 2/+/3 and k=1/6 without any
over modulation, Hence the reference signal is modified as
equation (38)

Sref = |d sinwt + k sin(3wt)| (38)

The instantaneous value of the output voltage across the
converter capacitance is

Veo_funa = |1.1547Vusin(wt)| + | £ Viusin@Bot)|  (39)
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FIGURE 7. Third harmonics injection PWM control implementation logic.

The output line voltage across the load is
Vo_funa = 11547V, sin(wt) (40)

The magnitude of three-phase output voltage becomes (41),
(42), and (43).

Vol_fund = 1.1547Vysin(wt); 0 < ot <21 41)
Voo_funa = 1.1547Vysin(wt — 120); 0 < ot < 21 (42)
Vos_funa = 1.1547Vysin(wt +120); 0 < ot <21 (43)

X. SCALAR AND VECTOR CONTROL OF ILI FED
INDUCTION MOTOR

This section discusses about the speed control of open-ended
three-phase induction motor using different control schemes,
such as scalar (V/f) and direct vector control. Using the
proposed ILI topology, the induction motor speed can be
controlled with high dynamic performance.

A. SCALAR (V/F) CONTROL METHOD

The V /f control technique is an attractive method to control
the induction machine speed because of its simplicity and
user-friendly nature. Block diagram of scalar control imple-
mentation logic is shown in Fig. 8. Here, the air-gap flux of
the induction machine can be controlled at desired value by
proportionally varying stator voltages and frequency. Con-
sequently, the machine retains its torque/ampere capacity at
any speed. Meanwhile, the machine speed can be accurately
maintained at any desired value under steady-state condition.
However, at low-speed range, the torque capability is limited
because of the voltage drop across the stator winding resis-
tance, which is dominant.

. - —
-
-..{_\?"_.. | T _,::h |
Lo

ok L)

FIGURE 8. Scalar control of ILI fed induction motor implementation logic.

B. DIRECT VECTOR CONTROL METHOD
The block diagram of the direct vector control system is
shown in Fig. 9. Here the field angle is calculated using
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FIGURE 9. Direct vector control of ILI fed induction motor.

the terminal voltages and currents. The actual speed w, is
compared with reference speed ' the error is amplified and
limited to generate the required reference torque 7,°. The
rotor flux linkage A* is kept at 1pu. Beyond 1pu, it is varied
as a function of speed. This is to ensure that the rotor speed
extends beyond the base speed by weakening the rotor flux
linkages. The torque and flux references are compared to
the actual torque 7, and flux linkage A, calculated from the
measured voltages and currents. The errors are amplified and
limited to generate the required flux and torque producing
components of current /; and 7. Phasor addition of these
components yields the phasor reference current I; and torque
angle (6;) can be calculated from (52). The sum of torque
angle and field angle gives the position of the stator current
phasor I;. Together with I, this generates the stator phase
current references las™, Ibs™, Ics™.

The PWM control scheme is implemented using phase
current control loops. The following equations represent the
stator phase based calculation of various quantities.

Vis = (Rs + Ls % p) Lis + (Lm*p) Loy (44)
Vgs = (Rs + Ly x p) Iys + (Liprp) Iyr (45)
1
Iyy = — {/ (Vds - Rslds) dt — leds} (46)
Ly,
1
lyr = - { / (Vgs — Rylys) dt — leqs} (47)
m
)"dr = LrIqr + LmIqs (48)
)‘«qr = Lrldr + LmIds (49)
Flux,
A =[A5 + A2, (50)
Flux position,
A
6 = tan~! =L 51
g an Adr b
I*
Or = tan~! 1—7*" (52)
F

Stator current phase angle 6 = 6r + 67 Torque equation,

3P
T, = ziLm (Iqs*ldr - Ids*lqr) (53)

Reference current is calculated as
2
1= @)+ (1) (54)
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Three phase reference currents are

¥ =17 sin(0)
Iy = I sin(6 + 120) (55)
I, = I sin(@ — 120)

XI. SIMULATION RESULTS OF ILI

A. SPWM CONTROL

The proposed inverter topology and its control are realized
using MATLAB/Simulink environment. A three-phase bal-
anced resistive load of 502 is taken for the simulation anal-
ysis. A switching frequency of 10 kHz is used for sine PWM
pulse generation. Fig.10-13 shows the simulated waveforms
of ILI, using resistive load. The power quality of the output
voltage can be improved by increasing the AFE converter
operating frequency. It significantly reduces the THD, which
is less than the permissible limit as per IEEE-519 standards.
The FFT analysis is shown in Fig. 14. This scheme requires
only a 338V dc-source for obtaining 415V ac 50 Hz line-
to-line output voltage.

Alaan

(a
0 i
(b)
1
0 ‘ ; ‘ i
0.01 0.02 (c) 0.03 0.04 0.05
Time

FIGURE 10. Simulated waveforms of ILI. (a) High frequency, (b,c) Low
frequency switching pulses.

B. THIRD HARMONIC INJECTION PWM CONTROL

The dc-source voltage utilization of the proposed inverter has
been again validated using third harmonics injection PWM
method. It requires only 293V dc-source voltage, in order
to obtain 415V ac, 50Hz line-to-line output voltage. The
simulated waveform of the third harmonic injection scheme
is shown in Fig. 15. The proposed inverter is compared to
a traditional two-level inverter topology. For a similar output
voltage, a SPWM control scheme requires 654V dc-source
voltage and an ordinary third harmonic injection scheme
requires 564V dc-source. Fig.16 shows the comparison of
dc-source voltage utilization between ILI and traditional
inverter. The proposed topology has very high dc-source volt-
age utilization, compared to the traditional two-level inverter.

C. PERFORMANCE EVALUATION OF ILI TOPOLOGY USING
THREE PHASE INDUCTION MOTOR

1) SPEED CONTROL USING SCALAR (V/F) CONTROL
METHOD

The variable speed control performance of the proposed
topology is validated using a three-phase induction motor.
The speed control logic is implemented using constant V /f
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FIGURE 11. Simulated waveforms of ILI using resistive load. Voltage and
current wave forms across the AFE converter components. (a,b) High
frequency switch, (c,d) diode,(e,f) inductor, (g,h) capacitor,(i,j) voltage
across low frequency operating switches.

scheme. The dynamic responses of the simulated output volt-
age waveforms using the V /f control are shown in Fig. 17.
To verify the rotor start-up performance, the motor runs from
standstill condition to a pre-defined speed of 300rad/s by
applying 415V, 50Hz source voltage. Thereby, the rotor speed
is attained and critically stabilized at that pre-defined speed
with in a fraction of second.

2) SPEED CONTROL USING DIRECT VECTOR CONTROL
METHOD

Direct vector control operation was simulated as per the block
diagram mentioned in Fig.9. Reference speed was increased
as well as decreased. The dynamic response of output voltage
waveforms as well as the voltage across the buck capacitor is
given in Fig. 18 for acceleration as well as deceleration.

XIil. COMPARISON OF ILI WITH CONVENTIONAL
H-BRIDGE INVERTERS AND AFE-RDC-MLI TOPOLOGIES
TABLE-2 compares the active components, passive compo-
nents and THD of the 2-level H-bridge, 3-level H- bridge,
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FIGURE 12. Simulated waveforms of ILI using resistive load. (a) Voltage
waveform across the buck capacitor. (b) Voltage, (c) current waveforms
across the load resistance.
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FIGURE 13. Simulated waveforms of ILI using resistive load.
(a) Three-phase output voltage waveforms across the buck capacitor,
(b) Three-phase output voltage wave form across the load resistance.
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FIGURE 14. FFT analysis of output voltage waveform of the ILL

S5-level cascaded H-bridge MLI with the proposed ILIL
Fig. 19 shows the simulation results of the output voltage
wave forms of conventional and proposed inverter topolo-
gies. TABLE-4 shows the comparative analysis of different
AFE-RDC-MLI (single phase circuit) topologies with pro-
posed inverter. In comparison with conventional topologies,
the proposed topology uses one high frequency operated
switch and four power frequency operating switches per
phase, thereby reduces the switching loss of the proposed
inverter. Moreover, AFE converter circuit is a part of the pro-
posed inverter that can generate non-finite number of voltage
levels, which can improve the THD of the output voltage.

XIll. EXPERIMENTAL SETUP AND RESULTS
The hardware setup for both scalar and vector control
implementation using ILI topology is shown in Fig. 20.
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TABLE 2. Comparison between the proposed ILI and the conventional H-bridge inverters, (+ Output voltage levels depends on switching frequency).

High Power Output | Switchin THD
frequency frequency | Diode | Inductor | Capacitor dc- P & of
S1. No. Topology Type . . voltage | frequency | Control
operating operating (D) (L) ©) Source ) output
X . Levels (fsw)
switches (Sw) switches voltage
1 H-Bridge 4 0 0 0 1 2 10KHz | SPWM | 58.34%
(2-Level)
2 g‘zgfegl‘; 4 0 0 0 1 3 10kHz | SPWM | 37.04%
O R e 8 0 0 0 2 5 10kHz | SPWM | 3538%
4 ILI (Proposed ) 1 4 1 1 1 * 10 kHz SPWM 1.20%
T 15 4510 -
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Time

FIGURE 15. Simulated waveforms of (a) third harmonic injection PWM
control implementation logic, (b) phase voltage waveform of the ILI using
resistive load.
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FIGURE 16. Comparison of dc-source voltage utilization of ILI with
traditional bridge inverter.

TABLE-3 shows the parameters of ILI used for
the experiment. For hardware tuning nearest available com-
ponent values have been selected. Experiment was conducted
on ILI topology under loads such as resistive and open-ended
induction motor. Speed control of induction motor was car-
ried out under constant V/f condition as well as under direct
vector control method.

A. PERFORMANCE EVALUATION OF ILI TOPOLOGY USING
SPWM CONTROL

Initially the performance of ILI topology was experimen-
tally verified for a resistive load. NI PCle-6351 card is
used for data acquisition and control signal generation under
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FIGURE 18. The dynamic responses of the simulated output voltage
waveforms using direct vector control. (a,c) Voltage waveform across the
buck capacitor, (b,d) Line-to-line voltage across the load.

TABLE 3. Parameters used for ILIL.

Unit Parameters Values
kVA Power rating 1
v Inverter output voltage ~ 240/415
Hz frequency 50
mH Inductor 9.7
uF Capacitor 0.23
Q Load resistance 50
kHz Switching frequency 10

MATLAB Real-Time Windows environment. SPWM control
is implemented using this setup. The voltage level of the
pulses generated by the PCI card is only 3.3V. In order to
make this voltage sufficient enough to drive an IGBT, a volt-
age level shifter card is used as a buffer circuit. SEMIKRON
IGBT modules- SKM50GB12T4 and MUR 860G ultrafast
power diodes had been used for the hardware realization.
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FIGURE 19. The simulated output voltage waveforms using resistive load
(a) conventional 2-level H-bridge inverter, (b) 3-level H-bridge inverter,
(c) 5-level cascaded H-bridge MLI, (d) Proposed topology.

Fully rectified sinusoidal output voltage is generated across
the buck capacitor. This is then converted into sinusoidal volt-
age waveform using the H-bridge. The load voltage and cur-
rent were measured using sensors LA 55-P and LV-25-1000,
respectively. Fig. 21 shows the voltage and current waveforms
of the AFE converter components. Fig. 22 shows the experi-
mental results of ILI using resistive load and Fig. 23 shows the
THD of ILI output voltage waveform using FLUK 434 energy
analyser, and it is found to be 1.2%. The peak value of the
pole voltage in a conventional inverter is Vdc/2. In case of ILI,
the presence of the buck converter makes the peak value of per
phase voltage equal to Vdc itself. In this case, this results in
the reduction of dc-source requirement. The inherent filtering
present with the buck converter makes the voltage a smoothly
varying one, which results in the THD reduction.
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FIGURE 20. Experimental setup of an ILI to control an open-ended
three-phase induction motor implemented using scalar
and vector control logic.

B. PERFORMANCE EVALUATION OF ILI TOPOLOGY USING
THIRD HARMONIC INJECTED PWM CONTROL

In order to increase the output voltage further without resort-
ing to over modulation, harmonic injection control is used.
Since triplen harmonic waves are in phase with all the three
phase voltages, they cancel out at the line to line voltages.
This property makes it possible to have a modulation index
higher than one, without any over modulation of the mod-
ulating signal with respect to the carrier wave. DC-source
voltage utilization of the proposed inverter is experimen-
tally validated using third harmonic injection PWM method,
which is almost similar to SVPWM technique. Fig. 24 shows
the experimental voltage waveforms under this condition.
The main advantage of third harmonic injection PWM is
that, the fundamental amplitude of output line-to-line volt-
age increases by 15.4%, thereby effectively improving the
dc-source voltage utilisation of the proposed MLI topol-
ogy. The test results prove that, while it requires 338V
dc-source voltage supply for developing 415V output voltage
under SPWM control, third harmonic injected PWM control
requires only 293V for maintaining the same voltage level.

C. PERFORMANCE EVALUATION OF ILI TOPOLOGY USING
OPEN-ENDED THREE PHASE INDUCTION MOTOR

1) SPEED CONTROL USING V/F CONTROL METHOD

In case of conventional inverters, switching signals for
V /fcontrol are generated by comparing the modulation sig-
nal with a carrier wave. The two switches in the same leg
are operated in a complimentary manner. In case of ILI,
the modulation signal is rectified and compared with the
carrier signal for generating switching signals for a buck
converter. The practical testing of proposed ILI is carried
out using a three-phase open-ended induction machine with
NI-data accusation card prototyping system. Fig. 25 shows
the block diagram of real-time implementation. The actual
rotor speed of the induction motor is measured using elec-
tronic tacho-generator (analog output of 10V-dc at 1500 rpm),
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FIGURE 22. Hardware experimental results of three-phase ILI using
resistive load. (a) H-bridge switching pulses and single-phase ILI output
voltage waveform, (b, c) High and Low frequency switching pulses,

(d) voltage waveforms across buck capacitors, (e) output voltage
waveforms across the load terminals, (f) current

waveforms.

FIGURE 21. Hardware experimental results of ILI using resistive load.
Voltage and current performance wave forms across the AFE Converter
components (a) inductor, (b) diode, (c) capacitor, (d) voltage across low
frequency operating switch, (e) voltage across high frequency operating
switch, (f) Voltage and current waveform through Q1 and Q4.
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FIGURE 23. Hardware experimental result; THD of output voltage
waveform of the ILI.
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FIGURE 24. Hardware experimental results of ILI under resistive load,
obtained by third harmonic injection PWM method. (a) Phase voltage
waveform. (b) Line-to-line voltage waveform.
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FIGURE 25. Real-time implementation block diagram.

and the corresponding dc-voltage value is fed into the com-
puter through NI-PClIe-6351 Card. The capability of ILI for
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FIGURE 26. Experimental results of dynamic speed responses obtained
from V/f control. (a) Increase of rotor speed from initial condition to
pre-defined speed range 0 rad/s - 50 rad/s in 0.34s and then shifted to
100rad/s in 0.24s. (b) Rotor speed shifted from 0 rad/s to 100 rad/s
in 0.36s and stepped-down speed transitions of varying rotor speed from

100 rad/s to 50 rad/s in 0.20s.

TABLE 5. Experimental data.

Motor speed responses Speed control method V/f
Fig.26(a) Fig.26(b)
Speed (Initial) in rad/sec. 0 0
Speed (Pre-fixed) in rad/sec. 50 100
Start-up time in sec. 0.34 0.36
Speed (Pre-fixed) in rad/s. 100 50
Speed (transition time) in Sec. 0.24 0.2
Speed control method FOC
Fig.27 Fig.28
Speed (Initial) In rad/sec. 0 0
Speed (Pre-fixed) in rad/sec. 50 75
Start-up time in sec. 0.24 0.25
Speed (Pre-fixed) in rad/s. 100 135
Speed (transition time) in Sec. 0.12 0.12
Speed (Pre-fixed) in rad/sec. 50 75
Speed (transition time) in Sec. 0.11 0.12

running the induction machine under variable speed condition
using V/f control scheme was experimentally verified. 10 kHz
carrier signal was used for SPWM signal generation. In order
to verify the rotor start-up performance, the motor was made
to run from standstill condition to different pre-defined speed
ranges. Fig. 26. (a) and (b) shows the MATLAB plot of speed
responses of the induction motor. Rotor speed increased from
0 to 50 rad/s in 0.34s. It was further increased to 100 rad/s
in 0.24s and got reduced to 50 rad/s in 0.2s.

2) SPEED CONTROL USING DIRECT VECTOR CONTROL
METHOD

The induction motor speed can be more accurately con-
trolled using the direct vector control logic. This scheme was
implemented using the MATLAB/Simulink environment
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TABLE 6. Comparison of simulation and experimental results.

switching pulses

Particulars Simulation results Figure Hardware results Figure Parameters
Nos. Nos.
Simulated waveforms of .
ILI using resistive load Hardware experimental Design values
Mathematical model (a) Voltage waveform a.cros% results using resistive load L =9.7mH,
of proposed converter. & . ” 12(a,b) SULS using resis : 22 (a) C =0.23uF, R,=50 Q.
Fig. 6 the buck capacitor. (a) single-phase ILI V. — 240V
o (b) Voltage waveforms across output voltage waveform °
. f=50Hz,V; = 338V
the load resistance.
Different switching Ez)c?fg‘jrg Euilécn}; 10 High and Low frequency 22 Switching frequency at
pulses of ILIL. ’ q Y (a,b,c) switching pulses, (b,c) High: 10kH z, Low: 50H z.

(a, b) High frequency switch,
(c, d) diode, (e, f) inductor,
(g, h) capacitor, 11(a-j)
(i, j) voltage across low
frequency operating switches.

Voltage and current

wave forms across the AFE
converter components.
(Under resistive load)

(a) inductor, (b) diode,

(c) capacitor, (d) voltage
across low frequency
operating switch, (e)
voltage across high
frequency operating
switch, (f) Voltage and
current waveform through
low frequency operating
switch

The voltage stress across:
High-frequency switches
Vswstress) = Vi

21 (a-f) | H-bridge switches = V.
Diodes: (Vpstress) = Vi
Inductors: = V;

Vo = 240/415V

(a) Voltage waveform across
the buck capacitor.
(b) Voltage and 12(a,b,c)
(c) current waveforms across
the load resistance.

ILI output voltage
waveforms across the
load resistance using
SPWM control.

Output voltage(Vp,) = 240V,
f=050Hz,

Vo = 1.4142V; M

22(a) V; = 338V for V, = 415V

In traditional two-level inverter:

* SPWM control scheme
requires 654V dc-source voltage.

(a) ILI output voltage
(per phase) waveform.

(a) Three-phase output
voltage waveforms across the

ILI three-phase output buck capacitor,

(d) Voltage waveforms
across buck capacitors
(e) Output

(b, d) Line-to-line voltage

(Open-Ended Three-Phase across the load.

Induction Motor load)

voltage waye_forms (b) Three-phase output 13 (a,b) voltage waveforms 22(d-f) | ILI output voltage: 240/415V
(Under resistive load) .
voltage waveform across the across the load terminals,
load resistance. (f) Current waveforms.
. FFT analysis of output THD of output voltage Simulation - 0.94 %
FFT analysis voltage waveform of the ILI. 14 waveform of the ILI 2 Hardware - 1.2 %
1). Third harmonic injection | i). (a) Third harmonic
PWM control injection PWM control . L i) V; = 293V for V, = 415V
L . . . Third harmonic injection
(Under resistive load). implementation logic. . Vo, =0.6123V; M
i).15(a,b) | PWM method. .. L.
(b) Phase voltage waveform (a) Phase voltage ii) In traditional two-level
of the ILI. S & 24(a,b) | inverter:
.. . waveform. . . .
ii). comparison of dc-source .. . . ¢ An ordinary third harmonic
e .. ii). 16 (b) Line-to-line voltage L .
voltage utilization. ii). dc-source voltage waveform injection scheme requires
(traditional two-level utilization between ILI and 564V dc-source voltage.
inverter v/s ILI) traditional inverter.
(a) 0 rad/s-50 rad/s in 0.34s
(a) Increase of rotor and then shifted to 100rad/s
Dynamic speed responses (a) Voltage waveform across speed from initial in 0.24s.
obtained from V/f control. the buck capacitor, 17(a.b) condition to pre-defined 26(a.b) (b) 0 rad/s to 100
(Open-Ended Three-Phase (b) Line-to-line voltage ? speed range. ? rad/s in 0.36s and stepped-
Induction Motor load) across the load. (b) Rotor speed shifted down speed transitions of
(retardation) varying rotor speed from
100 rad/s to 50 rad/s in 0.20s
1). Increase of rotor speed 1). 0 rad/s to 50 rad/s in 0.24s,
from initial condition to a ). 27 then shifted to 100rad/s in 0.12s
pre-defined speed ’ finally stepped-down to 50 rad/s
Dynamic speed responses inO.11s.
ynz peed responses (a, ¢) Voltage waveform ii). Increase of rotor speed ii). 0 rad/s to 75 rad/s in 0.25s, then
obtained from direct vector . - e X R
across the buck capacitor, from initial condition to a .. shifted to 135 rad/s in 0.12s finally
control. 18(a-d) ii). 28

pre-defined speed. stepped-down to 75 rad/s in 0.12s.
iii). The rotor speed shifted from
iii). (a, b). a.(i). Phase 130 rad/s to 95 rad/s by changing
current and b.(ii). phase iii). 29 the phase voltage and frequency
voltage across the motor : from 210V, 45H z to 150V,

winding. 30H z at 3.3s. and vice versa.

with the same ILI hardware setup. The reference current
components I; and I, obtained from flux and torque errors
respectively are converted to reference phase voltages after
subjecting them through axes transformations. These refer-
ence voltages form the modulation signals in the conventional
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method. Here, these modulation signals are rectified and
given as switching pulses to the buck converter. This rectified
buck voltage is inverted using the H-bridge. Fig. 27 shows the
dynamic speed responses obtained from the tacho-generator
output of ILI fed induction motor. In order to validate the rotor
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FIGURE 27. Experimental results of dynamic speed responses obtained
from direct vector control. Increase of rotor speed from initial condition
to a pre-defined speed of 0 rad/s to 50 rad/s in 0.24s, then shifted to
100rad/s in 0.12s finally stepped-down to 50 rad/s in 0.11s.

75rad/s
e

FIGURE 28. Experimental results of dynamic speed responses obtained
from direct vector control. Increase of rotor speed from initial condition
to a pre-defined speed of 0 rad/s to 75 rad/s in 0.25s, then shifted to
135 rad/s in 0.12s finally stepped-down to 75 rad/s in 0.12s.

start-up performance and acceleration, the motor was made
to start from standstill condition to a pre-defined reference
speed value of 50 rad/s. The rotor quickly attained the refer-
ence speed and critically stabilized in 0.24s. Again, the rotor
was accelerated by changing the reference speed value to
100 rad/s. The rotor attained this speed in 0.12s. To test
the retardation capability, reference speed was changed to
50 rad/s and the motor attained this speed in 0.11s. The
step-up and step-down speed transition experiments were also
conducted at various speed ranges starting from standstill
condition to 75 rad/s in 0.25s, 135 rad/s in 0.12s and retarded
back to 75 rad/s in 0.12s, as shown in Fig. 28. The transient
and steady-state closed-loop performance of the inverter sys-
tem over a wide range of speed is observed. Fig. 29.(a) shows
the dynamic response of the phase current and voltage wave-
forms during retardation and Fig. 29.(b) shows the dynamic
response of the phase current and voltage waveforms during
acceleration. Here, the sensor conversion scales are 1:1 and
1:222 for current and voltage measurements, respectively.
To validate the dynamic response and quality of power con-
version of the ILI, the rotor speed is critically changed from
130 rad/s to 95 rad/s. It was repeated in reverse direction too.
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FIGURE 29. (a, b) The dynamic response of ILI fed induction motor
obtained from direct vector control. (i) Phase current and (ii) phase
voltage across motor winding. The rotor speed shifted from 130 rad/s to
95 rad/s by changing the phase voltage and frequency from 210V, 45Hz to
150V, 30Hz at 3.3s. and the vice versa. (Current and voltage sensor
conversion scale is 1:1 and 1:222 respectively).

In TABLE-5 illustrate the experimental data of dynamic
speed response and settling time of three-phase open-ended
induction motor using ILI topology.

In comparison to scalar control technique the direct vector
control exhibits an improved performance in settling time for
speed responses. The experimental results prove that the qual-
ity of voltage and current waveforms remain constant before
and after the speed transitions.Comparison of simulation
and experimental results are summarised and presented in
the TABLE- 6.

XIV. CONCLUSION
Design and analysis of the performance of an infinite level
inverter driven induction motor have been discussed in this
paper. ILI has been found to impart better performance to an
induction motor drive. The ILI which belongs to an AFE-
RDC-MLI topology has been tested with a resistive load
and found to possess very good quality voltage and current
waveforms in terms of THD. While conventional inverter
topologies contain tens of percentage of THD, the topology
mentioned in this paper contains a THD as low as 1.2%.
Moreover, the dc- voltage requirement for generating a fixed
ac-voltage output has been found to be much less than that
required by other similar topologies, making the dc-source
utilization better with this topology. While it is required to
have a dc-voltage requirement of 677V in a conventional
inverter working in sine PWM mode, the requirement of
dc-voltage in the new inverter is only 338V.

Use of third harmonic injection modulation scheme has
also been performed using this inverter and found that the
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dc-source utilization can be improved further. Efficiency of
inverter has also been found to be better, since only one switch
per phase is operated at high frequency. All the switches
in conventional inverters are operated at high frequency.
Scalar and vector control of induction motor have also been
performed using this topology. It has been found that the
dynamic performance is better with this topology. This has
been validated by accelerating and decelerating the machine
with different reference speeds. Since the harmonic content
in current has been very less, torque pulsations experienced
by the motor would be negligible. Requirement of de-rating
associated with induction motors fed by conventional invert-
ers is not present in this case. Since there is no shoot-through
menace, the chances of the inverter getting damaged is less,
which results in better life and reliability of the drive system.

XV. FUTURE SCOPE

Silicon based power electronic devices are getting replaced
with Wide Band Gap (WBG) devices. WBG devices are
capable of switching at frequencies in the range of several
megahertz. ILI can be a perfect fit for WBG devices, since
the output voltage waveform can approach a pure sinusoidal
status at these switching frequency levels. The performance
of the drive system with advanced control schemes can also
be studied.

APPENDIX

A. DESIGN OF INDUCTOR (L)

The rms value of the fundamental component of current
ripple (I Lyipple) is obtained from,

4 TV
= [5] = QAL Lripple (56)

where, V; is the input voltage, I7,ippie is the inductor cur-
rent ripple, f; is the switching frequency. The maximum
permitted amount of ripple is considered as 5%. Therefore,
ULrippte < 5%I), Where, ‘I " is the rms value of load current.
Hence, the value of desirable inductor (L) is

Vi
(5(3)

2 (57)
27£,(0.051)

B. DESIGN OF CAPACITOR (C)

For designing the value of capacitor, assume the value of
ripple in the load current as very small and hence, can be
negligible. Here, the ripple current of the capacitor (Icyippie)
is equal to the ripple current of the inductor current (Izippie)-
The maximum permitted amount of the ripple voltage of the
capacitor is considered as 5%. Therefore, Vcyippre < 5%V,.

ICripple
2nf,C

On rearranging the above equation, the value of the capac-
itor (C) is

Veripple = < 0.05V, (58)

c> ICripple (59)
21£,(0.05V,)

98458

REFERENCES

[1] P. Omer, J. Kumar, and B. S. Surjan, “A review on reduced switch count
multilevel inverter topologies,” IEEE Access, vol. 8, pp. 22281-22302,
Jan. 2020.

[2] J. Rodriguez, J.-S. Lai, and F. Z. Peng, “‘Multilevel inverters: A survey of
topologies, controls, and applications,” IEEE Trans. Ind. Electron., vol. 49,
no. 4, pp. 724-738, Aug. 2002.

[3] L. M. Tolbert, F. Z. Peng, and T. G. Habetler, “Multilevel converters for
large electric drives,” IEEE Trans. Ind. Appl., vol. 35, no. 1, pp. 36-44,
Jan./Feb. 1999.

[4] J.-S. Lai and F. Z. Peng, “Multilevel converters—A new breed of power

converters,” IEEE Trans. Ind. Appl.,vol. 32, no. 3, pp. 509-517, May 1996.

S. Kouro, M. Malinowski, K. Gopakumar, J. Pou, L. G. Franquelo, B. Wu,

J. Rodriguez, M. A. Pérez, and J. I. Leon, “Recent advances and industrial

applications of multilevel converters,” IEEE Trans. Ind. Electron., vol. 57,

no. 8, pp. 2553-2580, Aug. 2010.

[6] M. Malinowski, K. Gopakumar, J. Rodriguez, and M. A. Pérez, ““A survey
on cascaded multilevel inverters,” IEEE Trans. Ind. Electron., vol. 57,
no. 7, pp. 2197-2206, Jul. 2010.

[7]1 L. G. Franquelo, J. Rodriguez, J. I. Leon, S. Kouro, R. Portillo, and

M. A. M. Prats, “The age of multilevel converters arrives,” IEEE Ind.

Electron. Mag., vol. 2, no. 2, pp. 28-39, Jun. 2008.

J. Rodriguez, S. Bernet, B. Wu, J. O. Pontt, and S. Kouro, “Multi-

level voltage-source-converter topologies for industrial medium-voltage

drives,” IEEE Trans. Ind. Electron., vol. 54, no. 6, pp.2930-2945,

Dec. 2007.

[9] L. A. Tolbert, F. Z. Peng, T. Cunnyngham, and J. N. Chiasson,
“Charge balance control schemes for cascade multilevel converter in
hybrid electric vehicles,” IEEE Trans. Ind. Electron., vol. 49, no. 5,
pp. 1058-1064, Oct. 2002.

[10] X. Yuan and I. Barbi, ‘“Fundamentals of a new diode clamping multi-
level inverter,” IEEE Trans. Power Electron., vol. 15, no. 4, pp. 711-718,
Jul. 2000.

[11] M. F. Escalante, J. C. Vannier, and A. Arzandé, “Flying capacitor mul-
tilevel inverters and DTC motor drive applications,” IEEE Trans. Ind.
Electron., vol. 49, no. 4, pp. 809-815, Aug. 2002.

[12] S.R.Khasim, C. Dhanamjayulu, S. Padmanaban, J. B. Holm-Nielsen, and
M. Mitolo, “A novel asymmetrical 21-level inverter for solar PV energy
system with reduced switch count,” IEEE Access, vol. 9, pp. 11761-11775,
2021.

[13] D. J. Almakhles, J. S. M. Ali, S. Padmanaban, M. S. Bhaskar,
U. Subramaniam, and R. Sakthivel, “An original hybrid multilevel DC-
AC converter using single-double source unit for medium voltage applica-
tions: Hardware implementation and investigation,” IEEE Access, vol. 8,
pp. 71291-71301, 2020.

[14] M. S. Bhaskar, D. Almakhles, S. Padmanaban, D. M. Ionel, F. Blaabjerg,
J. He, and A. R. Kumar, “Investigation of a transistor clamped T-type
multilevel H-bridge inverter with inverted double reference single carrier
PWM technique for renewable energy applications,” IEEE Access, vol. 8,
pp. 161787-161804, 2020.

[15] C. Dhanamjayulu, S. R. Khasim, S. Padmanaban, G. Arunkumar,
J. B. Holm-Nielsen, and F. Blaabjerg, “Design and implementation of
multilevel inverters for fuel cell energy conversion system,” IEEE Access,
vol. 8, pp. 183690-183707, 2020.

[16] C. M. N. Mukundan, P. Jayaprakash, U. Subramaniam, and
D. J. Almakhles, “Binary hybrid multilevel inverter-based grid integrated
solar energy conversion system with damped SOGI control,” [EEE
Access, vol. 8, pp. 37214-37228, 2020.

[17] S. Shuvo, E. Hossain, T. Islam, A. Akib, S. Padmanaban, and
M. Z. R. Khan, “Design and hardware implementation considerations of
modified multilevel cascaded H-bridge inverter for photovoltaic system,”
IEEE Access, vol. 7, pp. 16504-16524, 2019.

[18] M. H. Mondol, M. R. Tiir, S. P. Biswas, M. K. Hosain, S. Shuvo, and
E. Hossain, “Compact three phase multilevel inverter for low and medium
power photovoltaic systems,” [EEE Access, vol. 8, pp. 60824-60837,
2020.

[19] P. Ponnusamy, P. Sivaraman, D. J. Almakhles, S. Padmanaban,
Z. Leonowicz, M. Alagu, and J. S. M. Ali, “A new multilevel inverter
topology with reduced power components for domestic solar PV
applications,” IEEE Access, vol. 8, pp. 187483-187497, 2020.

[20] A. Chen, L. Hu, L. Chen, Y. Deng, and X. He, “A multilevel converter
topology with fault-tolerant ability,” IEEE Trans. Power Electron., vol. 20,
no. 2, pp. 405-415, Mar. 2005.

[5

—

[8

—

VOLUME 9, 2021



A. Hareesh, B. Jayanand: Scalar and Vector Controlled ILI Topology Fed Open-Ended Three-Phase Induction Motor

IEEE Access

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

M. Glinka, “Prototype of multiphase modular-multilevel-converter with
2 MW power rating and 17-level-output-voltage,” in Proc. IEEE 35th
Annu. Power Electron. Spec. Conf., vol. 4, Dec. 2004, pp. 2572-2576.

S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, and P. Barbosa, ““Operation,
control, and applications of the modular multilevel converter: A review,”
IEEE Trans. Power Electron., vol. 30, no. 1, pp. 37-53, Jan. 2015.

M. Vijeh, M. Rezanejad, E. Samadaei, and K. Bertilsson, “A general
review of multilevel inverters based on main submodules: Structural point
of view,” IEEE Trans. Power Electron., vol. 34, no. 10, pp. 9479-9502,
Oct. 2019.

A. Salem, H. Van Khang, K. G. Robbersmyr, M. Norambuena, and
J. Rodriguez, “Voltage source multilevel inverters with reduced device
count: Topological review and novel comparative factors,” IEEE Trans.
Power Electron., vol. 36, no. 3, pp. 2720-2747, Mar. 2021.

K. K. Gupta, A. Ranjan, P. Bhatnagar, L. K. Sahu, and S. Jain, “Multilevel
inverter topologies with reduced device count: A review,” IEEE Trans.
Power Electron., vol. 31, no. 1, pp. 135-151, Jan. 2016.

M. D. Siddique, S. Mekhilef, M. Rawa, A. Wahyudie, B. Chokaev, and
I. Salamov, “Extended multilevel inverter topology with reduced switch
count and voltage stress,” IEEE Access, vol. 8, pp.201835-201846,
2020.

R. V. Nair, S. A. Rahul, R. S. Kaarthik, A. Kshirsagar, and
K. Gopakumar, “Generation of higher number of voltage levels by
stacking inverters of lower multilevel structures with low voltage devices
for drives,” IEEE Trans. Power Electron., vol. 32, no. 1, pp.52-59,
Jan. 2017.

T. Roy and P. K. Sadhu, ““A step-up multilevel inverter topology using novel
switched capacitor converters with reduced components,” IEEE Trans. Ind.
Electron., vol. 68, no. 1, pp. 236-247, Jan. 2021.

M. D. Siddique, S. Mekhilef, N. M. Shah, A. Sarwar, A. Igbal, M. Tayyab,
and M. K. Ansari, “Low switching frequency based asymmetrical multi-
level inverter topology with reduced switch count,” IEEE Access, vol. 7,
pp. 86374-86383, 2019.

A. N. Babadi, O. Salari, M. J. Mojibian, and M. T. Bina, “Modified
multilevel inverters with reduced structures based on PackedU-cell,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 6, no. 2, pp. 874-887,
Jun. 2017.

A. Hota, S. Jain, and V. Agarwal, “An improved three-phase five-level
inverter topology with reduced number of switching power devices,” IEEE
Trans. Ind. Electron., vol. 65, no. 4, pp. 3296-3305, Apr. 2018.

A. Karthik and U. Loganathan, “A reduced component count five-level
inverter topology for high reliability electric drives,” IEEE Trans. Power
Electron., vol. 35, no. 1, pp. 725-732, Jan. 2020.

A. Chappa, S. Gupta, L. K. Sahu, S. P. Gautam, and K. K. Gupta, “Sym-
metrical and asymmetrical reduced device multilevel inverter topology,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 9, no. 1, pp. 885-896,
Feb. 2021.

M. D. Siddique, S. Mekhilef, N. M. Shah, N. Sandeep, J. S. M. Ali,
A. Igbal, M. Ahmed, S. S. M. Ghoneim, M. M. Al-Harthi, B. Alamri,
F. A. Salem, and M. Orabi, “A single DC source nine-level switched-
capacitor boost inverter topology with reduced switch count,” IEEE
Access, vol. 8, pp. 5840-5851, 2020.

P. R. Bana, K. P. Panda, R. T. Naayagi, P. Siano, and G. Panda,
“Recently developed reduced switch multilevel inverter for renewable
energy integration and drives application: Topologies, comprehensive anal-
ysis and comparative evaluation,” IEEE Access, vol. 7, pp. 54888-54909,
2019.

E. Babaei, S. Laali, and S. Alilu, “Cascaded multilevel inverter with series
connection of novel H-bridge basic units,” IEEE Trans. Ind. Electron.,
vol. 61, no. 12, pp. 6664-6671, Dec. 2014.

M. R. J. Oskuee, E. Salary, and S. Najafi-Ravadanegh, ‘““Creative design of
symmetric multilevel converter to enhance the circuit’s performance,” IET
Power Electron., vol. 8, no. 1, pp. 96-102, 2015.

R.S. Alishah, D. Nazarpour, S. H. Hosseini, and M. Sabahi, “Novel topolo-
gies for symmetric, asymmetric, and cascade switched-diode multilevel
converter with minimum number of power electronic components,” /[EEE
Trans. Ind. Electron., vol. 61, no. 10, pp. 5300-5310, Oct. 2014.

H. Vahedi, M. Sharifzadeh, and K. Al-Haddad, ‘“Modified seven-level pack
U-cell inverter for photovoltaic applications,” IEEE Trans. Emerg. Sel.
Topics Power Electron., vol. 6, no. 3, pp. 1508-1516, Sep. 2018.

A. Ajami, M. R. J. Oskuee, A. Mokhberdoran, and A. van den Bossche,
“Developed cascaded multilevel inverter topology to minimise the number
of circuit devices and voltage stresses of switches,” IET Power Electron.,
vol. 7, no. 2, pp. 459466, Feb. 2014.

VOLUME 9, 2021

(41]

[42]

[43]

[44]

(45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

E. Samadaei, S. A. Gholamian, A. Sheikholeslami, and J. Adabi,
“An envelope type (E-type) module: Asymmetric multilevel inverters
with reduced components,” IEEE Trans. Ind. Electron., vol. 63, no. 11,
pp. 7148-7156, Nov. 2016.

N. A. Rahim, K. Chaniago, and J. Selvaraj, “‘Single-phase seven-level grid-
connected inverter for photovoltaic system,” IEEE Trans. Ind. Electron.,
vol. 58, no. 6, pp. 2435-2443, Jun. 2011.

R. Uthirasamy, U. S. Ragupathy, and V. K. Chinnaiyan, “Structure of boost
DC-link cascaded multilevel inverter for uninterrupted power supply appli-
cations,” IET Power Electron., vol. 8, no. 11, pp. 2085-2096, Nov. 2015.
L. K. Haw, M. S. A. Dahidah, and H. A. F. Almurib, “SHE-PWM
cascaded multilevel inverter with adjustable DC voltage levels control for
STATCOM applications,” IEEE Trans. Power Electron., vol. 29, no. 12,
pp. 6433-6444, Dec. 2014.

L. Wang, G. Ma, S. Zhao, and Y. Diao, “Study of a new buck-boost
multilevel inverter,” in Proc. Int. Power Electron. Appl. Conf. Expo.,
Nov. 2014, pp. 78-81.

M. N. H. Khan, M. Forouzesh, Y. P. Siwakoti, L. Li, and F. Blaabjerg,
“Switched capacitor integrated (2n 4 1)-level step-up single-phase
inverter,” IEEE Trans. Power Electron., vol. 35, no. 8, pp. 8248-8260,
Aug. 2020.

F. Gao, “An enhanced single-phase step-up five-level inverter,” IEEE
Trans. Power Electron., vol. 31, no. 12, pp. 8024-8030, Dec. 2016.

N. K. Pilli, M. Raghuram, A. Kumar, and S. K. Singh, “Single DC-
source-based seven-level boost inverter for electric vehicle application,”
IET Power Electron., vol. 12, no. 13, pp. 3331-3339, Nov. 2019.

J. Selvaraj and N. A. Rahim, “Multilevel inverter for grid-connected
PV system employing digital PI controller,” IEEE Trans. Ind. Electron.,
vol. 56, no. 1, pp. 149-158, Jan. 2009.

A.-V. Ho and T.-W. Chun, “Single-phase modified quasi-Z-source cas-
caded hybrid five-level inverter,” IEEE Trans. Ind. Electron., vol. 65, no. 6,
pp. 5125-5134, Jun. 2018.

M. R. Banaei, R. Alizadeh, H. Khounjahan, E. Salary, and
A. R. Dehghanzadeh, “Z-source-based multilevel inverter with reduction
of switches,” IET Power Electron., vol. 5, no. 3, pp. 385-392, Mar. 2012.
S. Dhara and V. T. Somasekhar, “An integrated semi-double stage-
based multilevel inverter with voltage boosting scheme for photovoltaic
systems,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 3,
pp. 2326-2339, Sep. 2020.

P.C.Senand Z. Yang, “‘A new DC-to-AC inverter with dynamic robust per-
formance,” in Proc. IEEE Region Int. Conf. Global Connectivity Energy,
Comput., Commun. Control (TENCON), vol. 2, Dec. 1998, pp. 387-390.

A. HAREESH (Member, IEEE) received the Bach-
elor of Technology degree in electrical and elec-
tronics engineering from Government Engineering
College, Idukki, Kerala, India, in 2008, and the
Master of Technology degree in electrical engi-
neering specialized in power systems from Gov-
ernment Engineering College, Thrissur, affiliated
to APJ Abdul Kalam Technological University,
Thrissur, Kerala, in 2011, where he is currently
pursuing the Ph.D. degree in electrical engineer-

ing. His research interests include power electronics, drives, multilevel
inverters, power quality, and power systems.

B. JAYANAND (Member, IEEE) received the
Bachelor of Technology degree from Government
Engineering College, Thrissur, in 1987, and the
Master of Technology and Ph.D. degrees from IIT
Madras, in 1989 and 1998, respectively. He is cur-
rently a Professor with the Department of Electri-
cal and Electronics Engineering, SCMS School of
Engineering and Technology, Karukutty, Kerala,
India. His teaching career has spanned through

i the Government Engineering Colleges, Kannur,

Thrissur, Kozhikode, and Idukki. He had also functioned as the Chairman of
the Board of Electrical Engineering streams of Calicut University and Kerala
Technological University, Kerala. He had also associated with consultancy
projects for industries. His research interests include power electronics,
drives, neural network applications to power electronics, FACTS, and real
time DSP implementations. He had received the Career Award for Young
Teachers of AICTE, in 2000.

98459



Contents lists avallable a1 Scwencelhnect

Ciosnpu fovd el
bt Engree e

Computers and Electrical Engineering

Journal homepaga: wiwwealsevier,comdlocnig’compaleceng
— —— ——————————

IoT-powered deep learning brain network for assisting
quadriplegic people
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ARTICLEINFD ABSTRACT

Fepwerds Bealn-Computer Interface (BCI) systems have recently emergetd 15 o prominent technology for

Bl assisting parlyzed people. Recovery from paralysis in most patients using the existing BT beasid

DEN, Deep leaming assistive devices is hindered due to the lack of training ond proper supervision. The systen’s

E:illgm o continuaus usage nosulls in mental fatigue, owing 1o a higher nser concentration required 1o

Bahabilltation execute the mental commands. Mereover, the false-positive rate and lack of constant conirol of
the BCI systems result in user frustraton. The proposed framewark miegrates B with o deop

learning network I an efficient mannes o reduce mental fntigue and frostrotion. The Deep
learning Brain Network (DBN) recognizes the patient's intention for npper limb muocenient by o
deep learning model based on the features extracted diring training. DBN cormelntes and maps the
different Electroencephalogram (EEG) patterns of healthy subjects with the elentified pattem's
upper limb movenient The stroke-afTected muscles of the paralyzed ane then acthvated using the
obrained superioe pattern. The implemented DBN consisting of four healthy subjects and o
quodriplegic patient achieved 94% accumcy for varipus palient movement intewtions, The resuls
show that DBM is an excellent tool for providing rehabilitation, panel fn delivers sustnbived assis.
fance, even in the absence of canegivers.

1. Introduction

partial or full mobility impairment and affects nearly 2% of the world population. Primary reasons iden-
33%) and Spinal Cord Injury (SCI) (27.3%) [1]. Rehabilitation is the popular therapy prescribed to fsten
In recent years, brain-controlled assistive technologies are employed to provide rehabilittion for
2] demonstrated one of the preliminary works towards non-invasive BC by contralling o mobile

Quadriplegia results in
tified for paralysis are Stroke {
the post-paralysis recovery process.
quadriplegic patients. Milmn et al. |
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Malware visualization and detection using DenseNets
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Recelved: 13 March 2021 £ Acoepted: 28 May 2021
3 Springer-Yerlag London Lid,, pant of Springer Nature 2021

Abstract

Rapid advancement in the sophistication of malware has posed a serious impact on the device connecied over the Inteme
Malware writing is driven by economic benefits; thus, an alarming incresse in melware vErianis i witnetted. Retently. a
large volume of malware altacks are reponsd on Inlemet of Things (ToT) networks: 55 these devices are exposed to insscnre
scgments, Turther 10T devices reporied have hardeoded credentials. To combat malsware attacks on mobile devices and
desktops, deep Jeaming-based detection approaches have been attempted 1o deiect malware vaniani. The sxisting solutions
recjuire lrge computational overhead and also have limited accuracy. In this paper, we visualize malware 25 Merkoy images
lo preserve semantic information of consecutive pizels. We further extract textures fram Markov imzazes using Gabor filer
(named as Gabor images), and subsequently develop models using VIGG-3 and Densely Connecied Network (DenseNet)
To encoursge real-time malware detection and classification, we fins-tune Densely Connecied Network Thess models
are traincd and evalusted on two datasets namely Malimg and BIG2015. In cur experimental evaluations. we founs (at
DenscMet identifies Malimgz and BIG2015 samples with accuracies of 99.94% and 98.98%, respectively. Additionally. the
performance of our proposed method in classifying malware files o their respective families is supeniar compared to the
stale-of-the approach calibrated using prediction lime. Fl-score. and accuracy.

Keywords Convolutional neural networks - DenseNet - Feature maps - Malware visualization - Texture

seeess, and exfiltrale sensitve information from compuisr

1 Introduction
systems. A primary motivation for developing new malwan

In recent years, desktops and smart devices are exposed o
serous threal due to the presence of malware aitacks [1].
Malware or malicious software are evolving at a lasier
rate [2, 3]; they are designed Lo disrupl, gain unauthorized
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is the financial gain associated with it Hence. it is 2n
industry worth millions of dollars which is increasing every
year. According 1o statistics, data breaches have increased
substantially by 40% [4]. Additonally, AV-Test thrext repon
registers [5] more than 330,000 new malware every dav.
and malware circulation has increased to 114,330 million
in 2021: surprisingly. January 2021 alone reporied the
presence of 607 million malware.

Recently. malware ateacks on IoT devices are increasing
al an alarming rate. IoT devices have very specific
functionalities such as smarl healthcare (for monitoring
glucose, sman pacemakers, ¢ic), temperaiure monionng
particularly used in industdal control systems, sman
appliances (e.g., sman refrigerator). baby monitoring
systems, surveillance system using security cameras. ¢ic.
Vulnerable 16T devices of individuals and organizations are
larpely anacked by hackers primarily due to (a) hardcoded
credentials, (b) cutdated operating systems, device drivers,
and (c) connection of loT devices to an insecure network
and poor web services. All these aforesaid issues transform
16T devices a5 a pivol 1o the imemal network and expose
thern to adversary controlled servers. A widely wsed
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Service Deployment Strategy for Predictive Analysis
of FinTech loT Applications in Edge Networks

Ambigavathi Munusamy*, Member, |IEEE, Mainak Adhikari*”, Member, |EEE,
Venki Balasubramanian“, Member IEEE, Mohammad Ayoub Khan™', Member, 1EEE,
Varun G. Menon", Senior Member, |EEE, Danda Rawat™, Senior Member, |EEE,
and Satish Narayana Srirama™, Senior Member, |EEE

Abstract—The seamless integration of sensors and smart com-  |ndex Terms—Edge networks, financial technology (FinTech)
munication technologies has led to the development of various gpplications, Internet of Things (loT), service deployment,

supporting systems for financial technology (FinTech). The emer- sypport vector machines (SVMs), task classification.
gence of the next-generation Internet of Things (Nx-10T) for

FinTech applications enhances the customer satisfaction ratio.
The main research challenge for FinTech applications is to ana-
lyze the incoming tasks at the edge of the networks with minimum

delay and power consumption while increasing the prediction

accuracy. Motivated by the above-mentioned challenge, in this
article, we develop a ranked-based service deployment strategy . . ..
and an artificial intelligence technique for financial data anal- _HE Internet of 'I_'hlngs (loT) 'S,' a prom|.smg and emerg-
ysis at edge networks. Initially, a risk-based task classification ing technology in the Industrial domain that connects
strategy has been developed for classifying the incoming finan- an enormous amount of smart devices, including sensors and
cial tasks and providing the importance to the risk-based task for actyators, to the network [1]. The smart devices and advanced
meeting users’ satisfaction ratio. Besides that, an efficient service sensors collect the environmental parameters and transfer the
deployment strategy is developed usingfiall’s theorem to assign data to remote computing devices for analysis, and take appro-

the ranked-based financial data to the suitable edge or cloud ~€ . )
servers with minimum delay and power consumption. Finally, Priate action [2]. In recent times, loT-enabled technology

the standard support vector machines (SVMs) algorithm is used has been applied in many real-time applications, including
at edge networks for analyzing the financial data with higher gmart transportation, smart industry, smart grid, smart city,

accuracy. The experimental results demonstrate the effectiveness ; ; . : . .
of the proposed strategy and SVM model at edge networks over ec,, in which smart financial technology (FinTech) appli

|. INTRODUCTION

the baseline algorithms and classification models, respectively.
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cation has received more attention by leveraging the loT
technology [3], [4]. The emerging phenomenon of the next-
generation |oT (Nx-10T) for the FinTech application is going
to revea one of the most significant moves toward smart
worldwide economic diaspora. Using a smart FinTech frame-
work, the Banks and financia institutions can provide quality
services to the customers using personalized virtual super-
vision by optimizing the financial services with advanced
artificia intelligence (Al) technology [5]. In such a scenario,
the computations and communications become more vulnera-
ble for analyzing the large volume of financial data at remote
computing devices by meeting various Quality-of-Service
(Q0S) parameters [6]8].

Nowadays, FinTech applications such as various Banking
services, i.e, ATMs, Bank APPs, etc., are relying on Nx-1oT
to interface with their customers and require reliable remote
computing services for analyzing large-scale financia data. In
the past decades, centralized cloud servers provided a plethora
of resources for analyzing financial data with advanced Al
technologies. However, the major bottleneck faced by the
cloud infrastructure is their limited scalability and centralized
architecture that increases the latency and drops the overall
performance of FinTech applications [9]. The advancement of
a new paradigm in the industrial environment such as edge
computing plays an important role in FinTech applications by
bringing the resources closer to the customers and provides

2327-4662 (© 2021 |EEE. Personal use is permitted, but republication/redistribution reguires |EEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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low latency and energy usage as compared to the central-
ized cloud servers [10]. In practice, Banks use the local edge
devices for satisfying personalized customer experience by
processing the latency-sensitive applications locally with min-
imum delay [11], [12]. For example, virtual tellers or facial
recognition technology was difficult to analyze in the central-
ized cloud servers due to the high latency and low transmission
speed. In recent times, due to the edge-centric framework of
FinTech applications, the customers faces can be recognized
instantly, receive relevant loan offer information, delivering
information to the Banking staff, etc., with minimum delay.

A. Motivation

The main focus of the Bank and FinTech institutesis to pro-
cess or analyze the financial data, mainly the latency-sensitive
applications, namely, virtual tellers or facial recognition tech-
nology at the edge of the network with minimum delay.
Besides that, due to the limited resource capacity of the local
edge devices, the computation-intensive financial data need to
be transferred to the centralized cloud servers for analysis.
Thus, two main research questions for developing an efficient
edge-centric framework for FinTech applications are: 1) how
to classify the mixed financial data as per their importance, so
that the latency-sensitive risk-based data are analyzed at local
edge devices? 2) how to provide the services for the clas-
sified data, so that the risk-based data are analyzed at local
edge devices with minimum delay and energy usage? Besides
that, 3) finding a suitable classification model to analyze the
financial data at the edge of the networks with the minimum
set of data with higher accuracy is another important research
challenge? Nowadays, FinTech applications generate a huge
volume of financial data at an exponentia rate from the Nx-
loT devices, customers, Banks, insurance sectors, etc. One of
the major critical tasks in financial industries is to predict the
credit risks of legal clients and detect and prevent fraudulent
activities. The traditional risk assessment techniques used in
the financial sectors are costly and time consuming to process
labor-intensive tasks and cannot handle the large volume of
financial data.

B. Related Work

To tackle the aforementioned issues, severa research works
have focused on service deployment and resource provisioning
in edge networks. To provide a network service across multiple
domains, a chain-based network deployment strategy has been
introduced in [13]. This strategy aims to reduce the cost and
latency using the virtual network function. Similarly, in [14],
a collaborative service deployment and assignment scheme
has been proposed in edge networks. The integrated resource
provisioning model has been designed to seamlessly provide
services across the edge servers and cloud server in [15].
This method effectively considered various service demands
from the users and dynamically schedules the incoming tasks
to achieve efficient service deployment. In [16], an energy-
efficient task allocation scheme for a mobile cloud system
has been designed to minimize the power consumption of the
computing servers while meeting the deadline.

IEEE INTERNET OF THINGS JOURNAL, VOL. 10, NO. 3, 1 FEBRUARY 2023

Hazra et al. [6] have developed a 6G-aware fog federation
model to effectively schedule the resources in fog networks
using a noncooperative Stackelberg game theory with mini-
mum service costs while maximizing the users satisfaction
ratio. To balance the power consumption and delay trade-
off between the mobile devices and computing servers, three
gueuing models have been applied in [17] that find the optimal
uploading probability and transmit power for each server.
The energy-efficient multitasking strategy has been proposed
at multiaccess mobile-edge computing networks in [18] that
minimized the total power consumption of the computing
devices with a suitable scheduling order. Furthermore, a joint
optimization problem has been formulated in [19] to minimize
the power consumption and delay of the incoming tasks using
a weighted function.

Thennakoon et al. [20] have evaluated the series of machine
learning (ML) models over credit card fraud detection data
sets to find the best classification model concerning the type of
frauds. The various ML classification models have been inves-
tigated over different financial data sets in [21] to resolve the
issue of the data imbalance. Mashrur et al. [22] have studied
the ML classification models in various financia institutions
that include credit rating, bankruptcy prediction, and fraud
detection. Dhieb et al. [23] have developed an automated
insurance prediction system to reduce human interaction,
secure insurance activities, notify risky customers, and detect
fraudulent claims. Makki et al. [24] have revedled the classi-
fication models ineffectively only when the financial data are
highly imbalanced. Ullah et al. [25] have considered the ran-
dom forest (RF) algorithm to classify the churned customers
using two data sets with higher prediction accuracy. Therefore,
the critical challenge for analyzing the FinTech applications at
the edge level is to distribute the incoming tasks on the local
edge devices or centralized cloud servers as per their impor-
tance through an efficient service deployment and prediction
strategy with higher accuracy. Considering these challenges
as a motivation, we design an efficient ranked-based service
deployment (RBSD) strategy for predictive analysis of FinTech
applications with the support vector machine (SVM) algorithm
at edge networks for achieving higher prediction accuracy and
minimum delay.

C. Contributions

Our main contributions of the RBSD strategy for predictive
analysis of the FinTech applications at edge networks are
summarized as follows.

1) Design a new ranked-based strategy for classifying the
incoming financial tasks at the edge of the network,
such as risk-based and nonrisk-based tasks as per their
priority. Such a classification aids for analyzing the risk-
based financial data at the distributed edge devices with
minimum delay and higher accuracy.

2) Devise a service deployment strategy with a perfect
matching theorem in the graph theory, i.e., Hall’s theo-
rem for distributing the ranked-based tasks to the remote
computing devices. Hall’s theorem is used to find a per-
fect matching between the ranked-based tasks and the

Authorized licensed use limited to: Scms School Of Engineering And Technology. Downloaded on July 27,2023 at 09:25:19 UTC from IEEE Xplore. Restrictions apply.



MUNUSAMY et al.: SERVICE DEPLOYMENT STRATEGY FOR PREDICTIVE ANALY SIS OF FINTECH loT

!;:-&'v 3
.I i A
L e ‘!‘
|2 R Wisi |2 REE S B B
| ava i s mmy
- L ¥ -
. s - .
E:+_ e D e ":Em

T ﬁ T F.
“ P

[

u "_l' L T T‘r.}l " 1

Egimofmx/in

Rl ik =T

Fig. 1. Edge framework for predictive analysis of FinTech applications.

active set of computing devices for minimizing power
consumption at networks.

3) Introduce a standard SVM classification model for ana-
lyzing the ranked-based tasks at the edge networks using
a real data set with higher accuracy and precision.
The SYM model uses a small-scale data set for risk
prediction at the edge level, whereas a large-scae
data set is used for prediction at the cloud level with
minimum error.

4) Extensive simulation results demonstrate the effective-
ness of the proposed RBSD strategy at edge networks
for FinTech applications in terms of average delay and
power consumption. Besides that, the standard SVM
technique demonstrates the effectiveness of analyzing
financial tasks with real data sets at edge networks over
standard classification models in terms of accuracy and
precision.

The remainder of thisarticleis organized as follows. Section |1
highlights the system model followed by the problem formula-
tion of edge networks for FinTech applications. The proposed
service deployment strategy for predictive analysis of FinTech
applications is discussed in Section Ill. The empirical eval-
uations of the proposed methodology over the existing ones
are elaborated in Section IV. Finaly, Section V concludes the
work and highlights future directions.

Il. SYSTEM MODEL AND PROBLEM FORMULATION

This section describes the proposed edge-centric service
deployment framework for predictive analysis of FinTech loT
applications followed by the problem formulation.

A. System Model

The proposed edge-centric service deployment frame-
work for FinTech applications is depicted in Fig. 1. This
network is constructed with a set of edge servers S =
{S1,$9,Ss, ..., S} and finite number of remote cloud servers
R = {R;,R,Rs ...,R}. The computing servers are
highly capable to process the large amount of financial
data, collected from the set of FinTech loT devices D =

2133

{D1, D2, D3, ..., Df}. These devices seamlessly generate the
financial tasks 7 = {T1, T2, ..., Tf} with various degrees of
importance, including risk-based (R) and non-risk (NR) finan-
cia tasks, i.e, (7 € (RU NR)). Furthermore, the financia
tasks are processed either locally or transmitted to the remote
computing servers for further predictions through a set of gate-
way devices G, denoted as G = {G1, Gy, ..., Gq}. The loca
gateway devices are responsible for task ranking and service
deployment decisions over the received data. Due to inefficient
processing capacity (t5h°) and power consumption (PSPY),
the efficiency of these two metrics for 10T devices is aways
less than the edge and cloud servers. Likewise, the CPU capac-
ity and power consumption of an edge device (fe%';g, Pgdglg
should be less than the remote cloud server (z57Y, PSPU).

In this network, the set of local edge devices and remote
cloud servers is represented as SR = (S U R). The edge
centric network cogitates that the ith risk-based financia task,
referred to as TiR, is assigned to the local edge devices.
Similarly, the nonrisk-based financial task, referred to as TNR,
is deployed to the remote cloud servers. The input and output
sizes of each task are denoted as T'" and T°, respectively.
For instance, the task assignment probability X(i, j) is stated
that the assignment of a financial task i to the jth comput-
ing device Vj € (D USR). In this scenario, the value of task
assignment probability X(i, j) is 1, if the ith task is assigned
to the jth computing device, where Vj € (DU SR), otherwise,
X(i,]) is 0. Therefore, this work mainly focuses to investigate
the impact of both power consumption and delay of financial
tasks in three different operational modes, including financial
task uploading, downloading, and processing.

B. Local Execution Mode

The local FinTech 10T devices have limited power and CPU
frequency (z°™V). For instance, the ith task can process locally
when the required CPU frequency of the incoming task is less
than or equal to the available CPU capacity of the local 10T
device. The total time required to execute the ith task in the
jth 10T device is expressed as follows:

n

- T; .
Pr; = X(i.}) x T.CIPU VieT,
|

j €D. (€N}

Processing the task at local 10T devices depends on CPU
frequency instead of the communication delay. Let us consider
that the required power to process a 1-bit task at the jth 0T
device is defined as PCPY. Thus, the overall power consumed
by the task i at the jth 10T device is computed as follows:

n

- T;
P =X(,)) .L,CIPU
i

)

x PP vieT, jeD.

C. Remote Execution Mode

Due to the limited processing and storage capacity of the
FinTech 10T devices, the large volume of financia tasks 7 is
directly uploaded to the remote edge or cloud servers for fur-
ther predictions. Therefore, the total time required to process
the financial tasks at remote computing devices depends on the
uploading, downloading, and processing time. For instance, if
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atask i isassigned to the jth computing device, i.e., Vi € T, €
(S, R), thenthe transmlsson rate of theith task to jth comput-
ing device is defined as y;” = WiMlog(1+P}® x [§7™ /a?]).
Here, W'” indicates the channel utlllzanon factor between the
ith 10T devlce and the jth computing device. «? and PP repre-
sent the additive white Gaussian noise of the Iocal loT device
and the transmission power to offload the task to the jth com-
puting device, respectively. Thus, the total transmission time
required to upload the task to the remote computing device
can be formulated as follows:

T_in

=X(@,)) x 5 :VieT,
Yij

j e LS, R). A3)

Consequently, the uploading power consumption (P;) of
the ith financial task to jth remote computing device is
expressed as follows:

PP=T"xPP:vieT, je(S.R). (4)

The total time required to execute a task i Vi e (T;R, T;NR)
on the jth remote computing device Vj € (S, R) is defined as
follows:

BR X X(.]) % g if, TeTRjes

; IR X X0 ) %~ if, TeT"Rjes -
ij = ! in .

(1—;@)><X(|,j)><T.TC+pU if, TeTRjeRrR

(1— MQ!R) x X(0,j) x TTC—PU if, T e TNR j e R.

The arrival rate of the financial task on the remote edge
and cloud servers is represented as %% and 28U, respec-
tively. Furthermore, the waiting time IIl of the |th task before
assigning to the jth computing device is defined as follows:

in2
edge Ti

(chu ey T'”) e (S, R). ()

The total execution delay of the ith task on jth computing
device at time t is expressed as I(t) = Y ', Ijj. Let PCPY
represents the processing power to process 1-bit data at remote
computing device. Thus, the total consumed power to process
the ith task on the jth remote computing device is measured
as follows:

P =Pjx PV vieT, jeS R). @

Let o™ represents the channel power gain of the jth

compti ng device. \/\/OUt and 8P denote the channel utiliza-
tion between remote j'[h computing device to ith 10T device
and required transmission power of jth remote computing
device. Thus, the power consumption of the ith task during
the downloading process (yj?o‘“’”) is defined as follows:

power

I}
J/Jldown WiJQUt IOg(1+ PJdOWﬂ X 1—2) 1Vi e T,J S (Sv R)
a.

i
®

where a2 denotes the Gaussian noise ratio on the jth remote
computi ng device. The downloading time Tdown from the jth
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computing device to the ith 10T device is defined as follows:
-out

VieT,

T = X(j. 1) x e R). (9

|
yj?own

Subsequently, the downloading power consumption of the
ith financial task is computed as follows:

pdown
)

PIOM = X (i, j) x TP x

s_pcmer N
Wt x Iog<1+ prown 5 '—ar)
i
(10
The total power consumption of a financial task i during
computation at jth remote computing device is measured as
follows:

Therefore, the total power consumption (P}jOtal (t)) of afinan-
cia task i during uploading, processing, and downloading to
the jth computing device at timet is expressed as follows:

Pt = (PP + PE0 + Pw). (12

D. Problem Formulation

The main goa of this work is to minimize the power
consumption and delay of the financial tasks in three differ-
ent modes, such as uploading, processing, and downloading
phase. If a financial task is assigned to the local 10T device
D, then the total power consumed (i.e., PtOta') by the ith
financial task is equal to the processing power (P} ™) in the
local 10T device. However, if i is assigned to the Iocal edge
or remote cloud server j, then the total power consumpnon
(P‘Ota') by the task i depends on the uploading power PIJ ,
downloadlng power P, and processing power P, i.e,
Pt = (P + P ++ PYN) The objective functlon of the
Work with neces&ary constral nts is formulated as follows:

n
minimize ) " P ) (13a)
subject to P (t) < 7™ j e (SUR) (13b)
i) < 1™, je (SUR) (13c)
V() <™ je (SUR) (13d)
(Th ISR
DD X)) =ISUR] (13¢)
i=1 j=1
aTh
(13f)

> O XG.j) =1
j=1

From the above problem formulation, constraints (13b) and
(13c) state the total power consumption and delay of a finan-
cial task i should be less than or equal to the maximum power
consumption »nM* and delay I,'Jnax respectively. According to
constraint (13d5 the required CPU frequency of the ith finan-
cial task should be less than or equal to the selected computing
device|. Equation (13e) represents the active number of remote
computing devices in the network. Finaly, constraint (13f)
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states that each financial task should be assigned at most one
computing device at time t.

I11. RANKED-BASED SERVICE DEPLOYMENT STRATEGY

This section presents an effective RBSD strategy for
FinTech loT applications at edge networks. Initially, the
incoming tasks from various FinTech 10T devices are ranked
according to their importance and priorities. Then, the ranked
financial tasks are assigned to the suitable computing devices
for further analysis.

A. Ranked-Based Task Classification

In the ranked-based classification model, the incoming
financial tasks from the loT devices are classified based
on their degrees of importance and service reguirements.
Subsequently, the ranked tasks are placed into the buffers of
a local gateway device for making further decisions. To get
instant response from the local edge devices, the rank index (n)
factor isintroduced to identify the importance of the financial
tasks and locate them according to the nondecreasing order.
We consider n isapriority threshold value to classify the sever-
ity of incoming financial tasks. With the help of (n) value,
the financial tasks are effectively categorized into two types:
1) risk-based (R) and 2) nonrisk-based (NR) tasks, represented
as TR and TNR, respectively. The values 0 and 1 indicates the
types of the incoming task, i.e., O represents risk-based task
TR and 1 represents the nonrisk-based task TNR,

In this way, the proposed RBSD strategy satisfies the fol-
lowing two constraints: 1) atask T; is called a risk-based task
if n(Tj) > 0.5 or 2) anonrisk-based task if n(T;) < 0.5. Based
on the ranking orders, the risk-based tasks are placed into the
risk-based buffer wR(t), if T, € TR or to the nonrisk-based
buffer wNR(t), if Ti € TNR. The systematic workflow of the
ranked-based classification model is illustrated in Fig. 2. In
this model, the arrival rate of financia tasks is symbolically
represented using a Poisson process with the density function
f(t) = A7 — Ait. The parameters ; and ¢jk denote the finan-
cial task arrival rate and the task uploading probability from
the jth 10T device to the kth gateway device, respectively. The
offloading decisions at the kth gateway device is defined as

= ¢jk x A ¥j € D. Thus, the arrival rate of the ith task
for processing localy on the jth 10T device is formulated as
follows:

M = (1— ) x Ai. (14)

The arrival rate of the set of financial tasks (ojk ) under a
risk-based buffer of the kth local gateway device is defined as

follows:
kﬁ( = ojk X A;Em (15)

Similarly, the remaining set of financial tasks that arrive
under a nonrisk-based buffer of the kth gateway device is
expressed as follows:

)\'Jk = (1-oj) x )Ljrffm (16)

The probabilities of assigning risk-based and nonrisk-based
financial tasks to the jth computing device are expressed as
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Fig. 2. Workflow of ranked-based task classification.
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s and upR, respectively. Thus, the arrival rate of the ith task
from the kth gateway device to the jth edge device Vj € S is
expressed as follows:;

edge

AT = Mk, X Ajk + Mk, e (17)

Similarly, thetask arrival rate of theith task to the jth remote
cloud server Vj € R from the kth gateway device is represented
as follows:

afloud — (1 M,) < Mg+ (1 g ) X M
( ) X Ojk X )\’jk (1 /"kj ) (29
X (1= ojk) x A" (20)

The total arrival rate of risk-based [i.e., Z'gd) wR®AR] and
nonrisk-based financial tasks[i.e., 3", o '"()ANF], and ser-
vice rate (ujj) at the local buffer of the gateway dewce do not
create much impact on financial tasks uploading and down-
loading decisions at time t. Furthermore, the power-efficient
task uploading decisions can be achieved using the following
function:

(Tln x p“p> PjCPU % -|—iin
+

ARt = minimize )
jeSR iJ'

(Tiout x pjdown)
ijCi)Ut

=" € Jo]'Rat) x ().
j

‘L'iCPU

+ + Y elafft) x pict)
i

Based on the above formulation, it is proved that the
ranked-based classification model satisfies the power con-
sumption and delay constraints [from (13a)—(13h)] in the edge
networks. Next, the classified tasks are assigned to the suitable
remote computing devices for further analysis using a perfect
matching algorithm.
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B. Service Deployment Strategy With Perfect Matching

This section discusses the proposed service deployment
strategy with a perfect matching theorem for assigning the
ranked-based tasks of the FinTech |oT applications to suit-
able remote computing devices for further prediction while
minimizing the power consumption and delay. To map the
ranked financial tasks with the active set of computing servers,
a well-known perfect matching theorem in the graph the-
ory, namely, Hall’s theorem is considered in edge networks.
Mathematically, the perfect mapping function is expressed as
P: Ti — C between the ranked task set 7 and the computing
devices ¢ using a link weight function F : Q — R* U co. In
this model, the weight function Fjj between the ranked task T;
and computing server C; always depends on the total power
consumption (Pt°‘a') Constantly, the gateway device produces
anew set of ranked financial tasks concerning the availability
of the active set of computing devices.

Hall’s perfect matching theorem for FinTech 10T applica-
tions at the local gateway device is depicted in Fig. 3. The
decision making graph is constructed using hall’s complete
bipartite graph G (M, N), which consists of a set of ver-
tices and dummy edges with a positive link weight oo in the
form of power consumption. In this graph, the ranked-based
task assignment starts with a dual matching solution such that
Dj = 0Vj € C and Dj = MIN(Fjj) : Njj € K(i) Vi € T. This
condition states that the tight edges N’ has at |east one perfect
matching in subgraph G, defined as Fjj = D; + Dj. If there
is no matching N’, then the dual value of the correspond-
ing Hall’s financial tasks set is modified by adding a constant
value K to T; and subtracting the value K from C;j, referred as
Dj = Dj + K and Dj = Dj — K, respectively.

In a given task assignment graph G = (M, N) with bipar-
tition (T, C), where M = (T U C) and a perfect matching
function P: T — C such that G assigns set of all ranked-based
tasks T in each time frame if and only if |X| > |B(X)|, where
XCTandB(X) =(heC|C=(SUR),(T,C) € Q,and VT €
X). Let us consider that X = (Tq, To, T3, T4), X C T, then
B(X) = B(T1) U B(T2) U B(T3) U B(T4) = (Cy, C2, C3, Ca).
Hence, the Hall’s condition is satisfied with |X| < |B(X)|,
where X is the set of all possible combination of tasks in the
financial task set T. The condition |X| < |B(X)| denotes that
all the subsets of T are mapped when there exists a mapping
from financial tasks to the corresponding computing devices.
Therefore, Hall’s condition is satisfied and the graph G has
saturated matching from task 7 to the edge device S.

As shown in Fig. 3, the financiad task T, is perfectly
matched with Cp, and T3 is matched with C3. However, for
task T3, there is no tight matching in the set C, which indi-
cates that among the tight edges in N’ both the tasks T, and
T3 have a perfect matching. Furthermore, for a task T1, there
is a Hall’s set, i.e,, Ty U Ts. Accordingly, the ranked-based
task assignment graph needs to be modified using the dua
value, so the subgraph G’ extends with untight edges until
a perfect match is found. For this purpose, the subgraph G’
is modified by adding the value of K in the financial task
set 7 and removing K from the set C. Based on the perfect
matching theorem, each ranked task T; is assigned or mapped
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Fig. 3. Service deployment with perfect matching theorem.

to at most one remote computing device Cj, which ensures
the financial task assignment constraint (13d). Finally, all the
ranked-based financial tasks are assigned to the suitable edge
devices based on their perfect matching order. Furthermore, the
proposed service deployment strategy decreases the computa
tion and communication overhead of the network by assigning
the nonrisk-based tasks to the remote cloud servers while find-
ing a maximum matching between the ranked-based tasks and
local edge devices. The systematic procedures of the RBSD
strategy are depicted in Algorithm 1.

C. Predictive Analysis at Edge Networks

The huge volume of data, collected from various FinTech
applications through Nx-10T, demands instant decisions and
service requirements from the banking or financial sec-
tors. However, most of the financial industries still pro-
cess customer-related information using traditional or manual
screening and analytic tools. Due to the digital transformation
of financia data using Nx-10T, the instant prediction and iden-
tification of cybercriminals and frauds are challenging tasks in
financial industries. Thus, the financial industries must require
an intelligent predictive and anaytica model to deal with
them. Besides that, the transmission of mixed types of finan-
cia data from FinTech 10T devices to the remote cloud server
increases the delay and power consumption of the customer
service requirements. In such cases, instigating predictive ana-
lytic models at the local edge devices helps to analyze, and
identify the huge volume of risk-based financia data and pro-
vide instant services closer to the customers with minimum
delays and errors.

Based on these perceptions, various ML classification mod-
es, such as logistic regression (LR), decision trees (DT),
SVM, and RF, have been studied and validated using different
real-time financial data sets. However, the proposed edge-
centric predictive analysis considers the SYM mode as the
baseline model to effectively analyze and estimate the banking
crises with higher accuracy over other classification models.
The reason behind selecting the SVM classification model is
that the SVM model is capable to handle high-dimensional
financial data and improves significant accuracy with less
computation power [26], [27]. Furthermore, to estimate the
decision function with minimum error, the SVM model uses
a linear model with a nonlinear boundaries class based on
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Algorithm 1: Ranked-Based Service Deployment

1 INPUT: Rank index factor: », Incoming tasks: 7i, Set of
computing servers:C < (SUR), Risk based buffer: of
2 OUTPUT: Classify and assign the incoming tasks to the
suitable computing servers using n
1. for i:1tondo
Assign rank index factor n to the incoming tasks
if A task oNR < TNR < 5 then
Assign a TNR to non-risk-based buffer »NR
end if
if A task o < TR> 5 then
Assign a TR to risk-based buffer ol
end if
Assign ranked tasks to the suitable C using Perfect
matching
100 if [X| < |B(X)]) then
11 Graph has a saturated matching of 77
122 end if
13 if |X| > |B(X)|) then
14: Find matching from N” Where (Fjj = Dj — Dj);
15: Modify D; = Dj + k,Vie T
16: Modify Dj = Dj 4+ k, Vi € T
17: Update the value of tight edges N’ based the
matching function F

© O N OO N

18:  end if

19 Assign risk based financial tasks TR to the edge
server §

20: end for

21: for All ranked tasks Tjj € ijR do

222 Assign non-risk based financial tasks TNR to the
remote cloud server R

23: end for

24: Return a perfect mapping function

support vectors. In the proposed strategy, with the help of the
SVM classification model, the ranked-based tasks are analyzed
and predicted at the resource-constraints edge devices to get
an instant response and enhance the service requirements of
the customers. Similarly, the nonrisk-based tasks are analyzed
at the remote cloud server for future predictions.

IV. EMPIRICAL EVALUATION

This section briefly discusses the empirical evaluation
of the proposed ranked-based classification model and ser-
vice deployment strategy in edge networks. The proposed
edge-centric FinTech framework is quantified and validated
concerning average delay and power consumption. To ver-
ify the ability of the edge-centric framework, we compare
the proposed framework with two baseline schemes, such as
ColSDA [14] and OSP [15]. Furthermore, the predictive clas-
sification model, i.e., the SVM technique, is applied over the
financial tasks at both edge and cloud server to prove the
superiority of the proposed framework and the results are
compared with the state-of-the-art models, including LR [28],
DT [29], and RF, [30]. Furthermore, different validation
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TABLE |
SIMULATION PARAMETERS
Parameters Values
Number of IoT devices (D) 500
Number of Edge devices (S) 20
Number of cloud servers (R) 2
Number of gateway devices (G) 2

500 [tasks/sec]
20 MHz
10 x 105 [cycles/sec]
20 x 110 [cycles/sec]
30 x 120 [cycles/sec]
0.5 Joules
1 mW

Average number of incoming data (\;)
Maximum channel bandwidth (W)

CPU frequency of IoT devices (V)

CPU frequency of edge devices (TEC PUYy
CPU frequency of cloud servers (TCC PUYy
CPU processing power usage (P¢PU)

Transmission power of IoT devices (11

metrics, including accuracy, precision, recall, and F1 score, are
considered to find the effectiveness of the SVM classification
models for financia risk predictions.

A. Experimental Setup and Data Set

The proposed strategy has been implemented on Intel
Core i7-8550U Quad-Core CPU with 12-GB RAM using the
Ubuntu LTS operating system. The simulation test parameters
are summarized in Table I. The edge network consists of 500
FinTech 10T devices that generate 500 tasks/s in each times-
tamp. Here, the maximum data transmission rate is fixed to
2.5 Mbls, the range of input task sizeis T{" is [50 kb—10 Mb],
and the financial task arrival rate on the edge devices A™% is
0.125, and the remote cloud server A9% is 0.25. Here, the
ranked-based financial tasks are analyzed using real data sets,
such as credit card fraud prediction (D1), credit card risk
prediction (D2),2 customer churn prediction (D3),® and insur-
ance claim prediction (D4).* Table Il contains the summary
of FinTech data sets and their properties for edge-cloud-level
anaysis.

B. Smulation Results

The simulation results of the proposed service deployment
strategy are evaluated in two different phases, such as commu-
nication and computation, respectively. In the first phase, the
delay and power consumption of the incoming financia tasks
have been analyzed in edge networks. Likewise, the prediction
accuracy of the classification models has been tested and val-
idated in the computation phase. The quantitative results of
the proposed strategy are concisely described in the following
subsections.

1) Analysis of Delay: Fig. 4 shows the impact of task
assignment over the delay in edge networks. The delay of
the financial task depends on the processing, uploading, and
downloading time while assigning to the remote computing
devices. The delay variation of the risk-based tasksis 29.6 ms,
which is lower than the nonrisk-based tasks (41.2 ms), as
depicted in Fig. 4(a). Moreover, the rank index factor n is
introduced to classify the incoming financial tasks based on

1 https://www.kaggle.com/nandini1999/credit-card-fraud-detection

2 https://www.kaggle.com/kabure/predicting-credit-risk-model -pipeline
3https://www.kaggle.com/kmalit/bank-customer-churn-prediction
4https://www.kaggl e.com/saikrishna223/insuranceclaimprediction
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TABLE Il
SUMMARY OF FINTECH DATA SETS AND THEIR PROPERTIES FOR EDGE-CLOUD-LEVEL ANALYSIS
Level of Analysis | Dataset(s) | No of Instances | No of Attributes Purpose
Edee Server D1 284808 31 Credit Card Fraud Detection
g v D2 1000 20 Credit Card Risk Prediction
Cloud Server D3 1000 14 Customer Churn Prediction
D4 1338 8 Insurance Claim Prediction
iyl . e o .L::.
¥ = | =
a : - | -
: = II l|| I
e a1 nf

Kl (il

Fig. 4. Impact of task assignment over delay. (a) Various financia tasks.
(b) Comparative analysis with baseline schemes.

the different order of severity. Fig. 4(b) presents the compar-
ative analysis of the average delay of the proposed RBSD
with the baseline schemes. From the analysis, it is noticed
that the average delay of the baseline schemes, i.e., ColSDA
(37.2 ms) and OSP (46.9 ms), is increased while varying the
task arrival rate, which is higher than the proposed RBSD
strategy (19.4 ms). The main reason behind that the existing
schemes do not consider any ranking model to classify the
incoming financial tasks based on their importance and assign
them to suitable computing devices. However, the proposed
RBSD method used a ranked-based classification model and an
efficient service deployment strategy for analyzing the FinTech
tasks at the edge of the networks, which reduces the delay. The
proposed RBSD strategy has minimized the delay by 17.8%
and 27.5% over ColSDA and OSP, respectively.

2) Analysis of Power Consumption: The impact of power
consumption during the financial task assignment from the loT
devices to the remote computing devices through a local gate-
way isshown in Fig. 5. From Fig. 5(a), it is noted that the total
required power of the 10T device (24.53 mW) is less than the
distributed edge devices (33.67 mW) or remote cloud servers
(46.82 mW) while task analysis. However, the total power
consumption of the financial tasks depends on the upload-
ing, downloading, and processing power. Besides that, the long
communication distance between the 10T devices and remote
computing devices can increase the uploading and download-
ing time of the financia tasks, which further increases the total
power consumption. The proposed RBSD strategy distributes
the ranked-based tasks on the local edge devices (mainly
risk-based tasks), which causes communication distance and
required power consumption of the FinTech tasks. Fig. 5(b)
presents the comparative analysis of average power consump-
tion of the proposed strategy with baseline schemes. From
the analysis, it is observed that the proposed strategy con-
sumes low power (29.93 mW), while the existing schemes
Col SDA and OSP consume 37.71 and 43.59 mW, respectively.
Moreover, the quantitative analysis results show that RBSD
outperforms over ColSDA and OSP schemes, which reduces
the power consumption by 7.7% and 13.6%, respectively.

LA ihi

Fig. 5. Impact of task assignment over power consumption. (a) Various
financia tasks. (b) Comparative analysis with baseline schemes.
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Fig. 6. Edgelevel anaysis using MLCAs. (a) Prediction results of D1.
(b) Prediction results of D2.

3) Predictive Analysis at Edge Level: The predictive anal-
ysis results of various classification models at the edge devices
are listed in Table IlI. After uploading the risk-based finan-
cia tasks to the local edge devices, the standard classification
models have been applied over the risk-based data sets. In the
edge-based analysis, two different types of risk-based financial
data sets (i.e., D1 and D2) are considered to validate and test
the classification models. The prediction results of standard
classification models with respect to the various performance
metrics over D1 and D2 are shown in Fig. 6(a) and (b), respec-
tively. From the analysis, it is evident that the SVM model
provides better accuracy over the standard classification mod-
els, such asLR, DT, and RF models. The SYM model achieves
98.49% accuracy while predicting the valid and fraud cus-
tomers using the D1 data set. However, the accuracy result
of this model is different when considering the D2 data set
to predict the good and bad credit risk assessments. In this
case, the accuracy rate of the SVM classifier achieves 99.02%,
which is much higher than other standard classification mod-
els. Thus, SVM yields a minimum mean absolute error of 0.27
at edge level, which is less than the standard baseline mod-
els. This is achieved by ranking and selecting more critical
features from the data set before training the models at edge
networks.

4) Predictive Analysis at Cloud Level: The predictive anal-
ysis results of various classification models at the cloud server
are summarized in Table IV. The proposed service deployment
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TABLE 1l

PREDICTION ACCURACY OF VARIOUS CLASSIFICATION MODELS IN EDGE SERVER

Edge Level Analysis
Dataset | MLCA Models [ Fraud Detection [ Accuracy | Precision [ Recall | FI Score
Valid Frauds
DI LR 0.6645 | 0.5331 0.8867 0.8959 0.8362 0.8636
DT 0.5993 | 0.6148 0.7532 0.8642 0.7925 0.8386
RF 0.7076 | 0.5637 0.8387 0.7306 0.8254 0.8159
SVM 0.8228 | 0.7406 0.9849 0.9639 0.9356 0.9211
Dataset | MLCA Models Risk Prediction Accuracy | Precision | Recall | F1 Score
Good Bad
D2 LR 0.8711 | 0.6039 0.8946 0.8273 0.8306 0.8093
DT 0.6203 | 0.7321 0.7997 0.7527 0.6914 0.7236
RF 0.8511 0.6939 0.9246 0.8273 0.7706 0.7993
SVM 0.9062 | 0.8657 0.9902 0.9615 0.9558 0.9381
TABLE IV

PREDICTION ACCURACY OF VARIOUS CLASSIFICATION MODELS IN CLOUD SERVER

Cloud Level Analysis
Dataset | MLCA Models Churn Prediction Accuracy [ Precision | Recall [ F1 Score
Churned Retained
D3 LR 0.7939 0.6133 0.8618 0.7457 0.7822 0.7635
DT 0.5846 0.6674 0.9465 0.8769 0.9031 0.8328
RF 0.6382 0.7092 0.9013 0.7643 0.8429 0.7976
SVM 0.8915 0.8365 0.9964 0.9523 0.9241 0.9354
Dataset | MLCA Models Insurance Prediction Accuracy | Precision | Recall | F1 Score
Claimed | Unclaimed
D4 LR 0.4835 0.5960 0.7953 0.8067 0.7714 0.7602
DT 0.6167 0.4928 0.8802 0.7561 0.6992 0.7353
RF 0.7522 0.6239 0.9350 0.8134 0.8519 0.8225
SVM 0.8908 0.7014 0.9626 0.9257 0.8911 0.9076

RTITRTIIT
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Fig. 7. Cloud-level analysis using MLCAs. (a) Prediction results of D3.
(b) Prediction results of D4.

strategy deployed the nonrisk-based financial tasks to the cloud
server and the standard classification model s have been applied
over the nonrisk-based financia data sets for further analysis.
In the cloud-based analysis, two different types of nonrisk-
based financia data sets (i.e., D3 and D4) are considered
to validate and test the classification models. The prediction
results of the standards classification models over D3 and D4
are shown in Fig. 7(a) and (b), respectively. From the analy-
Sis, it is observed that the accuracy of the SVM classification
model is greatly increased than the other standard classifica-
tion models. The SYM classification model achieves 99.64%
accuracy while predicting the churned and retained banking
customers using the D3 data set. However, the accuracy of
the same model for the D4 data set is improved by 99.26%,
which predicts the status of claimed and unclaimed insurance
of the customers, which is higher than the standard classifi-
cation models. Thus, SVM yields a minimum mean absolute
error of 0.36 at cloud level, which is less than the standard
baseline models.

Also, it is noticed that the values of precision, recall, and F1
score for all the data sets (i.e., D1-D4) show higher variations
in the SYM model, whereas other classification models yield
fewer variations for the same set of performance metrics. Thus,
the proposed RBSD strategy aong with the SVM classification
model improves the risk prediction accuracy of the financia
tasks and power consumption of the edge networks.

V. CONCLUSION

In this article, we have proposed an RBSD strategy for
predictive financial data analysis at the edge networks. The
main aim of this work is to analyze the risk-based financial
task at the local edge devices with a standard SVM a gorithm
for minimizing the average delay and power consumption
while maximizing the prediction accuracy. To achieve this,
a ranked-based strategy has been designed for classifying the
incoming financia tasks based on their priorities. Furthermore,
a service deployment strategy has been developed using a pre-
fect matching theorem, i.e., Hall theorem for assigning the
classified task on the suitable remote computing devices as
per their importance. Extensive simulation results exhibit the
effectiveness of the proposed RBSD strategy and the SVM
algorithm at edge networks over baseline algorithms and stan-
dard classification models, respectively. The proposed strat-
egy minimizes 17.8%—-27.5% average delay and 7.7%-13.6%
power consumption over the baseline algorithms. Furthermore,
the SVM agorithm achieves 98.49%, and 99.02% accuracy
while analyzing the data at the edge level of the network. In
the future, we will enhance the proposed strategy for FinTech
application by introducing various data aggregation and data
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fusion techniques at edge networks for minimizing network
overhead and achieving higher prediction accuracy.
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Abstract—Propelled by the growth of automotive industry, and the ubiquity of smart
sensors, intelligent transport systems such as the Internet of Vehicles (loV) have seen
significant research interest in recent times. The emerging distributed loV networks
support real-time vehicular applications through on-device computing, communication-
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experience by minimizing the end-to-end latency through efficient energy management, loV
deployments face the fundamental challenge of security attacks. In this article, we discuss
various security attack modes in an edge-centric intelligent loV framework, consisting of
distributed smart vehicles, and remote processing units. We highlight various attack
detection and mitigation mechanism for the proposed loV framework, to address the
security challenges. Finally, we shed light on several future research directions to ensure
security of sensory data in edge-centric loV systems.
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M THe InTernet ofF Things (IoT) facilitates the
omnipresent sharing of information and knowl-
edge between connected devices with limited
human interference, which is a crucial instigator
for different applications like green infrastructure,
smart transportation networks, etc.! Within this
paradigm, the term Internet of Vehicles (IoV) is
often encountered in the smart transportation sys-
tem, referring to the vehicular subset of the IoT.
IoV is modern technology, integrating smart devi-
ces, communication technologies (e.g., 5G and 6G)
and intelligent vehicles, sophisticated business
analytics, and human-machine cooperation to
improve efficiency, performance, and reliability.
Edge computing is a promising technology that
can improve the processing of traffic monitoring
data and enhance the performance of smart trans-
portation systems by combining knowledge and
technologies such as artificial intelligence and 6G
communication.? 6G technology helps deliver
physical level security, new security protocol,
and state-of-the-art security standardization, and
interoperability in the vehicular network while
managing mobility and high dynamicity among
the smart IoV devices. With the emergence of
edge-centric IoV systems, security becomes a crit-
ical challenge, as attackers can imitate legitimate
users to access the loV infrastructure. In most sce-
narios, attackers can alert the availability, integ-
rity, and confidentiality of the remote computing
devices in the edge networks.® Thus, this work
aims to highlight several burning IoV challenges
for security and possible solutions using edge
computing in an intelligent environment.
Accordingly, we introduce edge-centric oV con-
cepts in Sections “Edge-Centric IoV Framework”
and “Attacks in Edge-Centric IoV.” Security issues
and detection strategies for loV networks are pre-
sented in Sections “Security Requirements for Edge-
Centric IoV Network” and “Attack Detection Strate-
gies for Edge-Centric oV Network,” respectively.
Future research directions and conclusion of the
work are presented in Sections “Future Research
Directions” and “Conclusion,” respectively.

EDGE-CENTRIC IOV FRAMEWORK

The IoV is a shared system that promotes
the use of data, generated by smart devices and
vehicular ad hoc networks in a distributed man-
ner.* A fundamental aim of the IoV is to enable
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Figure 1. Edge-centric loV networks for
transportation system.

vehicles to interact in real-time with their driv-
ers, other vehicles, roadside edge servers, and
pedestrians for making an intelligent transporta-
tion system. Several initiatives throughout the
world, for example, Japan, South Korea, Singa-
pore, United States, and Australia have admitted
to developing a fully automated and intelligent
transportation system.

The IoV system mainly supports three types
of level-wise communication among various
components, where the infrastructure layer con-
nects with smart vehicles, devices, and traffic
control units as presented in Figure 1. The edge
layer connects infrastructure devices with the
roadside processing units, and finally, the cloud
layer gathers the IoV data for data analytics. A
summary of the three-level loV-communications
is explained as follows.

e Vehicle-to-Infrastructure (V2I): V2I system is
a communication framework with fixed infra-
structure, such as roadside units (RSU), sensor
technology, and network infrastructure, to sup-
port the wireless exchange of information. Tech-
nologies used for V2I communication are RFID
Tags, Wi-Fi, and Bluetooth.

e Vehicle-to-Edge (V2E): Edge server-enabled
RSU ensure seamless communication between
the moving vehicles, where the smart cars pro-
cess their generated data, share experience,
road weather conditions, and traffic signaling
information on a real-time basis. Devices used in
V2E communication are street lights, base sta-
tions, cameras, and cell towers.

e Vehicle-to-Cloud (V2C): Cloud computing
with mature storage and processing technology
is used in the IoV network for long-term data
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Figure 2. Types of communications links in oV
network.

analysis and traffic management. The main goal
of V2C communication is to increase intelligent
decision making, monitor vehicles remotely,
optimize traffic and traveling costs, and improve
safety for participants.

The abovementioned communication strate-
gies can be achieved through a secured and reli-
ableloV system for data transmission and storage.

ATTACKS IN EDGE-CENTRIC IOV

The security attack in the edge-centric IoV
system is one of the most crucial issues due to
frequent topology changes, distribution of
vehicles, a large volume of traffic data, limited
transmission power, etc. This oV system sup-
ports various transmission modes including

Security, Privacy, Content Protection, and Digital Rights Management

vehicle-to-infrastructure (V2I), vehicle-to-sensor
(V2S), vehicle-to-network (V2N), vehicle-to-pedes-
trians (V2P), vehicleto-device (V2D), vehicle-to-
edge (V2E), vehicle-to-cloud (V2C), and vehicle-to-
vehicle (V2V) to improve the safety on the road and
provide intelligent traffic management and more
convenience to the drivers, as shown in Figure 2.
However, if there is any network intrusion, the
vehicles can be controlled by attackers, which
leads to severe accidents, deaths, and also affects
the people on the roadside. There are several types
of security attacks,” which can affect the overall
services and operations of the intelligent transport
system, as depicted in Table 1.

Denial of Service Attack In the Denial-of-Ser-
vice (DoS) attack, the attacker intends to disrupt
the normal traffic and reduces the performance
of the network by flooding the target with irrele-
vant messages. The primary target of the
attacker would be the RSU, which acts as a core
component to authenticate, manage, and update
the vehicle’s information.

Blackhole Attack In IoV, a malicious node
sends false route information to other participat-
ing vehicle nodes. This introduces itself as an
optimum route and causes other vehicles to
route the traffic information via malicious ones,
i.e., no traffic can move through the network to

Table 1. Comparison of security attacks with different properties.

. . Level of Types of
Type of attack Type of attacker Security requirements attacks communication
Denial of Service | Malicious, Active, and Availability High V2I/V2E/V2C
Insider
Black hole Passive and outsider Availability Moderate va2v
Timing Malicious and Insider Integrity and Authentication High V2v/v2l
Warm hole Malicious and Outsider Avallablllt.y {md Moderate Vv
Confidentiality
. . Authentication and .
Sybil Insider and Network Attack Availability High V2v
Gray hole Passive and Outsider Availability Moderate V2v
[llusion Insider and Outsider Authentication and Integrity Low V2V/V2l
Man-in-the- Insider and Monitoring . -
middle Attack Integrity and Confidentiality Moderate va2v
Replay ‘I;Stl:cir and monitoring Authentication and Integrity High V2v/vaC
Malware Outsider Availability and Integrity Moderate V2V/V2I/V2E/V2C
injection
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other vehicles. Thus, the malicious node drops
all the incoming traffic instead of forwarding
them to a specific RSU.

Timing Attack A timing attack in intelligent con-
nected vehicles is a serious attack, where a mali-
cious vehicle receives time-critical updates and
traffic information and it does not forward the
message to the neighboring vehicles at the right
time instead it includes some false time slots to
the original message to make further delay.

Warmhole Attack In a wormhole attack, two
or more malicious vehicles create a tunnel to
hide the true distance and entice other normal
vehicles to transmit their traffic information
across the malicious vehicles. Also, they start to
absorb the normal flow of messages and cause
traffic conjunction or collaborate with other
malicious nodes.

Sybil Attack In this attack, an attacker or mali-
cious vehicle generates multiple identities to imi-
tate multiple vehicles in the oV network at the
same time. Due to these wrong identities, a
driver or normal vehicle cannot identify the false
position information, transmitted by the mali-
cious vehicle. Thus, the malicious vehicle cre-
ates chaos among normal vehicles and increases
the huge security risks in the IoV system.

Grayhole Attack In a gray hole attack, the
attacker or malicious vehicle advertises an opti-
mum route and selectively drops the traffic route
information from a specific set of vehicle nodes
or drops traffic information probabilistically and
forwards all other traffic to a specific RSU.

Illusion Attack In an illusion attack, attackers
collect and alter the readings from the sensors
and RSUs of the [oV system. They generate an illu-
sion by disseminating false traffic warning alerts
to other neighborhood vehicles based on the cur-
rent road conditions. Thus, spreading more illu-
sion can increase the possibility of traffic jams,
accidents, and reduce the network performance.

Man-in-the Middle Attack In a man-in-the-
middle attack, an attacker or malicious vehicle
intercepts the communication process between
the vehicle and RSU. The malicious vehicle
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modifies the sensor readings, secretly eaves-
drops, and steals personal information. Thus,
the vehicle can inject false information and
secretly relays between two vehicles.

Replay Attack In a replay attack, an attacker
captures the data, sent over the loV network.
This attacker acts as an original sender and
deceptively delays or repeats the valid transmis-
sions to misdirect the RSU. Thus, the reply attack
affects the secure communication between a
vehicle and RSU.

Malware Injection Attacks This type of
attack is mostly executed by the attackers to take
control of the driver’s or vehicle’s information,
stored in an edge server. For this purpose, the mal-
ware software or codes are injected into the run-
ning process to perform malicious activities such
as manipulating or stealing the traffic information.

SECURITY REQUIREMENTS FOR
EDGE-CENTRIC IOV NETWORK

Security are the two significant key require-
ments for an edge-centric [oV network due to shar-
ing critical safety data and computing resources
on the local edge server for further analysis. The
layered architecture components of edge-centric
IoV are shown in Figure 3, which comprises three
distinct layers: 1) vehicle-to-infrastructure (V2I),
2) vehicle-to-edge (V2E), and 3) vehicle-to-cloud
(V20), as depicted in Figure 2. Every layer consti-
tutes a potential threat and security attack that
can reduce the overall performance of secure
data communication. Different security require-
ments of each layer of the IoV system are
described as follows.

Vehicle-to-Infrastructure (V2I) Layer

The first layer consists of various onboard
and traffic monitoring sensors that are con-
nected to the RSUs or moving autonomous
vehicles. In this layer, the traffic data collected
from the vehicle’s sensors and the data received
by the RSUs or other vehicles should be authen-
ticated in terms of origin, content, and time.
Thus, this layer must satisfy the following secu-
rity requirements:
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Figure 3. Layer-based architectural components
for loV network.

Integrity and Authenticity of In-Vehicle
Communication The valid or unauthorized
traffic data transmitted from the moving vehicles
are verified and detected by the RSUs.

Integrity and Authenticity of Other
Vehicles The data received from vehicles and
RSUs in a network are verified and guaranteed to
provide authenticity to other connecting vehicles.

Confidentiality of Communication and
Data The vehicle broadcasts the captured data
to nearby RSU or another vehicle to update the
current road conditions. Thus, the broadcasted
data must be reliable and confidential to the
authorized users.

Vehicle-to-Edge (V2E) Layer

This layer is primarily responsible for storing
and processing the data from the vehicle’s sen-
sors and sending traffic warning alerts to the
right users or vehicles. In this layer, the stored
or processed data should be authenticated and
protected from malware injection attackers.
Thus, the security requirements of V2E are
summarized as follows.

Confidentiality Confidentiality requirement
provides a guarantee to the stored and proc-
essed data. These data should be encrypted

Security, Privacy, Content Protection, and Digital Rights Management

accurately, shareable, and accessible only to
authorized users.

Integrity The stored and exchanged data must
be validated and verified in an edge server.
Thus, exchanged critical safety data should be
protected from unauthorized modifications. or
malware injections. The received data must be
authenticated in terms of source, location, and
content. In this way, the data should be pro-
tected from various attacks and also ensured the
integrity of the received data.

Access Control Most of the data, collected
from moving vehicles are important for an intelli-
gent traffic management system. With the help of
an access control mechanism, only authorized
users can able to access the data, and resources,
and private information.

Learning-Based Trust Management The
modern IoV system must adopt the traditional
attack detection strategy by developing a novel
machine or deep learning-based trust manage-
ment algorithm for connected vehicles. Thus,
the vehicles can estimate their future trust val-
ues based on the present and past trust values.

Vehicle-to-Cloud (V2C) Layer

The third layer can be connected with the
internet to provide on-demand services or addi-
tional services to authorized users. A single or
multiple vehicular cloud servers are deployed in
different locations to store and process the large
volume of traffic data. This layer must consider
the following security requirements for enhanc-
ing the accessibility of their services.

Attack Detection This security requirement
enables the cloud server to effectively identify,
store, and alerts various internal and external
attacks. Thus, various attacks should be detected
on the cloud resources from unauthorized access.

Integrity This requirement ensures the integ-
rity of the vehicular cloud server and other
tampering events.

Access Control This requirement provides
limited and controlled access to authorized
cloud users and other virtual cloud servers.

IEEE Consumer Electronics Magazine
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Table 2. Summary of various attacks detection mechanisms in vehicular networks.

Type of Key idea Mod.e of MOd? O.f Limitations
attack routing transmission
Denial of To mitigate jammer and improve Network- VoI Not able to handle jammers from
Service valid transmissions centric multiple malicious vehicles
To reduce malicious nodes and Node- No critical path detection mechanism
Blackhole . . L . vav -
improve reliable transmission centric used between two-hop transmissions
Timing To §tudy the safety.—crlFlcal Data—. vav/val Not con§1dered any security detection
vehicular communication centric mechanisms
Sybil To detect Sybil nodes and reduce Node- VoV Not scalable when the number of Sybil
Y false identities centric nodes in the IoV network are very high
Man-in- the- To identify the malicious nodes Node- Vv No intelligent detection mechanism used
middle from sharing content centric to identify the malicious vehicles
Gray hole To find the presence of malicious Node? VoV leﬁ.CL.llt to 1dent1fy similar types 9f
nodes centric malicious nodes in an edge-centric oV
To detect in-band and out-of- Node- Not‘sEntable f(?r large number of .
Warm hole . V2v malicious vehicle nodes, present in the
band wormholes centric
IoV network.
Malware Malware injection mechanisms Edge- VoI No mechanisms developed to reduce the
injection using an edge-centric framework centric device or server-side malware injections

Confidentiality This type of security require-
ment must prevent the critical safety data and
sensitive information of the users from unau-
thorized users. Thus, the stored data should
be accessed and shared only with legitimate
entities.

ATTACK DETECTION STRATEGIES
FOR EDGE-CENTRIC IOV NETWORK

There are plenty of research works available in
the literature to mitigate the security issues in loV
networks. In such networks, all the participating
vehicles on the road need to exchange traffic infor-
mation at any time, any place, any path, and to any
relevant network. Despite benefits, this network
faces a lot of security challenges due to high mobil-
ity and frequent changes in topology. Therefore, it
is very important to inspect various detection
mechanisms to minimize the attacks and provide
more secure communication in edge-centric loV
networks. Table 2 describes the importance
and limitation of some key attack detection
mechanisms in the vehicular networks.

Boche et al.®, have designed a suitable security
detection mechanism using Turing machines to
mitigate the jammer in between senders and
receiver node. However, this mechanism failed to
focus on detecting multiple jammers within the
same network. To reduce the packet drop ratio
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and detect the malicious nodes, Hassan et al”
have presented an intelligent black hole attack
detection scheme. Based on the recent real-world
security attacks on automotive systems, Hasan
et al® have extensively studied the potential
threats and security detection mechanisms in the
vehicle-to-everything (V2X) communication frame-
work. Further, a novel mechanism has been pro-
posed in Quevedo et al’s work® to detect Sybil
nodes and false identities in the vehicular net-
works. However, this technique is not scalable
when the number of Sybil nodes is very high.

To identify the malicious vehicle nodes, a
man-in-the-middle attack resistance trust model
has been developed for connected vehicles in
Ahmad et al’s work.! However, this model
contains no intelligent detection mechanism to
automatically predict the opposing vehicles. An
software-defined networking based EC-SDIoV
approach has been considered to quickly identify
the presence of malicious vehicle nodes.'! How-
ever, this approach cannot able to support a large
number of malicious vehicular nodes at the
edge-centric oV network. In the work of Tah-
boush and Agoyi,'? a hybrid wormhole attack
detection algorithm has been proposed to
detect in-band and out-of-band wormhole attack
between two successive vehicle nodes based on
the hop count. Based on this algorithm, only
the detection of wormhole attack between two
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successive vehicle nodes is possible, however, it is
not much effective mechanism when the number
of vehicles is very high at the edge-centric network.
Similarly, Chavhan et al.'®> and Wang et al.'* have
studied various types of security attacks for fog/
edge-centric loV network.

The aforementioned studies in existing litera-
ture are leaned toward security attack challenges
and detection mechanisms in traditional vehicular
networks. However, these mechanisms are unable
to solve the issues and satisfy all the requirements
of modern edge-centric loV networks. Thus, the
modern edge-centric loV network requires a novel
and hybrid attack detection mechanism to auto-
matically mitigate, identify, and predict a large
number of malicious vehicle nodes.

FUTURE RESEARCH DIRECTIONS

Although modern IoV and intelligent trans-
portation systems have extensively benefited
from the IoT technology, risks, and challenges in
safety and reliability have also increased sub-
stantially. Among other, few open research chal-
lenges are explained as follows.

A. Intelligent and Reliable Autonomous Vehicles:
The integration of advanced sensing, Al technol-
ogy, and edge computing into the IoV system ena-
bles intelligent transportation systems that can
autonomously navigate the environment and
improve the robustness of autonomous vehicles
while making them safer on the road. The major
challenge of a context prediction approach is in
the prediction accuracy at the edge networks
while transmitting the contextual information
through a reliable communication path. Besides
that, introducing advanced Al-enabled technolo-
gies with reliable data transmission protocols is
another important challenging task for increasing
the prediction accuracy at the edge of the network.

B. Scalable Blockchain-Enabled Intelligent IoV
System: Blockchain is a constantly evolving peer-to-
peer distributed ledger technology in edge net-
works with characteristics of decentralization,
security, interoperation, and trust establishment,
and potentially lower the costs of the underpinning
infrastructure. The crucial objective of blockchain
technology is to provide security of the IoV data for
future data analysis.'® Further, blockchain technol-
ogy is transforming IoV data to the local edge

Security, Privacy, Content Protection, and Digital Rights Management

devices or centralized cloud servers by enabling
anonymous and trustful transactions in a decen-
tralized and trustless environment. Despite these
advances, several challenges remain to be
addressed in the edge-centric oV system, including
the poor scalability, heterogeneity, and the impact
of integration on network performance.

C. Secure Data Science for Cooperative oV Sys-
tem: A cooperative intelligent transport system (C-
ITS) aims to improve comfort, efficiency, sustain-
ability, and safety over the stand-alone systems by
increasing the effectiveness of the secured com-
munication channel and cooperation between the
IoV system and edge networks. Therefore, data sci-
ence techniques with proper security of analyzing
the sensed data are the key components of C-ITS at
edge networks. However, with the huge amount of
data from transportation sensors, the integration
of data science techniques presents a real chal-
lenge for realizing C-ITS applications in a secured
edge network. Although some attempts have been
made to explore data science for CITS, there exist
various scientific and engineering challenges,
including data multi-source heterogeneity, privacy
protection, and computational complexity.

D. Reliable Edge Intelligence for IoV System: Intel-
ligent IoV system enables different types of trans-
portation applications, including real-time video
analytics, autonomous driving, etc. that bring vari-
ous challenges to monitor and significantly
enhance safety driving, comfort riding, traffic man-
agement, etc. However, these powerful applications
pose significant challenges by requesting intensive
computation services with low latency. To address
the challenges, edge intelligence provides promis-
ing results in terms of data analysis at the edge of
the networks with minimum delay. The Al-enabled
technologies at edge networks help to analyze the
mission-critical applications efficiently by provid-
ing the services to the loV systems with higher
security using reliable communication protocols.

E. Secure Federated Learning Solutions for loV
System: In standard machine learning (ML) a cen-
tralized training is followed, i.e., data collected
from the IoV sensors are moved to the centralized
server for training. However, the centralized model
raises security concerns as the raw data can be
accessed at these third-party servers. Federated
learning (FL), an emerging distributed learning
architecture, secures the data at the edge devices
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by only sending a focused update of locally learned
ML model from the participating edge devices in
the network. As the FL technique perform only a
local training on the data at the edge and remote
computing devices, a more secure distributed
learning is possible as compared to the ML
techniques.

CONCLUSION

Edge centric loV is an emerging paradigm of
smart vehicular networks, enabled by the advance-
ments in vehicular infrastructure, local RSU, edge
servers, and cloud servers. These decentralized
transport networks utilize the edge computing
resources to reduce processing delays and mini-
mize energy consumption. Security were identified
as the topmost challenges in these edge-centric [oV
networks. Through this article, we have analyzed
different security attack mechanisms, and reviewed
the strategies to detect and eliminate such security
breaches. Finally, we have highlighted various
future research directions for reliable data trans-
mission and protection in edge-centric IoV.
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Abstract—With the fast growth in network-connected
vehicular devices, the Internet of Vehicles (IloV) has many
advances in terms of size and speed for Intelligent Transportation
System (ITS) applications. As a result, the amount of produced
data and computational loads has increased intensely. A solution
to handle the vast volume of workload has been traditionally
cloud computing such that a substantial delay is encountered in
the processing of workload, and this has made a serious challenge
in the ITS management and workload distribution. Processing a
part of workloads at the edge-systems of the vehicular network
can reduce the processing delay while striking energy restrictions
by migrating the mission of handling workloads from powerful
servers of the cloud to the edge systems with limited computing
resources at the same time. Therefore, a fair distribution method ) - ) . )
is required that can evenly distribute the workloads between the - — — n
powerful data centers and the light computing systems at the s
edge of the vehicular network. In this paper, a kind of Genetic
Algorithm (GA) is exploited to optimize the power consumption
of edge systems and reduce delays in the processing of work-Fig. 1. loV data processing layer stack.
loads simultaneously. By considering the battery depreciation,
the supporting power supply, and the delay, the proposed method
can distribute the workloads more evenly between cloud and fog the time-consuming nature of the processing of workloads in
servers so that the processing delay decreases significantly. Alsoy s js still a major issue in the field of distributed vehicular

in comparison with the existing methods, the proposed algorithm -
performs significantly better in both using green energy for netvyorks [4]. Processing the workloads at ,the gdges of the
recharging :jhe fog server batteries and reducing the delay in ;/ehlcul_ar _net\N]?rk Clilln rded;lce tftlr? p(;o;:essmgt'; tlm(e,hbl:]t the
processing data. ransmission of workloads from the data centers (which are
Index Terms—Cloud, fog, genetic algorithm, Internet of equ_ped vylth sgstalnable electric povyer) to the e_dges leads
vehicles, workload allocation. to serious limitations in terms of supplying the required power
for computing [5], [6]. Thus, we need to achieve a balance in
distributing the processing requests between the cloud and the
I. INTRODUCTION edge [7]
A S a result of the tremendous growth in the number of Fig. 1 shows the layers of data processing in a cloud-fog
smart vehicular devices, the Internet of Vehicles (loVjrchitecture for loV. As can be seen in the figure, the lowest
has experienced rapid expansion. The increase in the numBger contains vehicular devices that produce the data. These
of devices has caused a multiplication of data and large-scgl&/ices can use their own processing resources and process
computation loads [1], [2]. Cloud computing has been prene data in positions close to the user. Although the proximity
posed as a solution to manage these loads [3]. Howevgfedge devices to the end-user remarkably reduces the delay
Manuscript received May 7, 2020; revised October 13, 2020 aglg r?queSt Iransmission and m.creases the response rate, these
February 13, 2021; accepted April 2, 2021. Date of publication April 11€vices have a lower processing power than the cloud. In the
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Fog computing is a kind of distributed computing that caim the transmission of workloads as well as minimize these two
replace cloud computing by using several devices near tharameters. Also, we use renewable energies in the processing
edge of the vehicular network (see Fig. 1). Fog computing &d transmission of workloads at the network edge due to
more efficient than edge computing in terms of processinte significance of sustainable energy resources in computing
while it is less potent than cloud computing. The chief issuasks. Another innovation of this study is its use of renewable
in fog computing is the high costs of the required electrienergy as an input parameter in the genetic algorithm. For
power. Nowadays, a more challenging problem is providirthis purpose, green energy is used in our proposed method to
sustainable energy resources that can afford the long-tecaiculate the value function of the algorithm. The main reason
energy requirements of fog nodes in loV [10], [11]. Thdor using renewable energies is the limitation of edge devices
processing nodes chiefly receive their required power froom power consumption. As a result, these devices need to be
rechargeable batteries [12]. As this type of power sourcerisgularly connected to a power source for being recharged,
extremely limited and should be frequently recharged, the usfich limits their mobility. Also, changing the battery in loV
of renewable energies as a secondary or even the only podevices may impose high costs and is sometimes dangerous.
supply at the network edge is necessary [13]-[15]. Thusor this reason, loV devices should be able to maintain their
we need to develop a method for striking a balance independence and sustainability by using green energies and
distributing the workloads among fog nodes and cloud datdreless charging ability [18]. In this vein, we aim to utilize
centers so that both delay and power consumption could temewable energies to minimize the number of batteries at the
optimized. As a result, the energy resources of the loV becometwork edge.
more sustainable. The structure of the paper is as follows. Section 2 is a

To achieve this goal, the present study makes use ofreview of the related literature. In Section 3, the workload
genetic algorithm in finding the best distribution for theallocation model is formulated. Next, after a brief description
workloads. A review of the literature indicates that few studiesf the structure of the genetic algorithm, the optimization
have addressed the issue of finding the best cost function afidielay and power consumption in a cloud-fog environment
the effect of the coefficients of this function on the algorithm’s discussed. Section 5 describes the implementation of the
decision-making. Given this, this study first introduces a cogtoposed method and evaluates it in terms of the parameters
function of distribution based on two parameters, i.e., powef the algorithm. The method is also compared with other
and delay, and then attemptsrmdify the coefficients corre- existing methods. Finally, some concluding remarks are made
sponding to these parametascording to a genetic algorithmand ideas for further research are suggested.
in order to attain the best coefficients of workload distribution
in a way that the workloads could be processed with the least Il. REVIEW OF LITERATURE
delay and the least amount of power consumption. In recent years, many researchers have studied the method-

The genetic algorithm is a method for finding approximatelogies to orchestrate the distribution of workloads and reduce
solutions to search and optimization problems. This algorithtihe overall processing delay in loV. We briefly review some
is considered as a kind of evolutionary algorithm due to itsf the recent studies that have istigated the optimization of
use of biological concepts such as inheritance and mutati@mergy usage and delay reduction in fog computing.

Genetics addresses inheritance and the transfer of attributeBioneering work has been presented by Xu and Ren [19].
from one generation to the next. In living creatures, chron this work, they inspect the possibility of using renewable
mosomes and genes are responsible for this transfer. Tégergies as backup energy sources in mobile edge networks.
mechanism acts in a way that superior and stronger chronfdweir method uses machine learning algorithms to manage the
somes will survive. The final result is that stronger creaturesergy resources and distribute the computation workloads.
would be able to survive. Genetic programming is a techniqdéeir method aims to minimize the prominent costs of the
of programming that uses genetic evolution as a model fprocessing requests that include the processing delay and
problem-solving. Over time, the genetic algorithm has growaonsuming energy. The consequence of using a slow learning
in popularity in a diversity of problems such as optimizatiormechanism in their method is the weak results in controlling
image processing, topology, artificial neural network traininghe power consumption of edge nodes.

and decision-making systems [16]. Unfortunately, in many of the recently proposed methods,

A genetic algorithm beg with initializing a random only one aspect of the problem is considered. That is, some
population, which is composed of the possible solutions tf them sacrifice the processing time for optimizing the power
the problem. Each solution is a chromosome, and the ent@@nsumption at edge systems, and vice versa. Hence, in any
chromosomes form the initial population. In the first stepnethod to be developed, the processing delay and consuming
the value of each chromosome in the population is specifipdwer should be optimized simultaneously.
by the fitness function. During the execution of the algorithm, Regarding abovementioned challenge, &tual. presented
parents with more fitness are selected for reproduction, aadeinforcement learning-based method [20]. Their algorithm
the next generation is geneedt using genetic operators.was able to learn and adapt itself to any system with unknown
Crossover, mutation, and selection are the three main operatarsieling parameters. Despite the undeniable results of their
in genetic algorithms [17]. method in achieving acceptablerfi@mance in orchestrating

By using a genetic algorithm, the present paper seeksth® edge computations and using renewable energy sources for
obtain the best value function so that we could strike a balane®bile edge nodes, their algorithm failed to fairly distribute
between power consumption at the edge of network and detag workloads among the computing nodes.
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The GLOBE method of Wuet al. [12] tries to optimize TABLE |
the performance processing nodes at the network edge by THE MAIN SYmMBOLS
geographically balancing the distribution of loads, and at thegrrg Neaning Symbol Neaning
same time, Controlllng the input load of any edge nodes. ThiS A(t) The total rate of the input load Caelay(t) The total cost of delays
method can handle stochastic events concerning the battery®) The amountofworkload processed  cyac(£) The cost of using the
N . . locally supporting power supply
status and power limitations. Although the GLOBE is slightly m(t) The number of active servers atthe () Power consumption for
successful in optimizing the battery energy level, it is still so network edge operatinnal g‘:sks at the
Wi
far from DerfECt- ¢,(t) The cost of delay in processing Ccomp(t) Power consumption for
In 2019’ Dalvand and Zamanifar [21] proposed a new workloads at the network edge prﬁcesskingdloadsatthe
. . . network edge
model for processing data in the Internet of thlngs (IOT) Cogs (t) The cost of delay in sending d(t) Total power consumption
and developed an loT-Fog-Cloud in which the fog layer workloads to the cloud _
. . . . g(t) The total renewable power received b(t) Battery level at the network
is geographically close to the 10T edge devices. In their edge

system, a multi-purpose dynamic service is created to achieyei(t) The congestion status of the network _ s(¢6) _ System status

a balance between delay and resource costs. This service

is formulated by MILP and solved through weighted goaé the rate by which the edge nodes process the assigned

programming. The method controls and minimizes only onvgorkload. Finally, 4 (t) — u(t) denotes the remaining

goal as a compromise between time and power consumptipart of the workload transitted to the cloud. The number
None of the above studies have been able to strike a balantelynamic servers in any time interval i (t) € [0, M].

between cost and power consumption in distributing workload@$is number may change in different time intervals.

among network nodes. Our work is aimed at developing a2) Delay.: We consider three different delays in the system

mechanism for the balanced distribution of workloads betweerodel:

the cloud and edge nodes. This mechanism is supposed t@-1. The delay in communicating workloads on the wireless

attain a desirable tradeoff between power consumption anetwork, which is shown by, (t). This delay depends on the

workload delay. It will make use of renewable energy sourc@sput load of the network (i.e/ (t) 4 (t)). In our model, it is

as the power supply for edge computations. These sourcesamsumed as 0 due to the physical closeness of the active nodes.

expected to preserve the battery charge level. 2-2. The delay of processing workloads at local subregions
of the network edge, which is shown gy, (t). The amount
Ill. THE PROPOSEDMETHOD of this delay directly depends on the number of active servers,

Our point of departure is the fact that none of the previolige processing rate of them, and the model of managing queues
works have offered an optimum solution to reduce the codfseach of them. In our experiments, the M/G/1 mechanism
of fog computing. To elaborate on our proposed method antpdels the queue management in any active server running on
evaluate it, a cloud-fog environment is simulated as in [10§dge nodes. As a result, the delay in processing at the network
This environment involves four main models: workload, delagdge is estimated using the following equation [22]:
power consumption, and battery status. In the following, ()
we shall first examine these models as described in the refer- Clo (1 (1), M (1)) = mO K- 2@ 1)
ence and then present our proposed algorithm. Next, we will _ . TR ) )
define a new scenario to study how the algorithm functions.!n this equationkk represents the processing capacity of

The proposed scenario will be simulated for evaluation. ~ ©ach active server. o _
2-3. The delay in communicating the residual workload to

A. Formulation of the Problem the clou_d is shown byoss (t) and is gstimateq based on the
. . ) congestion status of the network. This status is represented by

Fpr the chief scenario, the edge system includes a l_)q1§ ), and is computed by adding the round-trip time (RTT)
station and a set of edge servers that are set geographicgllihy and the processing delay of the cloud. As a result, this

close to each other. A battery with a limited capacity is “S‘ztﬂalay is calculated based dén(t) according to the following
in each computing resource at the network edge (i.e., f%

. > "@Quation [22]:
servers). The shared power supply mechanism used in the
network lets the workloads be sent to the cloud especially  Coff (N(t), u (1), A () = (A(t) — u () h (D) (2)

when the edge servers require battery charge. The workloa(11_.ina"y, the cost of overall delay of the aggregate input

sen_t by the users to_the edge is first recgived by the b Grkload is estimated by adding the three above delays [22]:
station. The base station manages and decides on the amount

of workload that must be allocated to the edge or transmitted Cdelay (h (1), 4 (1), « (t), m(t))
to the cI%ud. Thtt;-zl definition of théormulation parameters is = Cui (A (1))
presented in Table I.

The proposed system is modeled here by considering it from +0o (r ®), M) + Cotr (M), 1 (1), 41) (3
four aspects. Note that,c,; (4 (1)) is negligible.

1) Workload: The equal time intervals = 0,1,2... 3) Power Consumption: The total consumed power is com-
are used to model the time. The computatioposed of two parts:
capacity of each edge device is specified in each time intervaB-1. A part of the power is used for basic operations
in terms of the number of active servers(t) € [0, imax] IS and communicating the loads. This part is represented by
the rate of assigning the workloads to edge nodesafd dop(t) and is independent of any operations regarding
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b(t) T M gy +den() b
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Fig. 2. Two modes of battery status. © V,Vor Fog Servers
ongestion: (1)
. . ((’H Fog Layer
processing the loads but merely depends on the input load Local Processing: () M
of the network £ (t)). In our model,dqp (t) is composed of
two power tvpes [22]_ Battery in edge of 4
p yp : Base Station network : b(t)
dop (4 (1)) = Gsta + dayn (4 (1) @ Toonosss s 1
—— Energy: g(r) M | Edge Layer
The dsta and dayn (4 (t)) represent the static power con- % =a 2 ol =
sumpt!on of the n.etwork edge and'the dynamic power con- g (] Edge Devices el
sumption, respectively. The latter differs from the input load

of the network and is set to 0 in our model due to the physicaly. 3. The cloud-fog architecture.
closeness of the computing nodes.
3-2. The power required for the processing of workloads

: ) ) e following equation calculates the battery level in the next
the edge is shown bylom (t). To estimate this parameter geq y

the amount of the workload allocated to the edge(t)) interval as

and the number of active edge servens({)) are required. bt+1) =b{)+g) —d@(),u®),m() (8)
Finally, the total required power is obtained by the following , o )
equation [22]: The operational cost of the battery in this state is

d (A1) . 1 ). M () =op (A (D) +Ceom (u ). M)  (5) Pty O =omax{d@G ), ). m®) =g®).0} ()
In thi del d bl wherew > 0 is the operating cost of one battery unit.
n this model,g (t) denotes any renewable energy source This state is shown by the second state in Fig. 2. Based on

that can be used as the power supp@.g_ the above four models, the architecture of the proposed system
4) Battery Satus. As formerly explained, one batterycan be illustrated as in Fig. 3

with limited charge is used to supply each active edge'zIn this figure, the set of requests(t) which have been

server. Overall, the total battery charge at the network edgegigy 1 the users enter the base station. The base station is

b(t) < [0,B], where B denotes a predefined maximuMggnqnsiple for distributing the loads between edge servers

capac_lty. The r.e‘?‘?W""b'e energy sources can recharge t;g.%., fog servers) and the cloud. The base station uses the

batteries. The initial battery level is set to 0. To contr olutionary algorithm to calculate the amount of workload

the battery level at the network edge, we should contrgo, - pe processed by edge servarst)). Then, the

:_r:e ratehof procefs;]ngbof wo_rklgads a.t tgeb edhgef S”erv%%essive requests are transmitted to the cloud. The trans-
ence, the state of the battery is determined by the followiRGiqqion of workloads to the cloud creates congestion in the

conditionsh: 5 g o is allowed ac"EMOTK and imposes longer delays on the loads. Therefore,
D-1. Whenb (t) < dop (4 (1)), no processing is allowed aty, o cngestion is measured in every intenaltf) to be

the _ngtwork edge. In this state, s_ince the _battery charge is Men into account in subsequent decisions. In the meantime,

sufﬁqent, the whole workload (t) is transmitted to the cloud. renewable energy sourceg({)) provide the power required

In this state, the renewable eggrsources recharge the battery, o g0 computations in each interval. If renewable sources

The overall cost of commgmcatmg t'he workload to the Cloué)roduce more energy than is needed by the servers, the surplus

is calculated by the following equation [22]: is stored in network batteridxt). Conversely, if the produced
Chak (4 (1)) = ¢.dop (Z (1)) (6) renewable energy is inadequate, the batteries will be used.

where ¢ is the coefficient reflecting the cost of consum-|v. UsiNG GENETIC ALGORITHM IN THE OPTIMIZATION

ing the supporting power supply. In the next interval, the OF WORKLOAD DISTRIBUTION

renewable power source will charge the battery according tOThis section describes how a genetic algorithm can be used
equation (7) [22].

to distribute the workloads more efficiently. The aim of using

b+ =b)+g(t) (7) @ genetic algorithm is to minimize system costs. The solution
to this problem using a genetic algorithm is presented in
The first state in Fig. 2 shows this state. Algorithm 1. Below is the description of the algorithm.

D-2. If the battery level is sufficiently more than the In the beginning, the battery level is checked. If the battery
required power for processing a part of workload, that pdevel is not sufficient for the basic operation, the supporting
of the workload f (t)) is processed at the edge, and thpower supply is used, and the entire input workload is trans-
remaining part{ (t) — u (1)) is transmitted to the cloud. Thus,mitted to the cloud. In this casgeu (t) = 0, and the genetic
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algorithm is not executed (lines 1 and 2). However, if theAlgorithm 1 Using a Genetic Algorithm in the
battery level is high enough for the basic operation to runQptimization of the Workload Distribution

all or part of the input load can be processed at the networKnpyt: 7, g, h, b, N, Ng,
edge. In this case, the genetic algorithm is used to calculatgytpyt ; 4

u (t) (lines 3 to 29). In the first step of the genetic algorithm, ;. ; b(t) < dp (4 (t))
the initial population is genated (line 4). This population . | i) <0

consists of a set of chromosomes. Each chromosome indicatgsy|ge

the amount of workload that can be computed at the edgg. | p __ Create Population()
Next, the fitness of the initial population is calculated (line 5). : fitness(P)

The fitness function returns a non-negative value for eac?n_ do
chromosome which is indicative of the individual capacity of_
that chromosome to reduce the costs. The cost function [2
can be used to calculate the fitness of a chromosome. The
proposed algorithm attempts to reduce this amount in order 0o
minimize system costs. Given the battery status of the systell"R:,
the cost function can be calculated in two ways 1

Perossover » Pmutation, Psdection

fori < 0,1,..., Nc//crossover and mutation
parentl <— random(P)

parent2 < random(P)

child < parentl

i f (random()> Pcrossover)

12: point <«
c(t) = Cdeay (h (1), 4 (1),0,0) + Coak (4 (1)), raﬂdom(l ength of choromosome)
13: child <

I (b(t)idp(l (t))) crossover (parentl, parent2, point)

else (10) 1 i f (random()> Pmutation)
) o 16: gen < random(length of choromosome)
This equation is composed of two parts: delay cost angd. child(gen) < mutation()
power cost. The following two coefficients are used for the,. End if
power cost part: 19: Add a child to P

1) Battery depreciation coefficieni)

S . 20: end for
2) Cost coefficient of the supporting power supppy (

O . ) 21 fitness(children created by cr ossover section)
As the effect of delay is directly involved in the cost__ . ,
i o .. . P < Sel eCt|0n(P, Psdecnon)
function, a new coefficient called delay cost coefficight is 2t3' while
mtroducz_ed. The_ proposed algorithm modlfles_ these coefficien S 4 (t) < best_chor omosom(P)
to examine their effect on power consumption and workloazs‘ while

delay and to find the optimum state on the network.

Another important genetic operator is crossover. Crossover
is used to exchange information between two chromosomé¥,
which accelerates convergence in the genetic algorithm. The
probability of the effectiveness of this operator lies in the rang@’
of 0.6-0.9. This value is called a crossover rate and denoted by
Perossover - 1N this problem, two peents and a random position
in the parents’ genes are seledt Next, the genes on the right
side of the random pdson of the first parent and those onis generated. Iff < Psgection (Pselection IS @ parameter,
the left side of the random position of the second parent ageay., 0.8), the fitter individual will be selected as the parent;
selected to produce a new chromosome (lines 9 to 15). Anotla#herwise, the less fit individual will be selected. These two are
operator is the mutation, which is responsible for produciragain returned to the population and involved in the selection
new information. This operator randomly changes one of tipeocess. After the selection press, the selected chromosomes
genes of the child with a low probability, such as 0.01. Thare introduced as the new generation and sent to the next
probability of mutating any chromosome is called the mutatiateration of the algorithm (line 23). In the proposed genetic
rate and is denoted bnutation. In the proposed algorithm, algorithm, the child generation operators such as crossover
one gene from the chromosome is randomly selected azod mutation as well as fitnesslculation and selection are
changed (lines 16-19). In this algorithm, the number of chiexecuted forNg times, which is indicative of the number
dren produced by crossover and mutation is set by the variabfegenerations (line 24). When all generations have been
Nc. In each step of this operation, a new child is added to tlegecuted, the first element of the population will be put in
set P (line 20). Then the fitness function of the generated (t) as the final result (line 25).
population is obtained by crossover and mutation operators asf the selected chromosome (vehi indicates the distribution
was done for the initial population (line 22). of processable load at the network edgét)) faces battery

There are different methods in genetic algorithms to seldghitations, the next chromosome in the population should be
the superior chromosome and transfer it to the next generatisalected. The process will continue until the power consump-
One of the common methods is tournament selection [28pn for x (t) becomes proportional to the edge batteries (lines
In this method, two chromosomes are randomly selected fr@6-28). At the end of the algorithm, the best value is selected
the population. Next, a random number r between 0 andfdr x (t), which in addition to minimizing the cost of delay and

(battery + green < Power Consumption(u (t)))
| u (t) < next_best_chor omosome(P)

end while

Endif
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Algorithm 2 The Effect ofw and on the Proposed per second. We restrict the maximum number of generations
Method of our evolutionary algorithm to 100.

Input: A,9,h
Output : average delay, aver age power consumption B, The Effect of » and # on Workload Distribution

1 for 0 <~ 0.01to1l step 0.01do In this section, the results of the experiments are presented
2. | for o <-0.01to1 step 0.01do using graphs. Then the graphs are analyzed and, by normal-

s | | GA_Algorithm(Z,g,h,0, ») izing the values of delay and power consumption, the best
4 | End for coefficients of the fithess function to minimize the costs are
s End for obtained.

Fig. 4 illustrates the average delay cost in different experi-
ments forw andd. As can be seen in Fig. 4(a), the increased

power consumption regulates power consumption accordingd@ay coefficient decreases the average delay cost. The rea-

the level of edge batteries. son behind this decrease is the stronger effec an the
cost function, which the genetic algorithm seeks to reduce.
V. IMPLEMENTATION AND EVALUATION In fact, the system attempts to reduce the delay cost so that

This section describes the implementation and evaluationof < workloads could be processed locally. For example,

mp o l9|g. 4(b) shows the variations in the average delay depending
the proposed method for optimum distribution of workloadgn the varving values of. In this fiqure. assuming a constant
between the cloud and the fog. For this purpose, the evaluation ying X gure, 9

parameters of the problem, thmarameters of the dif“ferentcomchCIent of b_at_tery deprec!atlom)(: b, an increase n
. . ; : the delay coefficient results in a decrease in the delay cost.
genetic operators, and the implementation environment

examined. Next, the effect of the variationssnandé on the E.']rﬁe m_ost important reason behind th_e decrgase in the_delay
distribution of workloads is studied and the optimum value & the increased value (.Df thlsa_pameter in the fitness function
X . ) as well as the processing of increased amounts of workloads
these two parameters is obtained. Finally, the proposed me”i]rﬁ’qhe fog servers
with the optimum values of» andé is compared with other , ) . .
existing methods. Fig. 4(c) depicts the averagdelay according to the vari-
ations ofw for two constant values of. When¢ = 0.01
. (the minimum value), the majority of processes are conducted
A. Smulation Parameters in the cloud, and the average delay is maximized due to the
This section describes the simulation of a cloud-fog enuininimal effect of this parameter on the fitness function and the
ronment in order to evaluate the proposed method. In thdecision-making. It can be seen that when the delay coefficient
environment, the genetic gdrithm described above is useds constant, by increasing the battery depreciation coefficient
in the base station as the distributor of workloads between the) from 0.01 to 1 the power consumption part in the
cloud and fog servers. The simulation aims to examine tleest function becomes more sifjoant. Therefore, the system
effect of the delay cost coeffent and battery depreciationattempts to send more workloads to the cloud to reduce power
coefficient on the fitness function as well as on the averagensumption. Consequently, with the transmission of the loads
delay in workload transmission and the power consumptiom the cloud, the average delay begins to escalate. Also,
at the network edge. To narrow down the search spacearncomparison of the two lines depicted in the figure would
the genetic algorithm, we assume the cost coefficient siiow that the average delay with= 0.08 is less than with
the supporting power supply (0.15) as constant and orly= 0.01, which can be explained by its increased effect on
study the variations inw, and §. The process is shown inthe fitness function. Given the above discussion, the greater
Algorithm 2. According to this algorithm, with changing thethe coefficient of battery depreciatiom) and the greater the
value of w and@, the genetic algorithm runs 10000 times irdelay coefficientq), the less the average delay.
each experiment and the average energy consumption and theig. 5(a) shows the average power consumption witnd
delay are measured. In these experimen81 & w <1 and 6 in each experiment. In general, an increase in the coefficient
0.01<# < 1, and their values are changed bYDin each of battery depreciation will reduce power consumption. The
experiment. reason for this reduction is the increased effect of battery
The proposed method was examined on a system with @epreciation on the cost function. In fact, the algorithm tries
8-core 1.8 GHz CPU and 12GB RAM. In the followingto allocate most of the processes to the cloud to reduce
we first initialize the parameters and then discuss the resufiewer consumption in the fog servers. Fig. 5(b) depicts the
The amount of input workload in each interval is specifiedverage power consumption with three constant valueg of
by a random number that uniformly varies between 10 armdcording to the variations ab. It can be observed that, as
100 requests per second. The renewable energy fluctuates coefficient of battery depreciation increases, the average
according to a normal istribution of N(520W, 1500 [20]. power consumption witl# = 0.15 andd = 0.01 is reduced
The maximum capacity of each battery is=B2kWh. Also, from 550 w to 450 w. The reason for this reduction is
we assume that the initial charge of battery b €)0. the system’s attempt to send more workloads to the cloud
The static power consumption of the base station @nd decrease power consumption in the fog servers. As the
dsta = 300W. We set the maximum number of edge servefggure shows, in points wheré = 0.01 (i.e., the minimum
M = 10. Also, each active server consumes 150W of electriealue), the majority of workloads are sent to the cloud, and
ity. The maximum processing rate of each server is 20 requethts average power consumption decreases at a higher rate to
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Fig. 5. The average power consumption based on the delay coeffiéieand coefficient of battery depreciatiom)( (a) The average power consumption
by changingw andd. (b) The effect of the coefficient of battery depreciaties) on power consumption. (c) The effect of delay coefficiehit ¢n power
consumption.

achieve its final value (i.e., 450 w). Also, it can be concludethis is due to the minimal effect of the coefficient of battery
that the rapid decrease in pewconsumption is due to thedepreciation on the cost function.
minimal effect of delay and the stronger effect of battery Given this, we seek out a state in which the average
power consumption on the fitness function. Another poimower consumption is minimized so that the least amount of
to mention in this figure is the points on which the delagepreciation could be achieved. As discussed earlier in the
coefficientd = 1 is maximum. On these points, due to théormulation of the problem, green energy enters the system as
strong effect of delay on the cost function, the algorithmormal distribution according to the equatid¥(520W, 150).
sends the majority of processes to the fog server so thatcording to Fig. 5(a), power consumption is almost equal to
they would be conducted locally and the power consumptidine average green energy received by the system. It can be thus
would not decrease. In this case, the battery level reachescitscluded that this algorithm tries to distribute the workloads
maximum. in a way that the required power for processing could become
A comparison of the three lines in this graph indicates thatmost equal to the green energy and the coefficient of battery
the average power consumption 6f = 1 is greater than depreciation as well as the power consumption at the edge of
6 = 0.15 and the average power consumptiordef 0.15 is  the network could be minimized. Also, with the decrease in
greater thart = 0.01. The high level of power consumptionpower consumption at the network edge, more green energy
is due to the greater significance of the delay part in the castuld be stored in the batteries.
function. Fig. 6(a) illustrates the network edge battery levels in
Fig. 5(a) shows that, on points with a delay coefficiedifferent experiments fotw and 8. With the increase in the
greater than 0.7, the average power consumption reachesfficient of battery depreciation (on points whérés less
its maximum and remains constant for each stateAlso, than 0.7), more workloads are transmitted to the cloud, which
given thatd < 0.7, as the coefficient of battery depreciationvill increase the battery level. Fig. 6 (b) shows the battery level
increases, attempts are made to send the loads to the clfardhree constant states 6f Whené = 0.15 andéd = 0.01,
and decrease power consumption. Aslecreases, the powerwith the increase in the coefficient of battery depreciatioy (
consumption part becomes morigrsficant, and the averagethe battery level will increase from 700 w to 2000 w (charging
power consumption is reduced. Fig. 5(c) shows the powerode). Wher® = 0.01 (minimum), due to the transmission of
consumption graph based on the variationg &dr two values all workloads to the cloud, the green energy not consumed is
of w. As can be seen in the figure, when the coefficient stored in the batteries and the battery level rises more quickly.
battery depreciation i® = 1 (maximum), power consumptionHowever, when) = 1 (maximum), the loads are maintained
will increase as the delay coefficient increases and becona¢ghe network edge, thereby leading to the remarkably high
more significant in the cost function. In addition, when thpower consumption and keeping the battery level at 800 w.
coefficient of battery depreciation i® = 0.01 (minimum), It should be mentioned that the proposed algorithm could
power consumption will not change with the increasefin maintain a full battery in most cases.

Authorized licensed use limited to: Scms School Of Engineering And Technology. Downloaded on July 27,2023 at 09:31:06 UTC from IEEE Xplore. Restrictions apply.



ABBASI et al.: OPTIMAL DISTRIBUTION OF WORKLOADS IN CLOUD-FOG ARCHITECTURE 4713

%
=3
s)

-------- Delay-Coefficient (8) =
Delay-Coefficient (8) =
e Delay-Coefficient (6) =

[0
=]
)

500

= 0-500 2100 sereeesestet s umtar s e 2t o o emecmy 2100 ———em——al
3 2000 mS001000 g 10 5 1700 et
3 10001500 g : 3 \‘
g 1500 1500-2000 g 1300 ¢ g 1300 \
% 1000 % 900 % 900 - “‘
¢ 4 ” R
2 2 E

100 ===

€
n
=
o
o

Delay-Coefficient (6) Coefficient of Battery Depreciation(w) Delay-Coefficient (8)

(a) (b) (c)

Fig. 6. The average battery level based on the delay coeffidigrand the coefficient of battery depreciatian)( (a) The average battery level by changing
o andd. (b) The effect of the coefficient of battery depreciatias) on battery level. (c) The effect of delay coefficiedf) ©On the battery level.

TABLE Il

& Monnalized Aean ge Power Coi eng-l
' ¥ OPTIMUM POINTS BASED ON THEVALUES OF# AND @

Mol red s ge Delay Tl

1 2 3
Delay Coefficient () 0.05 0.08 0.1
Cocefficient of Battery Depreciation (w) 0.23 0.35 0.47
Average Delay 3.4958 3.49302 3.49707
Average Power 466.59 467.1 466.62

Fig. 7 illustrates the normalized levels of average power

ok consumption and delay cost for every valuexoindé.

i ‘“ It can be observed that these two parameters have a negative
"j;'ljf;;"'f " oz ? relationship. That is, an increased delay means decreased
Depeeciutianio] *® B power consumption and vice versa. As a result, a balance

g
L |

betweenw andd can be attained when the normalized values
of delay and power consumption are equal. In other words,
Fig. 7. Normalized values of delay cost and average power consumptiothe intersection points of the two normalized levels are the
points of balance. The intersection of these levels in this figure
Comparing the corresponding graphs in Fig. 5 and 6 indibrms a line. Those values af andé that lie on this line are
cates that, by sending more workloads to the cloud aimticative of a balanced state. Of these points, however, only
decreasing power consumption at the network edge, mah®se points provide an optimum state in which the sum of
green energy could be stored in the batteries. This processhat two normalized parameters is minimal.
the network edge will increase the battery levels. To illustrate On this basis, the three optimum points from Fig. 7 are
this point, let us compare Fig. 5 (c) and 6 (c) in termdescribed in Table Il. This table lists the average power
of power consumption for the delay coefficiefitand two consumption and the delay for each of the points in the
values ofw. It can be observed that, when the coefficient ggarametric spacé&l, w). For a better comparison of the three
battery depreciation i® = 1 (maximum), power consumptionpoints, six cross-sectional cuts have been made in the graph
increases with the increase in the delay coefficient as welliasFig. 7 (Fig. 8 (a) to 8 (f)). In Fig. 8(a), the normalized
its effect on the cost function, thus reducing the average batteatues ford = 0.05 can be observed. At the intersection point
level. Also, when the coefficient of battery depreciation ighere the sum of the two parameters is minimal, the cost
o = 0.01 (minimum), power consumption will not changeof battery depreciation should he = 0.23. Forw = 0.23,
with the increase ir9, and the average battery level at thé&ig. 8(b) shows that the intersection point at which power
network edge will remain constant. This is not desirable fand delay are minimal i = 0.05. Similarly, for the second
us because we seek out circumstances in which the averagémum point (Fig. 8(c) and 8 (d)}} = 0.08 andw = 0.35
battery level would be maximized. On the other hand, the caehieve a balance, and their sum is the minimum amount.
responding graphs in Fig. 4 and 6 indicate that the batteffjg. 8 (e) and 8 (f) depict the third optimum point far,
level decreases with the reduction in the delay. The reasoraisd §. At this point, too, the sum of delay cost and power
that, in order to reduce the delay costs, the system attemptsd@msumption is minimal witl# = 0.1 andw = 0.47.
process most of the workload in the fog servers, which leads toThe following are the results of the execution of the pro-
more battery consumption. Given what was discussed abopesed workload distribution at the optimum poings=€ 0.05
we need to reduce the average delay while maintaining tardw = 0.23). Fig. 9 illustrates the amount of data processed

Dhelae Conlfiowre 105

maximum battery level. in the fog, the battery consumption of servers, and the amount
) ) of workload sent to the cloud.
C. The Optimum Point of @ and ¢ In this figure, the ratio of offloading in the cloud and

To reach a balance between power consumption and delaytie fog to the total input workload is shown in intervals
workload distribution, average power consumption and delay 1000. On average, in each interval, 64 percent of the total
cost were normalized to find the optimum statecgfandé. input load has been processed in fog servers, and the rest
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(around 35 percent) has been sent to the cloud. As most 100

. = Cloud offloadi m F M Batt
of the loads have been processed locally, it is expected that oucooading & Tog MESTEN

~ —
battery consumption should be high. However, the battery level T 3T 3 E T 3 g § d
graph shows that an average of 12 percent of the battery hasgeo = B .
been consumed in each interval. This can be explained byg 28 -8 2B B =28 “8 <% 8 -f -
the optimum use of renewable energy. The system distributess ©© —#8 % —&
the loads in a way that the power consumed for processing’s ,, 5 S E E R 5 E W =
at the network edge be equal to renewable energy. Also,= "~ ==
in intervals where more load has been processed locally, ©
there is a rise in battery consumption. For example, battery 0”000 S Q?)o@ & 0@@ 65\000 bee& 09@0 \9@0

consumption in the interval 5000-6000 is 3 percent more than & & & ¢F & &S <

in the interval 4000-5000. On the other hand, local processing Time Slot

reduces the delay in the handling workloads. Fig. 9. The rate of usage of cloud and fog resources and power supply over
time.

D. Comparison With Other Methods state of the system. Since this algorithm does not need a model

In this section, the results of the proposed method at it$ the environment, it can solve the problems with stochastic
optimum point are compared with other methods to confirtransitions and payoffs without needing any regulation.
the decrease achieved in the delay in workload transmission4) Myopic Optimization [26] : In this algorithm, regardless
These methods are briefly described below. of any relationship between the system states and correspond-
1) Fixed Power: In this method, a fixed amount of power ising decisions, the cost function of each state is minimized
considered for edge computations at each interval of time [28)y only considering the present input information of the
2) Post Decision Sate (PDS) Algorithm [20]: The PDS system. Thatis, in the Myopic optimization model, the present
algorithm grabs the state of the system instantly after makikgowledge of the workload allocation is densely presented by
the decision at the end of each time interval. The state of taévlyopic window which represent the knowledge of system in
system after making a decision at the end of the interval is arlimited number of time frames. The content of this window
important data that is named théer-state variable. The PDS may be repeated in different times. As a result, the outcome
is mainly used as a decision-tree based optimization algorithofi.the system may be seen repeatedly.
In this algorithm, to find the optimum solution, the problem Fig. 10 shows the average delay cost for different methods.
is broken down into decision nodes and outcome noddss can be observed, learning-based methods perform better
which correspondingly denote pre-decision and post-decisiand have a lower average delay when run on the battery
states. For finding the optimum decision for the vector-valu¢lan when using the electricity network. On the other hand,
problem of workload allocation, the PDS tries to find a stathe proposed algorithm has a lower delay than the other
that minimizes the long-term costs of the system. methods. In this figure, the delay cost of all the methods is
3) Q-Learning [25]: Q-learning is considered as a reingreater than five, whereas thergtic algorithm used in the
forcement learning algorithm that is independent of the tygmoposed method has reduced this cost down to 3.5.
of system model. In this agent-based algorithm, the agent triesSThe main point that is clear in both figures is the reduction
to learn a strategy, which results in the best action for eaoh the average energy consumption and the reduction of
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Abstract—There are several kinds of smart devices, such as and embedded devices, have revolutionized both the phys-
smartphones, sensors, and smart wearable devices, included injcal and digital world through the integrated interactions
tngi'r"%Tv‘;’]‘”a‘g;g‘e'r'-&oegémTL;sé’Ster?’rg%r‘i]':]ere”;?;a’i'cgs hlfr‘ge to create the global smart cyber—physical systems (CPSs)
grammers usualls need togdesignpthegsame dgtzf procgssing Iogic[l]_[3]' To Process t_he large Sca_le of the comple_x “nk?d data
for different devices by using a different programming model. between different kinds of deV|CeS, both data-intensive and
How to mapping the same code to different devices without any memory-intensive data processing frameworks are included in
change is an emerging topic in the HITL system. Furthermore, CPS, i.e., CPS is a softwaretémsive decentralized system
the intelligent data processing for the smart CPS sector is that autonomously perceives its operational context [4], [5].

experiencing significant growth in data volume, driven by a large : . .
number of smart devices that are anticipated in the near further. A CPS system consists of the hardware infrastructure (physical

All these smart devices are expected to improve the overall HITL components) and software model [6]-[8]. The most important
system performance marvelously. A large number of devices can software is the cyber twin, which is used to simulate the
also outstandingly ir_lcrease the data volume, which needs to be physical things. Internet of Things (IoT), on the other hand,
processed in real time. How to process large-scale data on aconnected kinds of sensors and some other physical things.

smart device in real time is another challenge. Focused on theseTh. that loT act tion bridae t work
challenges, this article proposed a computing device-aware HITL IS means that 1ol acts as a connection bridge 1o networ

CPS data processing framework, named Barge, aiming to map different cyber—physical things. CPS, also known as big data
the regular code to the different hardware without any change. processing technologies, is a hot topic, which leads to a
In Barge, a semantic model, an architecture-driven programming set of new research interests, and it was widely used in
model, and a graph partition scheme are included. The semantic many services, such as customer behavior prediction and

model is used to express the user-defined graph algorithms by th d - ¢ itori H t of th
using the domain-specific language. The architecture-driven pro- weather and environment monitoring. However, most of the

gramming model will execute the graph algorithms on a different data processing logic for the same application is the same, but
device in parallel. Furthermore, the graph partition scheme will programmers need to develop multiple different copies of code
partition the large-scale graphs into suitable partitions by aware for an application and deploy them on different devices. How
of the topology to make the partitioned data suitable for kinds 1 rejease programmers from the strenuous repetitive work is
of smart devices. We believe that our work would open a wide . .

an emerging topic in the HITL CPS system. Furthermore, all

range of opportunities to improve the performance of large-scale . : .
graph processing for HITL systems. these services will generate an enormous amount of data in

. iy real time, which makes it is not easy to store and process
Index Terms— Cyber—physical systems (CPSs), data partition, . e .
graph computing, Human-in-the-Loop (HITL), new architecture, such kind of large-scale data. All these difficulties drive
programming model, semantic model. the scientist to propose cloud computing technologies along
with machine tools, data mining, artificial intelligence, and
fog computing technologies to store, process, and analyze
large-scale data. By using all these technologies, we can try to
HE tremendous amount of smart devices, such as smantcover the hidden patterns, unknown correlations, and other
phones, radio frequency identification (RFID), sensorgseful information [9], [10]. The characteristics of big data
were well summarized in the Introduction Section of [11]. The
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been widely used in Human-in-the-Loop (HITL) data procesand principles of Barge in Section IV. Section V introduces the
ing [16]-[18], a knowledge graph programming with an HITLrelated work, and we will conclude this article in Section VI.

discussed in [16]. In Lou’s work [16], the authors examined the
advantages of the knowledge graph programming for HITL,
such as the flexible programming interface and kinds of “data
compiler” method. Then, the authors proposed a knowledgein this section, we describe our experimental settings,

graph programming prototype for HITL. Holzingerral. [17] including the graph data sets and algorithms and the graph
provided new experimental insights on how to improve conprocessing frameworks (GPFs) for our empirical study.

putational intelligence by complementing HITL with humamwe also try to explore the parallelism issues and memory oper-
intelligence in an interactive machine learning approach. Th&on characteristics of GPFs for HTTL CPS data processing.
article [18] described a “big picture” of HITL data analysis,

including the user communities’ tools and algorithms, and also

the HITL data analysis framework developing technologiés Experimental Settings

and theories. However, how to use graph theory and algo-1y Graph Algorithms: Most of the graph algorithms can be
rithms to support distinctive characteristics of HITL CPS dai@assified as the iterative algorithm and the traversal algorithm.
analysis and provide high-perfaance and real-time decision-| vertices will be updated in each iteration of the iterative
making policy remains challenging and represents a promisiggyorithm, but only active vertices will be updated in each iter-
research direction. _ ation of the traversal algorithm. The most representative algo-
With the development of hardware manufacturing, thefgnms of iterative and travess algorithms are PageRank (PR)
are several kinds of new computing devices proposed fanq Breadth-First Search (BFSgspectively. We select these
large-scale data processing,dammaditional large-scale graphyyg most representative graph algorithms for the performance
computing is facing new opportunities and challenges. Gragla|yation, as well as much prior work [19], [20] do.
applications have poor locality and poor cache hit rate and arel) BFS An algorithm that traverses the whole graph
largely stalled on memory acsges since there are complex in search of one or more vertices. which is a basic
connections between graph nodes and the working set of ' .
realistic graphs is much larger than the last level cache (LLC) c?mpohnent of many other complex graph mining
of current machines. The conventional computing architecturez) ?,SOX; Z:S.orithm that was used to evaluate the influence
is computing-centric, which focuses on memory sharing and of \./ertex \?vithin a graph, which was proposed by Google

message communications; this processing fashion is unable to first and it was inttiallv used to evaluate the importance
handle graph applications. In this article, we focus on the key of a' web page y P

technologies and methods of a new computing architecture for
large-scale HITL CPS graph data processing. To solve the poo?) Graph Processing Frameworks: Many GPFs have been
locality and poor cache hit rate problem, we proposed nelgveloped by both academic and industry researchers, such as
computing device-based HITLRS data processing architec-TOTEM [21], CuSha [22], and some other frameworks. In this
ture, named Barge. We made the following contributions gection, we select four representative state-of-the-art GPFs to
the proposed architecture. run the graph algorithms and profiling the runtime details.
1) We conduct an extensive set of comprehensive experi-1) GunRock [19]: A high-performance graph processing
ments to explore the parallelism and memory operations library on GPU with a high-level bulk-synchronous
of the graph processing systems for HTTL CPS data  processing scheme. Gunrock provides a data-centric
processing. abstraction centered on operations on a vertex or edge
2) We proposed a semantic model for large-scale graph frontier. Gunrock achieves a balance between perfor-
data processing under new computing architecture to  mance and expressiveness by coupling high-performance
mapping the same code to different devices without any ~ GPU computing primitives and optimization strategies.
change. The semantic model includes semantic rule and  Gunrock also proposed a high-level programming model

Il. CHALLENGES OFHITL CPS DATA PROCESSING

graph data interpretation method. that allows programmers to quickly develop new graph
3) We proposed an architecture-driven programming  primitives with small code size and minimal GPU pro-
model, which is suitable for a different architecture. gramming knowledge.

4) We proposed a data- and topology-aware graph data2) Sep-Graph [20]: A highly efficient software framework
partition scheme that can partition the large-scale graph  for graph processing on GPU. It provides a hybrid
data quickly by consider the data structure and also the execution mode that can automatically switch among
feature of the computing device. synchronous or asynchronous execution mode, Push or

The rest of this article is organized as follows. We will intro- Pull communication mechanism (Push or Pull), and

duce the characteristics and research challenges of HITL CPS Data-driven or Topology-driven traversing scheme (DD
data processing and the motive of using the graph processing or TD), according to the parameters.

method to process the large-scale HITL CPS data in Section 11.3) Tigr [23]: A graph transformation framework that can
Section 1l provides our proposal for applying the proposed  effectively reduce the irregularity of real-world graphs
Barge model to improve the performance of HITL CPS data  with correctness guarantees for a wide range of graph
processing. Then, we will introduce the design methodologies analytics.
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TABLE |
DATA SETSUSED IN THE EXPERIMENTS

Datasets Vertices Edges | Avg. Degree | Max Degree | Diameter | Exponent(c) | Zmin | Fitness (p)
web-Stanford 281,904 2,312,497 8.20 38,626 164 2.1310 5 0.894
dblp-2011 986,208 6,707,236 6.80 979 23 3.9736 119 0.4
youtube 1,157,829 2,987,624 5.27 28,754 24 2.1410 8 0.877
RoadNet-CA 1,971,282 5,533,214 2.81 12 8,440 15.5587 4 0
Wiki-Talk 2,394,386 5,021,410 4.19 100,032 11 2.4610 1 0.787
soc-LiveJournal 4,847,571 86,220,856 28.25 22,887 20 2.6510 59 0.930
twitter-2010 41,652,230 | 1,468,365,182 70.51 3,081,112 23 1.54 12 0.96
webbase-2001 118,142,155 | 1,019,903,190 8.63 816,127 379 2.2 6 0.538

4) GSWMITCH [24]: A machine learning model-based graph?
processing system that dynamically chosen the opti-
mization variants by monitoring the system overhea(ijj.
In GSWITCH, the authors trained 644 real graphs tg
learn the algorithm pattern, and GSWITCH changes the
optimization variants by using the pattern information tes
achieve high parallel system performance. 0s

3) Graph Data Sets: All the data sets of the experiments™
conducts in this article are follow the classic graph formal:
ism [25] We useV and E to present the vertices and edgeSweb-Stanford dblp-2011  youtube  RoadNet-CA  Wiki-Talk soc-Livelournal webbase-2001  twitter-2010
of the graph, respectivelfs = (V, E) present the graph. The Fig. 1. Average IPC of PR on different data sets with different implemen-
edge presented as wheree = (u,v) ande =< U, > tations.
are the undirected and directed edges. In this article, both
directed and undirected graphs are used in our experimentis:
In order to show the performance of different kinds of graphs,
we include both power-law and large diameter graphs in all otfr
experiments. We select eight graphs from different real-world
applications, such as e-business, social network, and solr'jne
other source networks, and all these graphs are with differen
structures and a varying number of vertices and edges. The
graphs are shown in Table I. All these eight graphs can
be downloaded from the Stanford Network Analysis Projeet
(SNAP) [26]AS the power—IaW graph follow a distribution, Oweb-Stanford dblp-2011 youtube  RoadNet-CA  Wiki-Talk  soc-LiveJournal webbase-2001 twitter-2010
as shown in formula (1) [27], [28], we list the exponent and
the fithess in Table | to compare the power-law attributiofrig. 2. Average IPC of BFS on different data sets with different implemen-
In this article, the graphs are stored in a plain text fil&"o"s:
with an edge-list format, which is easy for us to locate the
edges

W sepgraph M GunRock

W GSWITCH m Tigr

m sepgraph ®m GunRock

B GSWITCH mTigr

We illustrate the instruction-level parallelism (ILP) of all
P(X) o< X%, (1) the evaluated frameworks. Figs. 1 and 2 show that the

) Hard Plat - All th . di average instructions per cycle (IPC) of PR on GSWITCH
) Hardware Platforms: the experiments presented inig gp ¢ 1.793, while the IPC of PR on the other three

this_, seption are condu_cted o1 Dl A Tesl a ,VlOO GPU, frameworks is no more than 0.458. This experiment indi-
which is a Volta architecture-based GPU with 5120 CuDA

; tes that only about one-eighth of the core’s ability is
cores and 32-GB onboard memory. The GPU is couplg@ed for most existed GPFs (except GSWITCH). One main

with a host machine equipped with 28-Ksyun Virtual Seniq'reason for low IPC is the long instruction latency [29], and

CPU cores, each at 2.60 GHz, and 12-GB memory. Tlﬂ;? ;
T . . ere is a large number of GPU cycles consumed by some
host machine is running Ubuntu OS version 16.04.10. T'i}‘?structions g y y

algorithm is implemented with €4 and CUDA 10.02 using

- In order to identify the exact reason for the low ILP
the “-arch=sm35” compute compatibility flag. y

phenomena, we also evaluated the Max/Min IPC of differ-
) ) ent implementations of PR and BFS on different data sets.
B. Exposing More Parallelism Figs. 3 and 4 show that the Max IPC of PR and BFS on Sep-
To improve the parallelism of hardware, the Single Instruggraph, Tigr, and GunRock are no more than 0.543, while the
tion Multiple Data (SIMD) arcfltecture is introduced to the MAX IPC of PR on GSWITCH is 1.823. This phenomenon
out-of-order (OOO) manner to enable simultaneous executimdlicates the heavy dependence on graph processing algo-
of multiple independent instructions. In this design philosophgithms. The execution of one instruction may relate to many
each core could issue more than one Micro-Operatipnsg). other instructions.
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Fig. 3. Max/Min IPC of PR on different data sets with different i 5 Achieved occupancy of PR oriffdrent data sets with different
implementations. implementations.

M sepgraph Min B GunRock Min B GSWITCH Min Msep-graph WGunRock M GSWITCH mTigr
sepgraph Max M GunRock Max B GSWITCH Max

25 W Tigr Max Tigr min

OOM

Stanford dblp youtube roadnet wiki livejournal webbase twitter

Fig. 4. Max/Min IPC of BFS on diffeent data sets with different ©

. . web-Stanford dblp-2011 youtube RoadNet-CA Wiki-Talk  soc-LiveJournal webbase-2001  twitter-2010
implementations.

- Fig. 6. Achieved occupancy of BFS dfifferent data sets with different
C. Warp Issue Efficiency implementations.

To look deeper into the reason for low ILP, we evaluated

the occupancy of GPU warps. In GPU performance profil-
ing, the achieved occupancy is used to measure the warp //\/
scheduler’s efficiency by using the ratio of the average active

warps of each clock cycle to the maximum warps supported py
each multiprocessor (SM), which defined as for the following

formula 4
aCt'Ve WarpS 0.3 el sep-graph === GUNROCK === GSWITC ==ill=Tigr
occupancys ——————, )
maximum warps o

From formula (2), we can conclude that low occupancy
interferes with the ability to hide memory latency, which can wesenoa  aipz0m  yoube  RoadNetca  wikiTalk  socvelounal webbase-2001  tuiter-2010
degrade the_pe_rformar_1ce. In contrast, higher occupancy de%.SY. Global memory efficiency for BFS on different data sets with different
not always indicate higher permance. Many factors can jmplementations.
affect occupancy, such as register availability. The register
storage differs for different devices, and it enables the threddgs. 7 and 8 show the global memory efficiency for BFS
to keep local variables nearby for low-latency access. Hownd PR on different data sets with different implementations.
ever, the threads must share the register file due to a limitd& can conclude from Figs. 7 and 8 that GunRock can achieve
commodity. In modern GPU architecture, all the registers aftee highest memory operation efficiency for both the traversal
allocated to a block at the bieming of the program. Hence, and iterative algorithms while Tigr and GSWITCH tending to
a supported block of a multiprocessor (SM) will be reducedary widely on different data sets.
if each block uses more than one register, and this threadrable Il shows the global memory throughput for BFS and
assignment will further reduce the occupancy of the SM. PR on different data sets, @rigr can achieve the highest

Figs. 5 and 6 show the occupancy is very low of botplobal memory throughput on both BFS and PR. GunRock and
PR and BFS implementation of GunRock on all the eigESWITCH achieve the lowest throughput on most power-law
graph data sets, while both the iterative and traversal alggraphs, while Sep-Graph can achieve higher throughput on the
rithm can achieve high occupancy of Tigr and GSWITCHarge-scale graph&f0adNet - CA) than the power-law graphs.
implementation.

I1l. APPLYING BARGE IN GRAPH-BASED HITL
D. Memory Operations CPS DATA PROCESSING

In this section, we explore the memory operation efficiency As we discussed in Section I, there are several challenges
by checking the global memory efficiency and throughpuior graph processing on GPU, such as the control and memory
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TABLE I
GLOBAL MEMORY THROUGHPUT FORBFSAND PRON DIFFERENTDATA SETS

Dataset Algorithm | sep-graph | GunRock | GSWITCH Tigr
eb-Stanford BFS 129.282 20.455 46.950 574.200
W PR 239.054 218.939 141.676 385.350
dblp-2011 BFS 211.695 31.467 57.259 303.110
P PR 317.688 230.4609 180.500 650.760
outube BFS 127.786 105.280 67.061 388.960
y PR 86.187 224371 314.670 519.400
BFS 234.096 11.830 21.154 632.380
RoadNet-CA PR NULL | 285526 | 446260 | 876.900
Wiki-Talk BFS 128.983 210.178 93.004 387.250
PR NULL 255.578 217.316 82.537
soc-LiveJournal BFS 195.8851 154.3607 107.335 692.410
PR 189.973 290.041 377.910 143.770
webbase-2001 BFS 276.6052 | 221.7952 NULL 532.160
PR 318.656 313.666 210.889 383.780
twitter-2010 BFS 237.222 173.589 197.400 820.510
PR 181.970 325.354 NULL 48.873
1
Semantic Model it
a— = Progr Partition
09 r— o Semantic rul g Joi Interval() 1
% (,;f | ‘xn | Interval(2) {mm
08 -> 8_5 [Compute] | |[ - L
X @ 3 Interval(p) T 1
7 Data Entity | |esp El Shﬂl'd(j};
0.6
05 Data Storage @ @
©.0 %00
6]
0.2
01 e sepgraph | e Gunfiock  —m GSWITC —Tigr Fig. 9. lllusion of the proposed HITL CPS data processing framework.
0

web-Stanford

dblp-2011 youtube RoadNet-CA Wiki-Talk  soc-LiveJournal webbase-2001  twitter-2010

Fig. 8. Global memory efficiency for PR on different data sets with different
implementations.

divergence, load imbalance, and global memory access over-
head [30]. To achieve an efficient performance of large-scale
HITL CPS graph data on new architecture devices, this section
introduces the Barge framework for HITL CPS graph data
processing.

We design Barge by considering the three primary aspects
of graph processing: algorithm semantic expression, program-
ming model, graph partition, and data placement.

1) Exiting graph processing systems are designed for sin-
gle hardware by considering the hardware feature to
improve the system performance. While this design
philosophy cannot achieve excepted performance on

and the scalability requirements of graph processing,

this article proposes an architecture-aware programming
model that can be suitable for multiarchitecture. The pro-

posed model provides a reasonable run-time abstraction
of hardware parallel features and the rich programming

interfaces for graph computing applications.

3) The new architectures devices usually have very high

local memory access bandwidth but are just equipped
with a small capacity of onboard memory. How to use
the limited memory of new architectures devices to
process a large-scale graph is a great challenge. In order
to solve this problem, this article proposes a new graph
partition scheme by considering how to balance the
computing workload and communication overhead and
the memory access efficiency and also the redundant
computation overhead.

new hardware architecture, in some cases, the existeq:ig. 9 shows an illusion of the proposed HITL CPS

frameworks even cannot run on the new device. Thbsata processing framework

design philosophy is easy tomit the scalability of the

In this framework, we propose

a semantic model to represent the graph algorithms, a new

framework and will lead to strenuous and repetitive work,-amming model to fit multiarchitectures, and also a new

for programmers. In order to solve this problem, thla
article proposed a semantic model to represent the graph
algorithm and make the graph algorithm suitable for the

raph partition scheme.

new architecture without reprogram the algorithm. Th8: Graph Algorithm Semantic Model for New Architecture

2)

semantic model provides a set of unified semantics toNowadays, with the proliferation of mobile devices and
define the graph structure and a set of unified API favearable devices, the HITL CPS graph data are prolifer-
different graph processing systems. ating. The efficient parallelism graph processing algorithm
In order to remove the conflicts between the heterogis-the most essential aspect to improve the performance of
neous parallelization of kinds of new hardware devicagaph processing systems. Combining the features of the
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new architecture with the characteristics of graph processimarious graph algorithms while ensuring the efficiency of
algorithms is the key to improving the performance of grapbarallel computing is the first problem to be studied in graph
processing systems. Traditional work usually makes differecdmputing programming models.
implementations for each ari¢bdcture. This method has poor Although various new-type processors are highly par-
portability and does not meet the needs of multiple gragtlelism, their structures are very different. For example,
processing algorithms. It also brings new challenges to impl&e hardware logic of the computing core of GPU is straight-
ment the algorithms for different kinds of applications antbrward, which is suitable for sequence programs without com-
also code management. However, some common operatigisx logic, while KNL has fewer computing cores than GPU,
similar optimization techniques, and even the same softwdret the processing logic is relatively complex, which can sup-
components are included in various graph algorithms. Copert more instructions, such as AVX512ER and AVX512CD.
sidered the abovementioned architecture features and gr&pinthermore, the FPGA achieve hardware-level programming
processing algorithm characteristics, this article proposesbyachanging the state and combination of gate circuits, which
new graph algorithm description semantic model. This mod&lipports some complex logic with high memory bandwidth.
provides users with productive semantics operations, suchTdese heterogeneous parallelisms make it challenging to
to define graph data structuresgsdribe architecture-awareachieve excellent system performance in a unified program-
parallel operations, and fit for different graph algorithms. ming manner. Therefore, how to design a run-time optimiza-
The semantic model is an abstraction of the commdion mechanism by consideringe hardware characteristics,
operations of different algorithms; hence, how to extragthich can be suitable for multiple architectures, is another
the ordinary operations of different algorithms, define theesearch challenge for HITL CPS graph processing.
specific operations, and provide a set semantics to describén order to solve the abovementioned two problems, this
the parallelizable operations are the base of the semarditicle proposes an architecture-aware graph computing pro-
model. On the other hand, the semantic model should cleagkamming model to match theiffitrent architectures. The
define parallel operation rules to ensure that user code gaoposed programming model can effectively and concisely
be executed correctly and efficiently under the new architecaplement various graph algorithms by considering the device
ture. At the same time, the semantic model should providbaracteristics. We can alsoopide a set of efficient pro-
productive parallel operation methods to ensure that users ggamming methods for developers by using this programming
obtain sufficient expression ability to intuitively, accuratelynodel.
and completely and describe existing graph algorithms and S
graph algorithm flows that may appear in the future. Hoy- Feature-Aware Data Partitioning and Placement Srategy
to ensure the efficiency of the graph algorithm by consid- New accelerator architectutgpe processors have large
ering the characteristics of the new architecture is the main-chip memory bandwidth, such as GPU and MIC’s HBM,
content of the semantic model. Different architectures, suatich provides very favorable processing conditions for
as GPUs, FPGAs, the SIMD acceleration components, amgmory-intensive graph computing applications. However,
specialized devices with complicated local storage (such the scale of the HITL CPS graph data shows an explosive
IBMCELL/Intel SCC), have their parallel execution modelsgrowth trend. The growth of the on-chip storage of proces-
The difference in the execution model of different devicesors with accelerated structure types is far from meeting the
can lead to substantial performance gaps for the same catfemand for data growth. At the same time, graph processing
In order to achieve excellent overall system performance bas some unique features, such as the most graph applications
different devices, this article first studies how to ensure that thieat can be processed by using the iteration processing fashion;
graph algorithm description, which provided by the user, cam the other hand, the data placement also has a huge impact
run on different devices. Furthermore, this article introducesh the performance of graph algorithms. How to design a suit-
how to determine a parallel operation execution mode to adafitie data placement strategy and an efficient data partitioning
the execution characteristics of the hardware. scheme, by considering both the features of the graphs and
also the new architecture devices, allocate the partitioned graph
. . ) data are the crucial points to improve the performance of HITL
B. Architecture-Aware Graph Computing Programming CPS GPE.

Model Allocate the partitioned graph data for both single and
The graph computing programming model is a bridgeultimachine, whib will cause a large amount of network
between the architecture and the graph processing applicatioverhead and bus data transmission overhead on new architec-
On the one hand, it abstracts the details of the hardwdtee devices, due to the association of the graph data. It will
characteristics and provides programmers with rich interfackesad to some other problems, such as load imbalance and low
to implement various graph algorithms. On the other hanegisource utilization, if we only focus on communication and
it makes full use of hardware resources efficiently and caransmission overheads. A high-quality partitioning algorithm
rectly completes the application requirements, which prdself will cause huge overhead; hence, it is essential for us
vides an optimized run-time environment for programs. Grapb study how to reduce the computational complexity of the

processing is a strong data dependence application that is haaditioning algorithm with acceptable partitioning quality.
to parallelism, while most of the new architecture devices The graph diameter becomes more extensive due to the rapid
are highly parallelism. Hence, how to concisely implememfrowth of the graph size, which leads to lots of redundant
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. T as a mappingD, P maps the vertex or edge to a particular
L Gl DSL. domainR, and the mapping can be representet®asE — R
Algorithms desctinhon or P : V — R. This article uses the mapping to represent
e e the attributes of the edges or vertices. For a given graph
G,,,I'Cla'ted' ér::iﬁcp@d;m H Correctness

G = (V,E) and a series of attributed = Py, P, ..., Py,
Fig. 10. Graph computing semantic model adapted to new architecture.

Interpreter

the proposed semantic model should satisfy the following
types of graph algorithms: 19alculate a scalar value from
a given graphG and the attribute set, such as the calculating
the conductivity of the subgraph; 2) calculate the new attribute
. . . . . from II, such as calculating the PR value to sort the vertices
computations under the iterative execution fashion on a new o .
' . . orf the PR algorithm; and 3) select the interested subgraphs,
architecture device. On the one hand, in the edge centfic

. . uch as the strongly connected components finding algorithm.
processing model, the widely used CSR/CSC format eaSﬁyFurthermore, the proposed semantic model tries to provide

leads to scattered and irregular memory access, as well as ; . )
. .y Nfee ways to describe parallel algorithms. The three descrip-
the low memory bandwidth efficiency. On the other hand, ) T . .
S : fon ways are as follows: 1) implicit parallelism semantic
the power-law characterisicwill lead to a load imbalance

structure; 2) allow users to stinguish parallel regions accu-
problem. In order to solve these problems caused by the da ) . .
. . . . -~ “rately; and 3) Well-defined parallel operations. For example,
format, this article needs tooosider how to improve reading . . .
the for-each statement is precisely aapllel execution area

efficiency and how to reduce reading times. In detail, one__ .. .
. specified by the user. At the same time, the graph vertex value
is how to read the necessary data from the global memor@ . . o , .

. . . ._assignment is an implicit parallel operation, and the widely
quickly, and the other one is how to implement a heunstllﬁ: ed reduction operation in graph algorithms is an explicit
method to read the data, which will be executed in the next el ' op graph alg P
iteration, in one memory access to reduce the 1/0 overheaaara.e operanon: . .

' "This article designs the semantic model interpreter from the
following three aspects.
V. GPRAPH'BASEEI):H”L CPS Data 1) Check whether the description of the graph algorithm
ROCESSINGFRAMEWORK by the user meets the model’'s requirement. The basic

In this section, we first analgzthe characteristics of dif- condition is that the user’s description should meet the
ferent computing devices antigén design a graph algorithm semantic model’s grammatical requirements. The inter-
semantic model for these new architectures, and we also preter checks the user’s input by checking the syntax,
abstract the parallel operatiofsr all these architectures in data type, and parallel semantics three aspects.

this section. Furthermore, we summarize the data access ao?) Architecture Independent Optimization: The interpreter
large-scale graph processing pattern, and then, we design convertsthe code that meets the syntax requirements into
a multiarchitecture supportedaph computing programming a detailed loop or iterative operation and then optimizes
model to improve the system performance of large-scale graph the code by cyclic fusion, statement upward and slack
processing on new architectures, by simplifying the seman-  protocol boundaries operations.
tics of the graph processing programming model. Finally, 3) Architecture-Related Optimization: As a different archi-
we design a structure-aware data partitioning and placement tecture has its execution fashion and data access method,
strategy to make the graph processing system meet the archi- some architecture-related optimizations should be added
tectures’ feature. through the interpreter by considering the architecture’s
feature. For example, the GPU uses SIMD fashion
A. Graph Algorithm S tic Modd for New Architecture to execute the codes in parallel, and the continu-
ous memory access operation can reduce the memory
This article proposes a semantic model of graph algorithms  access overhead. Therefore, some data-level parallelism
on new architectures by using a domain-specific language and memory accessing optimization methods should be
(DSL). added through the interpreter. All these optimization

The semantic model uses DSL as its entity and uses DSL  methods have a strong correlation with the programming
to express the model elements, such as variable definitions, model. Hence, we will introduce them in Section IV-B.

data definitions, operation definitions, and parallelization flags

required in the semantic model. Based on DSL, this article )

proposes an interpreter for the semantic model. The DS JCS Programming Model

provides users with a clear and intuitive description of graph Most of the existed GPFs adopt the vertex-centric pro-

algorithms, and the semantic model interpreter explains tgg|amming model since this programming model is easy to

description of user-provided graph algorithms. The proposegpress most of the graph algorithms, and it can provide

semantic model is shown in Fig. 10. high scalability of the graph algorithms by partition the
This article will analyze the graph processing from a matlyraphs. However, this programming model is also easy to

ematical perspective and then design the semantic model lEsd random memory access and load imbalance problem

graph algorithms. A grapts(V, E) is a set of vertice¥ and due to the skewed degree distribution of real-word graphs.

an edge seE. The edge and vertex related data can be definé¢hile the edge-centric programming model will introduce
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Fig. 11. Graph computing programming model adapted to multiple hardware
characteristics.
Fig. 12. Data partitioning and placement strategies for data-aware and

. structure-aware.
lots of redundant computation because there are many maore

edges than the vertices in real-world graphs, it can provide a

continuous memory access fashigdhe Gather—Apply—Scatter Hence, there is no need to design a specific algorithm by
(GAS) programming model proposed in PowerGraph [31] is  using atomic operation or lock to remove the duplicate
a fine-grained vertex-centric programming model. In GAS, vertices from the worklist, and just a runtime lightweight

the computation process is subdivided to increase the degree of heuristic method is enough to remove the redundant
parallelism. Previous research shows that there are a number computation, which will be more efficient.

of active vertices in each iteration, which is far less than

the total number of vertices in a graph [31]. Hence, thiS. Feature-Aware Data Partitioning and Placement Strategy

article proposes a queue-based vertex-centric Join—Computer, order to meet the architecture’s feature to unleash the

Scatter (JCS) programming model, which is shown in Fig. 1deyice performance, this article proposes a mixed 3-D graph

In the JCS programming model, the operation on the vertgXition scheme. Tér proposed graph partition scheme will

is divided into the join, compute, and scatter three steps. TRgg the graph blocks into the device on broad memory to

join operation adds the active vertices into the worklist, andake sure the locality of data access and, hence, to reduce
the compute operation updates the vertex's value accordinggg |/0 overhead by considegithe communication overhead.

the user-defined function, while the scatter operation scattﬁa_ 12 shows the essential operation of the proposed graph
the vertex’s value to its neighbors, just similar to the Scattﬁ%lrtition scheme.

operation in the GAS model. In the JCS model, eac.h iteratlo_n-l—he existed graph processing system applied the 1-D
cares about the vertices that need to be updated. This execu§pry_p partition strategy, which is the vertex-centric and
fashion can provide a unified and concise implementatiqyge_centric partition method,sgectively. The vertex-centric
fashion for different algorithms, and it can provide higharition strategy will lead to a load imbalance problem,
scalability for the vertex-centric method. _ since the vertex degree distribution of most real world
In order to make three phases of the JCS model suitablg,nhs is power-law. While the edge-centric partition strategy
for different hardware, this article provides a mixed granyg;| jead to a large amount of communication between the
larity task mapping mechanism and a heuristic parallel writgasier node and the replicas. Recent research proposed a
optimization mechanism. We introduce the two optimizatiog.p partition strategy, which partitions the vertex attribution
mechanisms as follows. as the 3-D partition object, and this partition can achieve an
1) Mixed-Granularity Task Mapping Mechanism: Here, excellent system performancerimachine learning applications
we take GPU as an example to introduce thieut cannot suitable for full broad applications [32]. While
mixed-granularity task mapping mechanism. We assighe traversal tree-based partition method can maintain good
the vertices to thread, war@TA, and kernel according locality, the partition operation can be executed after traverse
to the number of the neighbor of the active vertex, artthie whole graph, and the renumber operation is needed for
the virtual-warp is used to solve the load imbalancéne subgraphs. The overhead of this partitioning method is
problem. While, on KNL, the proposed mechanism ndtuge, and the overhead will increase growth with the graph
only supports regular round-level parallelism for differsize. In order to solve the problems of the existed partition
ent task size, including thier-all parallelism, reduction methods, this article proposeshybrid partition method. The
parallelism, and scan parallelism, it also supports thgybrid partition strategy will pdition the vertices that have
irregular parallelism, which can achieve excellent loasimilar degrees together by using a 2-D partition method and
balancing through reasonable task stealing schedulinghen partition the sbgraphs again by usy a 1-D partition
2) Heuristic Parallel Writes Optimization Mechanism: method. While, for some specific graph algorithms, the hybrid
Since there are some duplicate vertices in the worklipartition strategy will take th 3-D partition & the first round
and some vertices connectedth the same vertex, this partition, partition the results again by using a 2-D partition
situation will lead to conflicts in updating operationmethod. This hybrid partitio method makes the proposed
Atomic operations and locks are used to ensure daiartition strategy achieve load balance and low communication
consistency. However, many existed researches shoamputation ratio for different algorithms and architectures.
that some updating operations are idempotent (i.e.,The data placement is closelylated to the representation
the updating order does not affect data consistencgf.the graph, and it has a serious effect on system performance.
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The upper level framework requires the graph representatiBnProgramming Model
method to provide a high memory bandwidth utilization and Most of existed research, such Pregel [38], which is the

ensure the locality of memory access as much aS_POS?’“HFst graph processing system developed by Google, as well
While the lower level storage requires high space utlllzatlogS PowerGraph [31], GraphLab [39], and PowerLyra [40], are

avoid the space-wasting for sparsity graph. The storage lexgl, ¢ ihe vertex-centric. The vertex-centric model-based GPFs

also requires the graph that can be loaded into the memagpy, using the Think Like A Vertex (TLAV) paradigm [41].

during the 1/O operation in graph processing. In order {8,5h4req with the traditional MapReduce model, the TLAV
meet both the upper level and lower level requirements, thjs

i : . ) ovides a better locality of data access and better scal-
article provides a hybrid CSR/CSC graph representatlon.Th_|B1-“ty' which makes it is more fixable to implement the

we further mixed the edge-list representation into the hybr{;qaph algorithms. However, the overhead of a large amount

represgntation according to tt@aracteri;tic; of the graph. f random memory access to the TLAV frameworks limits
The mixed CSR/CSC graph representation is a benefit for tﬁ]% system performance. In order to solve this problem,

Scatter/Gather ope_ration._For example, some implement_aty_rétream [42] proposed an edge-centric programming method.
of the BFS algorithm will change the traversal direction, . edge-centric programming model, the edges can be
frqm bottpm—up to top—_doyvn_(top—down to bottom-up), ar\‘;‘sited in a sequential fashion, which can significantly improve

th|§ .hybnd. represgntatmn 'W'mPrO"e the memory acCessSyq gata access efficiency. In addition, there are some other
efficiency in this kind of operation. Community is anothe[(indS of the programming model, such as the path-centric

essential characteristic of the real world graphs, i.e. the Verti‘iﬁ%gramming model proposed in PathGraph [43] and the
in a community are connected thfew vertices connect with .-~ ntric programming method [19]

the vertices outside the community. In this kind of graph, the

community can be processe.d by some SI.MD QeV|ce§, SU@.hExecuti on Model

as GPU, by using the edge-list representation will achieve an o

excellent performance. Hence, edge-list representation can bMany recent research, such as Gemini [44], Cyclops [45],

an optional method for users. and Hama [46], are adopt the bulk synchronqus parallel
(BSP) [38] execution model. In the BSP execution model,
V. RELATED WORK a global synchronization is geired at the end of each itera-

tion. Due to the uneven degree distribution of the real graph,

_ We introduce state-of-the-art works for graph_computlnig is easy to lead to the straggler problem for the vertex-centric
in this section. Most recent works can be classified into t%e

storage model, the programming model, and the executi rnogra_lmming model because the_ sma_II degree verticgs r_1eed
model three as’pects We will introduce thé related works fror% WaIF for the large degree v_ert|ces in the synchronization
these three aspects.receptively operation. In order to solve this problem, some other recent
' ' state-of-the-art works, such as Chaos [37], PowerGraph [31],
PowerLyra [40], and GPS [47], adopt the GAS [31] execution
A. Sorage Model model. In the GAS model, all the operations have been divided
Since most graph applications are memory intensive withto three phases: the information collection phase (Gather),
a random memory access model, on the other hand, the rélaé application phase (Apply), and the distribution phase
world graphs are with huge size. Both these characterist{@&catter). Since the GAS is an asynchronous execution model,
will lead to high overhead for both memory and disk accesthe read—write and write—write conflicts should be considered.
In order to solve this problem, many researchers propostdere are also some other types of execution models, such
a set of state-of-the-art optimization methods. For examphs the similar variants of GAS, and GunRock [19] divided
some researchers proposed to use a new storage device, suehexecution operation into Advance, Computer, and Filter
as Flash-based SSD, to reduce data access overhead. Tplkases, while SC-BSP divided the operation as Update, Push,
are also some other optimization methods. In GraphChi [38Jull, and Sink (UPPS) [48].
the authors proposed a sliding window method to load the
graph blocks into memory on demand; by using this method,
GraphChi can significantly reduce the disk access overheRd.
GridGraph [32] proposed a-R edge partition method to In recent years, there are also some researchers proposed
selectively schedule the a@ph blocks to reduce the I/Osome works, which focused on GPU, FPGA, and some
overhead, and the experimental results show the proposgder new architectures. For example, the Medusa [30], Gun-
method can achieve a useful data accessing performariReck [19], CuSha [22], and Frog [49] are designed on GPU.
In EC-VHP [34], the authors designed both a simple hadthese works attempt to use the high memory bandwidth to
index structure and a multiqueue parallel sequential indarprove the memory access efficiency of GPU, and they
structure to improve the processing efficiency of messagkso proposed some insights on the programming model,
communication. GraphX [35], which is the core component @xecution model, and data storage model. FPGP [50] and
Spark [36], providing a stack data solution on top of SparkGraphops [51] are designed by using the FPGA. There are
can conveniently and efficilg complete a complete set ofalso some frameworks designed for the hybrid architectures,
pipeline operations for graph calculation. Chaos [37] used tbach as the CPU and GPU hybrid GPF, i.e., Totem [21].
secondary memory and graphrfidoning scheme to maximize There are also some attempts to design the hardware-based
the degree of parallelism and reduce communication overheadcelerator for graph procesgi such as Graphicionado [52]
Authorized licensed use limited to: Scms School Of Engineering And Technology. Downloaded on July 27,2023 at 09:31:37 UTC from IEEE Xplore. Restrictions apply.
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that is designed by combating the application execution ineffig]

ciencies on general-purpose CPUs, while article [53] propos
a hardware-driven solution.

ed

10
Due to the booming applications, graph processing hEiS]

attracted lots of attentiofrom both academia and industry.

Though there are lots of state-of-the-art works focused &
transitional architecture, it is hard to unleash the computing
efficiency of the hardware. There are few works focusetb]

on the new architecture devices, and most of the exist

ed

works are experimental works, which is hard to program,
with low availability. This artite attempts to propose an ideaf13)
framework for the new architecture devices, which can provide

a reference for future works.

VI. CONCLUSION AND FUTURE OPPORTUNITIES

[14]

Intelligent data processing for Smart CPSs has attracted
much attention from both industry and academics becausd

of the complex dynamic interaction with their environmer}ge]

without any prior information. Focused on the large-sca

e

HITL data processing challenges, this article designed a set
of experiments to illustrate the performance of existed GPRd]

and then proposed a graph-based HITL CPS data process-

ing framework, named Barge, which can fit for differen

8]

computing devices. By usinthe semantic model, Barge can

implement and map the same code to different computi

19

devices without any change, which can release the program-
mer from the strenuous and repetitive work. Furthermore,
the architecture-driven programming model can make prg-
gramming logic suitable for kinds of parallel devices, such a@s
GPU, FPGA, ASIC, and many other smart devices. In addition,

the data- and topology-aware graph data partition scheme

Barge will partition the large-scale graphs by considering th

of

data structure and also the feature of the computing device to

make sure that the large-scale graph to be processed efficie
on smart devices. In further, we will design and implement
hardware compatible framework that can be mapped on

o

to

kinds of parallel devices, such as GPU, FPGA, and ASIC,

without change the codes.
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Abstract— As technology enhances, houses have become
smarter and energy-efficient. Traditional switches are
gradually being replaced with automated centralized
switcheswith remotecontrolsin modern homes. The inmates
find it difficult to activate the traditional wall switches
located throughout the residence when they are needed.
Smartphones give a modern option for remote-controlled
home automation. The main goal of this study is to design
and construct a low-cost Internet Of Things (10T) enabled
energy monitoring system that can be benefited in different
applications such as energy management in smart
automated homes as well as electricity billing systems. We
develop a power analyzer using an Arduino board and
Current Transformer (CT) sensor, as well as gadgets that
can be controlled remotely using an Android OS
smartphone. At thebeneficiary end, a Bluetooth module is
connected to an Arduinoboard, while at the transmitter end,
a GUI application running on a PDA sends ON/OFF
bearingsto the authority where homeequipment isinstalled.
Through this technique, the pieces of equipment are turned
ON/OFF by tapping the correct spots on the GUI.
Additionally, we recor ded the daily and monthly readings of
power consumed to monitor the power consumptionin a
month and to give necessary warnings and suggestions to
the consumer.

I. INTRODUCTION

Energy conservation is an  urgent
requirement of thisera. The idea of resourceful
equipment in assorted areas such as air
conditioning, refrigeration, lighting, etc will
lead to energy-efficient utilization of household
devices. Energy auditing is an inevitable
mechanism for analyzingthe systematic energy
utilization of equipment and devices.It provides
a better way to control the use of eectricity
in case of excess usage and aso helps the user
to fix the inaccuracy in the electricity bill which
may show excess amount sometimes [1].

Domestic electricity bill which presents
surplus amount that causes disapproval for the
users. By using a smart power analyzer system
user monitors the energy utilization details at
the equipment level and governs it rather than
calculating the fixed monthly expenditure. This
may aso aid the user to restore the normal

appliances with energy-efficient and smart
deviceg[2]. Criticaly, the checking power
system can caution the user on startling
overabundance utilization brought about by the
improper  working, absence of timely
maintenance, and so forth. Further, energy
management in the proper way leads to the
better utilization of the resources, and thereby
we can reduce the cost.

Thus the wastage of energy can be reduced to
meet future needs by protecting the precious
resource. Similarly, the cost estimation can be
predicted for each industrial unit or home for
better utilization of the energy. Moreover, this
comparisonand the analysis of cost estimation
for each industrial unitor home will reduce the
production cost which will result in the
tremendous profit of the industry.

The importance of saving electricity
atributes to the fact that electricity is
generated from natural resources, which are
limited and reducing as time goes. The
unsustainable useof natural resources not only
affects the balance of nature but also makes
the planet completely unfit to live. Saving
electricity can reduce its production, thereby it
reduces the manpower and cost of production.
Similarly by producing electricity from other
means like coa accelerates pollution. Thus
pollution can then be controlled by limiting the
production of electricity by consuming
electricity efficiently and effectively to save

the planet.
A. Motivation

Energy consumed by each industria unit or
home can be measured and analyzed based on
time stamps. Thus, theenergy used by different
industrial units or home can be compared and
analyze which consume more energy. Hence,
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the industrial units or homes which possess
more energy consumption can be taken care
and inference can be made that whether the
industrial unit or home are actually needed this
much energy or whether this consumption is
due to any faults in machines. Also, it can
control electronic devices from anywhere at
any time using the internet or within a Wi-Fi
connection. Thus wastage of electricity gets
reduced by controlling devices at the correct
time. The eectricity meter stationed in the
individual constructions displays the energy

utilized by the buildings. There is an urgent

necessityfor a novel power analyzing system.

The wastage of energy can be reduced to
save the future by protecting their precious

resource. By reducing the wastage of
electricity, the production of electricity can be
decreased. Electricity is produced from natural

resources such as water etc. So by limiting
the production of electricity will leadsto less
exploitation of these natural resources.

Similarly, electricity can be produce from
other means like coa which increases

pollution. Thus, pollution, manpower, and cost
canbe reduced by limiting the production of
electricity which can achieve by saving and

using electricity inefficient and effective ways
to save the planet.

B. Contribution

Internet of Things (IoT) is relied upon to
achieve an enormous measure of progress in
the field of pervasive figuring. loT-based
energy the board framework can

contribute a ton to the preservation of energy. It
can control different electric devices in the home
from anywhere a any time using an internet
connection or Wi-Fi. Similarly, the cost
estimation can be predicted for each industrial
unit or home. And this comparison and analysis
of cost estimation from each industrial unit or
home will reduce the production cost, hence will
result in tremendous profit to the industry.

An loT Based Power Analyzer is a general-
purpose rea-time mobile application. It is used
to measure the usage of power consumed by
each industrial unit or home. It also estimates
the cost of each industrial unit or home.

We propose the implementation of a smart
plug, an energy observation system that provides
real-time information on device-level energy
consumption. An Arduino microcontroller board,
an ENC283J60 LAN module, and a current
electrical device detecting element areused in the
suggested device. The present sensor technology
employed is non-invasive. The device’s
computer softwareis written in Android and the
statistics are stored in aserver. The end product
is a smart plug that uses the Arduino-android
platform to monitor a distant device.

The next half essentially carries out the style of
an loT sensible Home System (IoTSHS) which
gives the remote control to sensible home
appliances via android mobile phones, similarly
like PC/Laptop. The controller accustomed style
the 10TSHS is Arduino Uno micro-controller. A
temperature detector is provided to anayse the
surrounding temperature and aert the users if
the regulation of the fan speed isrequired. The
designed 10TSHS will edges the total elements
within  the community by facilitating
technologically improved remote dominance for
the sensiblehome.

The organization of the paper is as follows.

Section |1 summarises the literature survey.
[1. RELATED WORK

We could find severa substantiating facts
which are Dbeneficial for our research
work.Literature survey have been done in the
area of power analyzer as well as home
automation.

A. Power Analyzer

A survey done on aready existing literature on
energy consumption and analysing reveads that a
tremendous change have been reported in the
implementation [5]. For the necessities of
acknowledging energy-sparing and outflow
decrease for the smart network, this paper
presents an observing foundation of the energy,
the board framework which is coordinated with
flexibly energy. It governs, reads, and evaluate
the processed readings, of energy creation,
energy transportation, and energy utilization for
the smart system. The design of the community
energy system is split into the acquisition layer,
transmission layer, and management layer. The
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information correspondence between information
securing devices and server embraces Ethernet
and TCP/IP convention. The information
correspondence between field instruments and
information procurement gadgets receives the
RS-485 interface and Modbus correspondence
convention.

The advancement of an observing platform for
a smart network can improve the administration
level aswell asdiminish the energy utilization of
the network energy framework. A few studies
done on the possibilities of better energy
utilization proposes various methods [6]. The
users are going to be aerted when the electricity
usage in their home exceeds the limits to avoid
the wastage of energyconsumption.

Various studies done on the daa
acquisition and control of energy utilization
efficient method. Smat Home Energy
Management Systems Based on Non-Intrusive
Load Monitoring [7] proposed a unique system
of good domestic energy management systems
incorporating each approaches, in order that
correct energy utilization watching andassuming
comunication with the smart home device at the
same time achieved. The good parts directly
management the appliances, whereas the
essential  controller  coordinates the info
assortment. The key point is that the
competence of mechanically aligning the
appliances to their corresponding sockets,
reducing the need for manual initial setup. We
assurethat our smart framework, if sophisticated
widely, will profit not solely separate
households by reducing current bills.

A Seave Agent is the term given to the
innovative microcontroller used in this project.
While the initial PC-based server is offline, this
agent collects information from buyers. Once al
knowledge area units have dropped, the Server
Agent can turn down the PC-based server again.
This procedure minimises the amount of
energy used [4].

We conducted several research on An
Efficient Home Energy Management Solution
based on Automatic Meter Reading, with a
specific  focus on  household  energy
consumption, and proposed a simple and

effective systemfor reducing power waste in a
home. They designed a home energy
management system (HEMS) that uses asimple
energy management mechanism to make it
easier to implement. It also makes use of AMR
(Automatic Meter Reading) network-based
power line communication (PLC). They
installed HEMS in rea customers’ homes and
validated the results, resulting in a significant
energy conservation outcome that is vital for
power reduction.[9].

GAPMR stands for ”automated power metre
reading system using GSM network.” It is a
system that consists of GSM digital power
metres installed in the client unit and an
electricity e-billing system a the energy
supplier’s end. The GSM digital electric metre
(GPM) could be a single part IEC61036, a
standard digital kWh electric metre with
incorporated GSM electronic equipment that
uses the GSM network to report power usage
readings.The readngs are send back to the
energy supplier as short messaging system
(SMS) via a wireless manager[8]. On the
serviceprovider’s side, there’s a degree e-billing
system that’s used to monitor all SMS metre
readings, encrypt the charge value, update the
information, and send charge notifications to its
various customers by SMS, email, web portal,
and letters. The effectiveness and efficiency of
automatic meter reading

1
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Fig. 1: Proposed
system architecture

was demonstrated by implementing a GAPMR
system. Also the charge and notification through
the employment of GSM network can also be
monitor by this system.

B. Home Automation

RESEARCH JOURNAL OF SCIENCE ENGINEERING AND TECHNOLOGY

WWWw. rjset.com

Page 108




RJISET

The research into the implementation of 10T
for condition monitoring in homes shows that
condition monitoring and energy management
in the home may be done inan inexpensive,
flexible, and cost-effective manner. The
designed system’s major tasks include remote
control and management of home devices such
as electrical lamps, heaters, and so on, as well as
unassertive surveillance of domestic usage and
supplying closed intelligence to reduce energy
consumption using 10T technology.[3]. Thiswill
assist and schedule the individual’s operation
time accordingto the energy demand.

The majority of current sensible Web
connection is provided by TV set-top boxes,
allowing users to install and run additional
advanced applications or plugins/add-ons for a
certain platform. It means that a sensible—a
wise TV set-top box is a good option for acting
as a hub that integrates a variety of smart home
solutions. This study presents a framework for
managing household appliances that is enabled
by a smart TV set-top box.

Many buttons (often dozens) are designed
on the remote controller in home areas as the
quality of devices/appliances improves, Yyet
many of them are rarely used. A user is also
perplexed by the controller, despitethe fact
that he or she only wants to do a simple
task. This confusion in addition ends up in afar
better likelihood of mal-functions. Additionally
to the current a typical ways in which of
communication between remote controllers and
connected devices, like ventricose language
(XML) messages, unit generally bandwidth-
consumptive. The asymmetrical feature of
Point-n-Press provides for smple and intuitive
management by informing the target device and
displaying the target’s management interface on
the remote controller’s screen. Exclusively
sensible pops that unit relevant to the present
context unit by using thestate dependencies of
home device/lequipment actions. Two rea
prototypes are being used to test the feasibility
of the proposed theme. According to the
findings, Point-n-Press could be a useful and
relevant management theme for loT-based
Smart homes.
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[11. PROPOSED SYSTEM

An loT Based Power Analyzer with home
automation is a real time loT based mobile
application which analyze the energy
consumed by each industrial unit. It also
predictsthe cost estimation of each industrial
unit or home which incorporates with online
data storage. It clearly specifiesthe average
energy used per day, per month and per year
along with cost estimation. Energy consumed
by different industrial units or home can be
measured and analyzed based on time stamps.
Thus, the energy used by different industrial
units or home can be compare and anayze
which consume more energy. So the industrial
unit or home which possess more energy
consumption can be taken care and inference
can be made that whether the industrial units or
home are actually needed this much energy or

these much consumption
e !

¢ | rrcosson
2
LOAD
Arduin
[P— ;‘moo Load Bank
- LOAD

Fig. 2: Power Analyzer
Architecture

is due to any faults in machines. By identifying
faulty devices before their life expired, the
production cost can be reduced to some extent
because the faulty devices can be repaired before
it get fully damaged.

The second section focuses on the design of an
loT sensible House System (I0TSHS), which
might provide access to a smart home via a
mobile device, similar to a PC or laptop. The
Arduino Uno microcontroller is the standard
controller for the IoTSHS. A temperature detector

RESEARCH JOURNAL OF SCIENCE ENGINEERING AND TECHNOLOGY

WWWw. rjset.com

Page 109




RJISET

is included to indicate the temperature in the
area and inform the userif the fan speed needs to
be adjusted. By giving improved remote
dominance for the sensible house, the developed
IoTSHS will edge the total elements within
society.

A. Product Perspective

This app can control electronic equipment and
to measure the usage or consumption of
electricity for each device. Cost of consumption
per devices can aso available in this app. Thus
the electricity usage can be anadyzed and
provides an efficient way electricity usage.
Customer can analysis on areal time based usage
of various electrical device and control
consumption of energy through the app. The cost
of this system is very less as compared to existing
system in market. The feature that makes the
application unique is that no otherapplication has
the facilities to measure power consumption of
each device.

V. SYSTEM ARCHITECTURE
The Current sensor which is a vital part of

our systemis attached to the phase wires of
industrial units or home. Then it senses the
current usage by industria/home and give to
arduino, where current sensors are attached to
the arduino with help of extra circuit which
contain 3.5mm audio connectors. This circuit
helps to limit the voltage coming from industrial
unitshome because arduino have only 5v
capacity. Current sensors give the analog
value of current to arduino which convert to
digital value within arduino (in build Anaog to
Digital Convertor).From this arduino values are
passed to database through Wi-Fi module. Then
data processes in database which provides data
to the user through

Volume 12 Issue 2 [Year 2022]

ISSN 2454-3195 (online)

o l")f;-
.;:3
_I '.'. ._ 'I_ A

e
Mroce

Sl:‘r'-'{‘l

Fig. 3: Sensor Module outline

android application. The continuous monitoring
values aregivento user. Along with that the daily,
monthly andyearly usage analyses are also given.
The prediction of electricity bill given to user
provides the energy consumption and cost
estimation of industria units [10].
1) Power Analyzer Module: The block diagram to
show
the operation of the power analyzer is shown in
figure 2. The current sensor SCT013030 is the
main part of the circuit. Theelectricity measures
are detected in real time and passed to the server
through ESP 8266 WiFi module connected to the
Arduino Nano. The SCT013 030 split core
current sensor is capable of detecting a maximum
current of 30A and providesa peak output voltage
of 1V peak for that current. The output voltage
thus generated is then transmitted to the Arduino
Nano microcontroller via the input of the analog-
to-digital converter (ADC). This voltage
waveform is shifted up to 2.5 VDC. The rms
value of the output signal is calculated andthe
power is calculated in the program.

2) Home Automation Architecture: Figure 4 depicts
the

basic diagram of the proposed 10T Smart Home
(loT SHS) system. This is a low-cost, easily
manageable, and profitableproduct. By providing
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superior remote control for home appliances, it
addresses the entire company’s segment.

To control devices remotely, it comes standard
with WiFi. Lights, fans, and sockets are usually
found in every room of any house where our
items can be installed. This product does not
affect the room’s electrical distribution wiring;
everything remains the same except for the
relays, which arewired in series with the switch
or socket in the distribution box.

om

Sensors H >
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. ¥

'
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|

Box
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Fig. 4: Home Automation Architecture

The  controller is a  WiFi-based
microcontroller (Arduino UNO) that serves as
the system’s brain and controls all of the other
components. The ambient temperature is
indicated through a temperature sensor.

3) Sensor Module: The TSL2561 is a cheap,
but

sophisticated, light sensor. To better predict the
human eye’s response, the TSL2561 integrates
infrared and visible light sensors. This is
contrast with smpler sensors, such as
photoelectric sensors and photodiodes . The
TSL2561 can measure both very small and very
large amounts of light because it is a built-in
sensor (it absorbs light for a pre calculated
amount of time). The block diagram is shown in
figure 3.

Circuit Diagram : The CT sensor cannot be
directly connected to the Arduino since the
high current from the
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sensor can damage the Arduino, So we connect
firstly the burden resistor of low resistance of
about 33 is connected represented by Rb in the
figure.Then the voltage divider biasconsisting of
R1 and R2 and additionally a bypass capacitor
C1 of 470F to block the digital signal, there by
getting only the analog current signal to the
Arduino.The analog pins of the arduino is
indicated by notation A0 — A5 we have
connected the CT sensor to pin AO.Then by
clamping theCT sensor on aive wire gives the
current output.
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Fig. 5: (CT sensor interfaced with
arduino
V. EXPERIMENTS AND DISCUSSION

Initially, login to the Digital space using
username and password and check the username
and password is valid by comparing in
database. If it isvalid it enter to the next module
else unsuccessful login. There are different
phases for the app where we can do the control
of our home appliances automatically through
the application.

Now we measure the usage statistics of the
home that is read through the CT sensor. We
can analyse the power usage in various manner
according to our requirements.The app will
provide the provision to calculate the power
consumption in daly, monthly and year
wise.Also have the facility to monitor the live
power consumption. The app interface for the
power analysisisis shown in figure 6.
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this manner we would be able to control the

Fig. 6: Application Interface

Fig. 8: Monthly and yearly usage
analysis

For calculating the daily consumption we can
choose the option in the app and it will give the
consumption as agraph which is shown in the
figure 7.By taking the power consumption in

usage.

We have also done the analysis of monthly
and yearly power consumption rates and plotted
asagraph. It isvery convenient to track the miss
usage of power. The results fromthe analysis is
shown in the figure 8. The next part in the
experiment was the cost estimation. It will give
the summary of average power usage in a
Day/Month/Y ear base. Also we have done the
average cost estimation for a day,Month orand
Y ear.

CONCLUSION

loT based energy the board framework can
contribute a ton into preservation of energy. It
can control different electric devices in home
from anywhere at any time using internet
connection or Wi-Fi. Similarly the cost
estimation can be predicted for each industrial
unit or home. We proposed an |oT Based Power
Anayzer is a general purpose rea time mobile
application. It estimates the cost of each
industrial unit or home. We propose creating a
smart plug, which is an energy observation
system that provides real-time information on
energy use at the device level. An Arduino
microcontroller board, an ENC28J60 LAN
module, and a current electrical device sensing
element are used in the suggested device. The
end product is a smart plug that uses the
Arduino-android platform to monitor a remote
device. The second section focuses on the
design of an loT sensible House System
(IoTSHS), which might provide access toa
smart home via a mobile device, similar to a
PC or laptop. The Arduino Uno microcontroller
Is the standard controller for the I0TSHS. By
connecting sample appliances and successfully
controlling them from a wireless mobile device,
the home automation system has been
experimentallyproved to perform satisfactorily.
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Abstract---Constrained image splicing detection and
localization (CISDL) is a difficult task for image
forensics that examines two input suspicious pictures
and determines whether one contains suspected portions
copied from the other. Here a unique adverse learning
approach for training the degp matching network for
CISDL is presented. The goal of the deep matching
network based on atrous convolution (DMAC) is to
create two high-quality candidate masks that show the
suspicious regions of the two input pictures. The
correlation layer based on the skip architecture is
proposed to capture hierarchical featuresin DMAC, and
Atrous spatial pyramid pooling is used to extract
features with rich spatial information.Another model
called DMVN uses the same process as DMAC but it is
not use atrous convolution. Atlast a comparative study of
both models was done ,in which the DMAC model is
better because it gives high resolution fined grained
mask.

Keywords: Atrousconvultion,DMAC,DMVN,CI SDL

l. INTRODUCTION
Maliciousimage forgery is becoming aglobal epidemicin
recent years, due to the rapidly declining cost of digital
cameras and quick development of sophisticated image
editing tools. Forgers may use forged images to produce
fake news, spread rumors or give false testimony, which
result in negative social impacts. Image forensics, which
seeks to distinguish forged images and prevent forgers
from using forged images for unscrupulous business or
political purposes, has attracted great attention in research

and industrial communities. A variety of image forensics

methods investigate an individual image and detect its
high-level or low-level inconsistencies caused by image
manipulation. However, it is still a challenging task to
accurately distinguish forged images, due to advanced
image manipulation techniques and limited information
provided by a single image. Moreover, these image
forensics methods identify forged images or regions
without providing the source of forged regions or specific
tampering process, but these auxiliary evidences can
provide more clues and make results more convincing in
real applications. Constrained image splicing detection
and localization (CISDL) is newly formulated in the
Media  Forensics  Challenge. Different  from
“conventional” splicing detection, “constrained” means
that the inputs are two images. one is a probe image and
the other is a potential donor image. In CISDL given a
probe image P and a potential donor image D, CISDL
aims to detect if aregion of D has been spliced into P, and
consequently provide mask images Pm and Dm
indicating the regions of P were spliced from D. DMVN
generates correlation maps by comparing high-level low-
resolution feature maps of VGG, and constructs an
inception-based mask convolution module to locate
suspected regions. However, low-resolution feature maps
restrict DMVN's ability to detect accurate boundaries and
small suspected regions. Here proposed a deep matching

138
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network based on atrous convolution (DMAC) to likelihood map indicating the probability for each 8 x 8
generate high-quality candidate masks from high- discrete cosine transform block of being doubly
resol ution feature maps. compressed.

I1l.  PROPOSED METHODOLOGY

In this section, explains the proposed framework, as shown

The basic DMAC hitect hi i gnificant N
© basc architecture -achieves - signitican in fig 2. In the DMAC model there are three modules

improvements over DMVN. . .
P namely feature extraction module, correlation module and

This work, proposes a DMAC network which takes ASPP ( Atrous Spatial Pyramid Pooling ) . In the feature

two images as inputs.These input images are fed extraction module atrous convolution is adopted to enrich

into a atrous convolution network for feature map the spatial information of convolutional features

extraction.The extracted feature maps fed into the In the correlation module ,the skip architecture is designed
correlation layer and atrous spatial pyramid pooling for hierarchical features comparisons and in the ASPP
for feature maps comparisons. module is used to capture the information of different

scales, Atrous Spatial Pyramid Pooling is constructed to
generate the final mask. ASPP contains multiple parallel
atrous convol utional layers with different sampling rates.

In DMAC Model ,two images as inputs probe and donor.In

b A S which donor is the is the original image which is captured
by camera also called as authentic image and probe image
is the image containing spliced portion of donor image a so
called as tampered image. This two image is given as input
to the model and it produce high resolution fine grained
mask as output.The DMAC model is using atrous

[ s

v Proter lmag= 15 Peobe Pk

convolution which is used to give high resolution
] mask.Atlast creating another model called DMVN , in this
Fig 1.a)Donor | b)Donor Mask c)Probe | d)Probe mask T 4 . .
'g1.2)Danor |mage b)Donor ClPYohe Image R s which is not using atrous convolution and compare with

DMAC model for accuracy.

Il. LITERATURE SURVEY
In [1] Proposes a new convolutional layer that suppresses
image content and learns forgery detection.In [1] they
proposed a CNN to learn manipulation detection features
directly from data and it is used in image forensicsin [2]
DMAC is combined with adversarial learning for

effective image forgery detection.In [3] propose an

optimized 3D lighting estimation method by incorporating
a more general surface reflection model.In [4] propose a
framework to improve the performance of forgery
localization via integrating tampering possibility maps. In
[5] proposed agorithm automatically computes a

Fig 2.Proposed System Architecture
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The DMAC network is an unique adversaria network in
which feature extraction modules employing atrous
convolution, the correlation layer with skip architecture,
and ASPP are designed to enrich geographica
information.In DMAC atrous convolution, the correlation
layer and ASPP are used to capture hierarchical properties
and localise impacted regions a many scales,
respectively. The detection network and discriminative
network, which act as losses with supplementary

parameters, monitor DMAC's adversaria training.

A. Feature Extraction with Atrous Convolution

CNNSs' pooling or downsampling techniques necessarily
degrade the spatial resolution of the output feature maps.
As a result, in this research, atrous convolution is
employed to create high-resolution feature maps. Atrous
convolution allows us to vary the field-of-view of filters
by adjusting the rate value without adding any more
parameters.This module alters the image by adjusting the
colour, contrast, and light intensity, which aids in the
creation of a high-resolution mask.

Assume the input feature maps are scaled down by a
factor of two before being convolved with standard
convolution filters. The created feature maps are just a
fourth the size of the original feature maps, and traditional
filters only acquire answers from a quarter of the image
locations. If we eliminate the downsampling layer and
directly convolve the input feature maps, the filters will
have a smaller field of vision. Fortunately, we may keep
the original field-of-view by employing atrous
convolution with rate r = 2. Using atrous convolution
techniques, we can create high-resolution feature maps,
get al answers from the input feature maps, and don't
need any additional parameters or calculation.Despite the
fact that the effective filter size increases, we only need to
examine non-zero filter values, resulting in a constant

number of filter parameters and operations per site.
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B.  Correlation Computation Module
To build dense high-resolution feature maps, atrous

convolution is used as the basic process.One of the most
difficult difficulties in deep matching tasks is deep feature
comparison. For other tasks, only the neighbouring fields
are compared, alowing for the creation of complex
correlation layers. They usualy compute the scalar
product of a pair of individua descriptors at each place
for long-range correlation computing tasks.We can denote
correlation computation procedure asa function. The skip
architecture is proposed to effectively organize the atrous
convolution and hierarchical convolution features.It
makes full use of the feature extraction module's wealth of
information. Three sets of feature maps are produced by
the atrous convolution layer: f3, f4, and f5. As a result,
three sets of correlation feature maps can be created using
the feature maps 3, f4, and f5, with no upsampling or
mapping functions required.The computation procedure
of the proposed correlation layer based on the skip
architecture can be summarized as Algorithm: The skip

architecture is used to compute the correlation layer.

C. Atrous Spatial Pyramid Pooling

The fact that the tampered portions are on different scales
is a problem in the image splicing detection technique.
The find masks are generated using Atrous Spatial
Pyramid Pooling (ASPP), which captures the information
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on multiple scales provided by the correlation
maps.Simply ASPP is a discriminative network that drives
the DMAC network to produce masks that are hard to
distinguish from ground truth ones. Multiple atrous
convolutional layers with varying sampling rates are
present in ASPP. As a result, those obscene convolution
filters have varying field-of-views and can focus on
altered parts of various scales. A separate branch of
convolutional layers, batch normalisation, and ReLU
layers follow each atrous convolutional layer with one
sample rate.The individual branches are then merged to
create the finished masks. During mask formation, thereis
no upsampling operation with learnable parameters, thus
wejust use bilinear upsampling during test time.

ssssssssss

= oyAc o

Fig 3: Atrous Spatial Pyramid Pooling [6]
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V. RESULT AND DISCUSSION

Precision: @.85411144896656408
Recall: 8.9286295178872838

F1 Score: &@.889E]138659954911
ACcuracy: 9.,9384202585546875

Fig 4- Result of DMAC Model

Fig 5- Comparison Between DMAC and DMVN

V.CONCLUSION

This work provides a smple but effective framework for
detecting image splices. A unique adversaria learning
framework is proposed to dea with the CISDL task. To
improve the DMAC network'’s ability to detect small matching
regions and multi-scale regions, atrous convolution, the skip
architecture, and ASPP are used.A lot of experiments are
conducted on all generated datasets and aso al publicly
available datasets.The experimental results demonstrate the
appealing performance of the proposed adversarial learning
framework and the DMAC network.The use of atrous
convolution and ASPP has clearly increased the effectiveness
of the agorithm compared to the existing ones.Although the
techniques to detect small tampered regions and regions under
huge changes still need further research.
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