)

ISSN: 1728-1431
e-ISSN: 1735-9244

International Journal of Engineering %

Journal Homepage: www.ije.ir MERC

TRANSACTIONS A: BASICS
Volume 36, Number 01, January 2023

Materials and Energy Research Center


Esfandiar
Typewritten text
Volume  36,  Number  01,  January  2023


%)
w

SEPSIPAICISMIIAS

wIZIMZIZIVY

m

Py

-

In the Name of God

INTERNATIONAL JOURNAL OF ENGINEERING
Transactions A: Basics

DIRECTOR-IN-CHARGE EDITOR IN CHIEF
H. Omidvar G. D. Najafpour

ASSOCIATE EDITOR
A. Haerian

EDITORIAL BOARD
Adeloju, Charles Sturt University, Wagga, Australia A Mahmoudi, Bu-Ali Sina University, Hamedan, Iran
Badie, Iran Telecomm. Research Center, Tehran, Iran O.P.  Malik, University of Calgary, Alberta, Canada
Balaban, Massachusetts Ins. of Technology (MIT), USA G.D. Najafpour, Babol Noshirvani Univ. of Tech., Babol, Iran
Bodaghi, Nottingham Trent University, Nottingham, UK F. Nateghi-A, Int. Ins. Earthquake Eng. Seis., Tehran, Iran
Clausen, Univ. of Arkansas, North Carolina, USA S.E. Oh, Kangwon National University, Korea
Daud, University Kebangsaan Malaysia, Selangor, Malaysia M. Osanloo, Amirkabir Univ. of Tech., Tehran, Iran
Ehsan, Sharif University of Technology, Tehran, Iran M. Pazouki, MERC, Karaj, Iran
Faiz, Univ. of Tehran, Tehran, Iran J. Rashed-Mohassel, Univ. of Tehran, Tehran, Iran
Farrahi, Sharif University of Technology, Tehran, Iran S. K. Sadrnezhaad, Sharif Univ. of Tech, Tehran, Iran
Firoozbakhsh, Sharif Univ. of Technology, Tehran, Iran R. Sahraeian, Shahed University, Tehran, Iran
Haerian, Sajad Univ., Mashhad, Iran A Shokuhfar, K. N. Toosi Univ. of Tech., Tehran, Iran
Hassanpour, Shahrood Univ. of Tech., Shahrood, Iran R Tavakkoli-Moghaddam, Univ. of Tehran, Tehran, Iran
Hogland, Linnaeus Univ, Kalmar Sweden T Teng, Univ. Sains Malaysia, Gelugor, Malaysia
Ismail, Univ. Tech. Malaysia, Skudai, Malaysia P. Tiong, Nanyang Technological University, Singapore
Jain, University of Nebraska Medical Center, Omaha, USA X Wang, Deakin University, Geelong VIC 3217, Australia
Keyanpour rad, Materials and Energy Research Center, H Omidvar, Amirkabir Univ. of Tech., Tehran, Iran
Karaj, Iran

EDITORIAL ADVISORY BOARD
Akhavan-Niaki, Sharif Univ. of Tech., Tehran, Iran A. Kheyroddin, Semnan Univ., Semnan, Iran
Amidpour, K. N. Toosi Univ of Tech., Tehran, Iran N. Latifi, Mississippi State Univ., Mississippi State, USA
Azadi, Semnan university, Semnan, Iran H. Oraee, Sharif Univ. of Tech., Tehran, Iran
Azadi, Semnan University, Semnan, Iran S.
M
E.

M.  Seyed-Hosseini, Iran Univ. of Sc. & Tech., Tehran, Iran
Behnamfar, Isfahan University of Technology, Isfahan . T. Shervani-Tabar, Tabriz Univ., Tabriz, Iran
Dutta, Sharda University, India Shirani, Isfahan Univ. of Tech., Isfahan, Iran
Eslami, Amirkabir Univ. of Technology, Tehran, Iran ~ A. Siadat, Arts et Métiers, France
Hamidi, K.N.Toosi Univ. of Technology, Tehran, Iran  C. Triki, Hamad Bin Khalifa Univ., Doha, Qatar

Jafarmadar, Urmia Univ., Urmia, Iran

TECHNICAL STAFF
M. Khavarpour; M. Mohammadi; V. H. Bazzaz, R. Esfandiar; T. Ebadi

DISCLAIMER
The publication of papers in International Journal of Engineering does not imply that the editorial board, reviewers or
publisher accept, approve or endorse the data and conclusions of authors.

International Journal of Engineering Transactions A: Basics (ISSN 1728-1431) (EISSN 1735-9244)
International Journal of Engineering Transactions B: Applications (ISSN 1728-144X) (EISSN 1735-9244)
International Journal of Engineering Transactions C: Aspects (ISSN 2423-7167) (EISSN 1735-9244)

Web Sites: www.ije.ir & www.ijeir.info E-mails: ije.editor8@gmail.com, Tel: (+9821) 88771578, Fax: (+9821) 88773352
Materials and Energy Research Center (MERC)



http://ije.ir/files/CV/m-bodaghi.pdf
http://www.ije.ir/
http://www.ijeir.info/

ISSN: 1728-1431, e-ISSN: 1735-9244

International Journal of Engineering, Volume 36, Number 07, July 2023

CONTENTS

M. Amid, N. Nabian, M.
Delavar

B. D. Bhavani, S. P.
Challagulla, E.
Noroozinejad Farsangi, I.
Hossain, M. Manne

M. Tayefeh Mahmoudi, K.

Badie

S. Sundarajoo, D. M.
Soomro

X. Kang

R. Alla, A. Chowdhury

S. Kuili, V. R. Sastry

Y. Gowthami, B. Balaji, K.

Srinivasa Rao

R. Ranjan, V. Avasthi

Q. A. Hassan, A. M.
Jabbar, D. H. Mohammed

P. Vanaei, B. Jalili, M.
Hosseinzadeh, P. Jalili

M. M. Fazeli, Y. Farjami,
A. Jalaly Bidgoly

Transactions A: Basics

Functionalized Halloysite Nanotubes and Graphene Oxide
Nanosheets Fillers Incorporated in UF Membranes for Oil/Water
Separation

Enhancing Seismic Design of Non-structural Components
Implementing Artificial Intelligence Approach: Predicting
Component Dynamic Amplification Factors

A Fuzzy Fusion Framework for Generating Purpose-oriented
Texts

Optimal Load Shedding for Voltage Collapse Prevention
Following Overloads in Distribution System

Energy Collector Based on Piezoelectric Nano Materials in the
Power Supply System to Improve the Efficiency of Industrial
Internet of Things (110T) for Industry 4.0

Performance Analysis of Bi-directional Improved Hybrid Three
Quiasi Z source Converter

A Numerical Modelling Approach to Assess Deformations of
Horseshoe Cavern on Account of Rock Mass Characteristics and
Discontinuities

Performance Analysis and Optimization of Asymmetric Front and
Back Pi Gates with Dual Material in Gallium Nitride High
Electron Mobility Transistor for Nano Electronics Application

An Expert System Based on Type-1 Fuzzy Logic and Digital
Image Processing for Knowledge Based Edge and Contour
Detection

Experimental and Numerical Investigation of the Impact of Basalt
Fibers and Tie Spacing on Short Concrete Column Behavior

Efficiency Optimization Thermal Analysis and Power Output of a
Modified Incinerator Plant Using Organic Rankine Cycle

Rescheduling Unreliable Service Providers in a Dynamic Multi-
objective Cloud Manufacturing

1201-1210

1211-1218

1219-1229

1230-1238

1239-1249

1250-1258

1259-1268

1269-1277

1278-1286

1287-1299

1300-1309

1310-1321



ISSN: 1728-1431, e-ISSN: 1735-9244

International Journal of Engineering, Volume 36, Number 07, July 2023

Rajarao Manda, Adesh
Kumar, Gowri R

S. Karimian, S. Saham

F. Zare, P. Mahmoudi-Nasr

S. J. Salehi, M. A. Shmasi-
Nejad, H. R. Najafi

N. Danesh, M. J.
Mahmoodabadi, A. R.
Fathi

A. Esparham, N. Mehrdadi

Optimal Filter Length Selection for Universal Filtered Multicarrier
Systems

Power and Ventilation Performance Study in a Modified Vertical
Axis Wind Turbine Based on Semi-analytical Approach

Feature Engineering Methods in Intrusion Detection System: A
Performance Evaluation

A New Generalized Step-up Multilevel Inverter Topology Based
on Combined T-type and Cross Capacitor Modules

Investigation of the Damping Performance of a Shape Memory
Alloy Beam

Effect of Combined Different Sources of Alumina Silicate on
Mechanical Properties and Carbonation Depth of Environmentally
Friendly Geopolymeric Composite Based on Metakaolin

1322-1330

1331-1342

1343-1353

1354-1368

1369-1382

1383-1397






IJE TRANSACTIONS A: Basics Vol. 36, No. 07, (July 2023) 1201-1210

‘ @ International Journal of Engineering

L\

Journal Homepage: www.ije.ir

Functionalized Halloysite Nanotubes and Graphene Oxide Nanosheets Fillers
Incorporated in UF Membranes for Oil/Water Separation

M. Amid, N. Nabian*, M. Delavar

Department of Chemical Engineering, University of Science and Technology of Mazandaran, Behshahr, Iran

PAPER INFO

Paper history:

Received 10 March 2023

Received in revised form 11 April 2023
Accepted 18 April 2023

Keywords:

Dual Nanofillers

Graphene Oxide Nanomaterials
SDS-functionalized Halloysite Nanotubes
Polycarbonate Polymer

ABSTRACT

Novel ultrafiltration mixed matrix membranes combined by dual nanofillers Graphene Oxide +
Functionalized Halloysite Nanotubes (GO/FHNTSs) were prepared. In this work, we improved the
performance and properties of polycarbonate-based membranes for oil/water separation applications.
The morphology and other properties of the fabricated membranes were characterized by different
analytical method including Field Emission Scanning Electron Microscope (FESEM), Fourier-transform
infrared spectroscopy (FTIR), contact angle goniometer, and mechanical strength apparatus. The
obtained results confirmed that addition of GO/FHNTS had a positive effect on hydrophilicity and tensile
strength. Also, the water permeation of the optimum G00.25-FHNTO0.75 membrane was about 2.5 times
more than pure polycarbonate. Overall results showed that all membranes reached 100% oil separation
efficiency at various ultrafiltration times. Furthermore, the optimum membrane showed a flux recovery
ratio of more than 90% where the permeate fluxes of feed solutions with 100 ppm and 200 ppm olive oil

concentrations were reduced to only about 5.5% and 6% after three regeneration cycles, respectively.

doi: 10.5829/ije.2023.36.07a.01

1. INTRODUCTION

Today, the separation of oil from water has received a lot
of attention. One of the main reasons in this regard is the
increasing demand for purified and clean water. Oily
wastewater is the product of various industries such as
steel, food industry and pharmacy. These wastewaters
can also enter to open water during oil exploration and
transportation [1]. Nowadays, the scarcity of clean water
has become a serious problem, due to the rapid increase
in population and industrial activities [2, 3]. The most
common methods of purifying oily wastewater can be
named as centrifugal systems, cyclones, electrostatic
precipitation, and membrane filtration [4-6]. Among the
various techniques, membrane filtration is a more
effective and efficient one for separating oil from
wastewaters, especially oil emulsions. The advantages of
membrane separation are high selectivity, low
maintenance cost, low required space, high efficiency,
and no need for chemical additives [7-9]. Hence,

*Corresponding Author Institutional Email: nimanabian@mazust.ac.ir
(N. Nabian)

different studies have been done by researchers in which
membrane separation processes were used for the
decontamination of oily pollutants [10-13]. Among these
applied pressure gradient membrane processes,
ultrafiltration systems are of great importance owing to
their lower required pressures compared to others [14,
15]. Nowadays, mixed matrix membranes (MMMs)
containing organic/inorganic fillers are recommended in
this regard. MMMs with more efficient separation, high
mechanical strength, good processing ability and long-
term stability represent the basic standards for the
commercialization of industrial applications [16]. Ismail
et al. [17] synthesized polyvinylidene fluoride mixed
matrix membranes, including HMO nanoparticles in
order to eliminate oils. The obtained results represented
that the flux of membranes containing HMO
nanoparticles was 10 times greater than that of pure
PVDF with an oil separation efficiency of 93%. In
another study, Vatanpour et al. [18] synthesized
polyethersulfone (PES) based mixed matrix membranes

Please cite this article as: M. Amid, N. Nabian, M. Delavar, Functionalized Halloysite Nanotubes and Graphene Oxide Nanosheets Fillers
Incorporated in UF Membranes for Oil/Water Separation, International Journal of Engineering, Transactions A: Basics, Vol. 36, No. 07,

(2023), 1201-1210
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using multi-walled carbon nanotubes and titanium oxide
coating and then compared them with each other. The
results revealed that the hydrophilicity was increased in
membranes containing multi-walled carbon nanotubes.
Water permeation was also increased significantly in
membranes containing carbon nanotubes with titanium
oxide coating. Furthermore, Zirepour et al. [19]
fabricated a mixed matrix of ultrafiltration membrane
containing multi-walled carbon nanotubes. The results
showed that these nanotubes had a positive effect on the
permeate flux and mechanical strength of the membrane
and improved membrane efficiency for the treatment of
organic wastewater.

Halloysite nanotubes (HNTs) are more easily
modified than other nanomaterials and possess a
relatively low price. A group of researchers synthesized
a series of novel PES based mixed matrix membranes by
blending functionalized HNTs to improve the
hydrophilicity and reusability of membranes [20-23]. A
utilization of halloysite nanotubes in combination with
other nanoparticles as new membrane fillers has been
reported in the literature [24]. As an example, Ikhsan et
al. [25] investigated the effect of halloysite nanotubes /
hydrous iron oxide nanocomposites on a polymer-based
composite matrix membrane at different ratios. Their
obtained results confirmed that with increasing the
nanocomposite up to 23.88 wt%, the contact angle of the
membrane decreased from 81.9° to 50.3°. Mixed matrix
membranes containing nanoparticles exhibited a water
permeation of 650 L.m2.h* and oil removal efficiency
equal to 99.7%. As another candidate to be combined
with HNTSs, graphene oxide (GO) nanomaterials can
improve membrane performance because of their
extremely high aspect ratio, excellent hydrophilicity,
their easy surface functionalization, and excellent
enhancement of membrane properties [26]. Therefore,
GO-based membranes incorporated with halloysite
nanotubes were prepared for the improvement of
membrane separation processes [27]. The results
obtained by Zhu et al. [28] demonstrated that by the
addition of halloysite nanotubes to polyethersulfone
membrane containing GO nanoparticles, the permeate
flux was increased from 288.6 L.m2.h* to 716 L.m2.hL,
In addition, some groups of researchers developed a new
strategy to improve the performance of HNT/GO
membranes through functionalization of halloysite
nanotubes via modifiers in order to avoid the
accumulation of nanotubes in polymeric solutions [29].
Poly(4-vinylpyridine) (P4VP) was used as a modifier by
Zhang et al. [30] to produce a functionalized halloysite
nanotubes incorporated in polyethersulfone (PES) based
membranes. Zhan et al. [31] fabricated polyarylene ether
nitrile (PEN) MMMs for oil removal applications by
adding different loadings of polydopamine (PDA)
modified halloysite nanotubes to the membranes
containing GO nanomaterials. The resulting composite

membranes showed a separation efficiency of more than
99%. In similar studies, the authors changed the ratios of
PDA modified halloysite nanotubes to graphene oxide
nanoparticles in the cellulose acetate membrane matrix
being used in oil/water separation [32-34]. Moreover, it
was described elsewhere that sodium dodecyl sulfate
(SDS) could be a useful modifier enhancing the
dispersion of halloysite nanotubes [1, 2]. Based on the
findings reported in the literature, it is not presented
anywhere that how the oil/water separation performance
of the mixed matrix membranes containing both GO-
HNT nanomaterials changes if SDS is used for the
functionalization of halloysite nanotubes. Among diverse
types of polymers being utilized for the preparation of
polymeric membranes, polycarbonate (PC) is an
appealing material due to its remarkable features like
reasonable chemical stability, good physical toughness,
and relatively low price [1, 2]. Therefore, the aim of this
study is to prepare polycarbonate based mixed matrix
membranes comprising both graphene oxide nanosheets
(GO) and sodium dodecyl sulfate functionalized HNTs
(FHNT) with three various GO/FHNT ratios. The effects
of the simultaneous presence of these hydrophilic
nanomaterials on the membrane properties like porosity,
mean pore size, and hydrophilicity as well as its
performance such as permeability, oil rejection and flux
recovery ratio were investigated.

2. MATERIALS AND METHODS

Commercial graphene oxide nanosheets, acetone,
polyvinyl pyrrolidone (PVP), N-methyl-2-pyrrolidone
(NMP), halloysite nanotubes (HNTSs), polycarbonate
(grade: 0710), sodium dodecyl sulfate (SDS) and Olive
oil was used in this study that introduced mentioned
materials in our previous work [35].

2. 1. Preparation of Membranes In this study,
four membranes including a pure polycarbonate
membrane and three mixed matrix membranes
intercalated by both nanomaterials of commercial
graphene oxide nanosheets and the functionalized
halloysite nanotubes were synthesized in different weight
ratios of fillers. The synthesis of functionalized halloysite
nanotubes is clearly stated in our previous work [35].
First of all, the predetermined ratios of graphene oxide
nanoparticles to functionalized halloysite nanotubes are
added to the solution containing NMP and PVP and the
resulting mixture was placed on a stirrer at 65°C for 24
hours to completely disperse the nanoparticles into the
solution. Then, predetermined amounts of polycarbonate
added to the dope solution. The glycerol is then added to
the solution and placed on the heater. Thus, the dope
solution is prepared for the preparation of MMMs. After
spreading the polymeric solution on a flat glass plane, it
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was sunk in a cubic container full of water to complete
the phase inversion process leading to the formation of
the membrane. Later, the synthesis procedure was
followed by the detaching the synthesized membrane
from the glass plate, the membrane is placed in distilled
water. Dope solution ingredients of all fabricated
membranes is summarized in Table 1.

2. 2. Characterization Analyses The
transmission electron microscopy (TEM) is a special
apparatus for determining the structure and morphology
of the synthesized materials, which makes it possible to
study the morphological characteristics of samples with
high resolution and high magnification. In this study,
TEM (Philips, Netherlands) analysis was used to identify
the dispersion level as well as the morphology of the
functionalized nanotubes. Furthermore, the FESEM
apparatus (MIRA3TESCAN-XMU, Czech Republic)
was used in this work for the characterization of the
commercial HNTs, the modified ones as well as the
synthesized membranes. The common feature for most
polymers is that they are non-conductive and therefore
they definitely need to be coated before implementing
this test. In this case, FESEM can be used in low voltage
and current conditions. Fourier transform infrared
spectroscopy (FTIR) is commonly used to study
chemical bonds. The FTIR apparatuses, namely
Shimadzu (Japan) and Bomem MB-100 (Canada) were
used to determine the presence of the functional groups
of the prepared halloysite nanotubes and the fabricated
membranes, respectively.

2. 3. Water Contact Angle By a contact angle
measurement system, the hydrophilicity properties of the
samples can be investigated. The contact angle refers to
the angle that a water droplet makes with a solid surface.
With an increase in the wettability feature, the water
contact angle decreases. In this study, in order to assess
the synthesized membranes' hydrophilicity, the contact
angles between water and the membranes' surfaces were
obtained using the contact angle measuring instrument
(Data physics OCA 15 Plus, Germany). It should be
noted that the volume of one drop of water on the
membrane surface is equal to 4 microliters. For each

TABLE 1. Dope solution ingredients of prepared membranes

Membrane PC NMP PVP  Glycerol GO FHNT
code (Wt%)  (wt%) (Wt%)  (Wt%)  (wt%) (wt%)
Pristine PC 12 82.13 5 0.87 0 0
G00.25-

FHNTO.75 12 81.13 5 0.87 025 0.75
GO00.5-

FHNTO5 12 81.13 5 0.87 0.5 0.5
G00.75-

FHNTO.25 12 81.13 5 0.87 075 025

sample, photography was done three times and their
average contact angle value was reported.

2. 4. Mechanical Strength In this study, the
mechanical strength tests were done by a universal
machine (H10KS, England). Three samples were tested
for each membrane and the average tensile strength was
reported.

2. 5. Porosity and Mean Pore Size Porosity is
considered as another remarkable index for the
evaluation of membrane characteristics. To calculate this
parameter, at first, the dry weights of 5 pieces of each
membrane (3 cm?) were measured. Then, these pieces of
the dry membrane were soaked in distilled water for 48
h. After that, for the removal of extra water from the
membrane surface, a filter paper was applied and
subsequently weighing the wet membranes was repeated.
Finally, the membrane porosity was calculated by
Equation (1) and average of them was reported [36]:
Myet—Mdry
€= mwet_p"‘:/g:;r Mdry (1)
Pwater Ppc

where mqry is the weight of dry membrane and mye is the
wet one (9). ppc and pyqcer represent the density of
polycarbonate (1.22 g/cm®) and that of water (0.998
g/cm?®), respectively.

Also, the following equation was used for the
calculation of membrane mean pore size [37]:

_ |8ulq(2.9-1.75¢)
Taverage = , £A AP (2)

where u refers to the viscosity of water at 25 °C in Pascal-
seconds, | represents thickness of fabricated membranes
in meter, g refers to water flow in cubic meters per
seconds, 4P represents the atmospheric operation
pressure in Pascal, and A refers to surface area of
membrane in square meters.

2. 6. Water Permeation Water permeation (J in
L.m2.h") was calculated by Equation (3) [38]:
J = ©

AAt

where Q shows the volume of collected permeate in liter,
At refers to the duration of permeate collection in hour.
Meanwhile, the pressures used to achieve the membrane
water permeation were 1, 1.5, and 2 bar. It is notable that
to measure the permeate flux and oil removal efficiency
of synthesized membranes an ultrafiltration setup was
applied. The process diagram of this setup is shown in
previous work schematically [35].

2. 7. 0il Removal Efficiency To measure the
efficiency of membranes in olive oil/aqueous solution
separation, at first, the membrane was used for thirty
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minutes where the tank in the ultrafiltration set-up was
filled with deionized water to minimize the effects of
membrane compactness. Then, the tests continued in
which an emulsion of olive oil in water flowed through
the UF setup instead of water. In this test, although the
concentration of feed solution varied, the other feed
parameters were remained unchanged like the pressure of
1 bar and the flow rate of 1 L/min. Using Equation (4),
the efficiency of membranes in the removal of olive oil
(R in percent form) was estimated [39]:
Cr—Cp
R==C—=F )

where Cp and Cr represent the olive oil concentration in
the collected permeate and feed tank, respectively.

2. 8. Antifouling Tests The optimum was reused
to antifouling test. For this purpose, the pure water flux
of membrane was measured again (J;). After that, the flux
recovery ratio (FRR) of the optimal membrane was
calculated by Equation (5) [40]:

FRR = ;—2 x 100 ®)
1

where J; and J; (L.m2.h%) refer to the water permeation
of the membrane after and before the oil removal test,
respectively.

3. RESULTS AND DISCUSSION

3. 1. Characterization of Graphene Oxide
Nanomaterials and Functionalized Halloysite
Nanotubes

3. 1. 1. FESEM The FESEM images of HNTs
and functionalized ones are displayed in Figures 1A and
1B, respectively. It can be confirmed that the HNTSs are
aggregated, while the FHNTs are in a uniform
distribution of nanotubes as well as a decrease in their
particle size.

3. 1. 2. TEM Analysis Results of TEM analysis for
FHNTs and GO are shown in Figures 2A, and 2B,
respectively. Figure 2A represents the tubular structure
of functionalized halloysite nanotubes at different
magnifications. Similar findings were reported by Lun et
al. [2]. In a study conducted by Cheng et al. [41] the
functionalized halloysite nanotubes with sodium dodecyl
sulfate showed much lower agglomeration and more
uniform distribution. Moreover, based on Figure 2B, the
surface roughness and amorphous structure of the
graphene oxide nanomaterials can be observed [42].

3.1.3.FTIR Analysis of FHNTSs The FTIR spectra
of functionalized halloysite nanotubes are discussed in

Figure 1. FESEM images of A) Commericial HNTs, B)
Functionalized HNTs

Figure 2. TEM analysis of A)Fuhctionalized halloysite
nanotubes and B) GO nanomaterials

our previous study [35]. Briefly, the five peaks
confirming the presence of sodium dodecyl sulfate
appeared in the FTIR image of sodium dodecyl sulfate
functionalized halloysite nanotubes.

3. 2. Characterization of Synthesized Pristine PC
and MMMs

3. 2. 1. Morphology of Membranes The upside
surface and cross-sectional FESEM results of the blank
PC and GOO0.25-FHNTO0.75 mixed matrix membranes are
shown in Figures 3a and 3b, respectively.

By comparing Figures 3a and 3b, it can be seen that
the membrane containing nanoparticles has a more
spongy structure than the pure polycarbonate membrane.
This result can be attributed to the bonds between
nanoparticles and the membrane matrix. Various studies
have shown that created bonds can affect the mixing
process [43]. The reduction in the rate of replacement
between coagulant and solvent in the synthesis process of
mixed matrix membranes, created membranes with a
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Figue 3. Cro
GO-FHNTO0.75 mixed matrix membrane

more spongy structure than blank membrane [44]. Also,
by addition of functionalized HNTs and GO
nanomaterials results in the formation of the larger
macro-pores in the sub-layer of the membrane, which can
be due to the fact that the functionalized HNTs and GO
nanomaterials are naturally hydrophilic [45-47].
Furthermore, the top layer of the blank PC has a uniform
and smooth surface. But, referring to the upside surface
image of GOO0.25-FHNTO0.75 mixed matrix membrane,
GO nanosheets in the center of the picture as well as
uniformly distributed nanotubes (FHNTSs) can be seen,
which verifies the presence of both nanomaterials.

3. 2. 2. Functional Groups The results of FTIR
analysis is presented in Figure 4. The functional groups
of blank PC and mixed matrix membranes containing GO
and FHNTSs were in detail discussed in our previous work
[35, 47]. In brief, the peaks at 1081 cm™, 1260 cm'%, 1365
cml, 1466 cm™, 1505 cm?, 1772 cm?, and 2854 cm*
correspond to the vibrations of chemical bonds in the
blank polycarbonate membrane. The peak appeared at
3465 cm™ is related to adsorbed water. Furthermore, the
peaks at 1241 cm™, 1466 cm?, and 2922 cm™ are
attributed to the presence of functionalized HNTS in the
membrane matrix. The bond between SDS-HNTs and PC
polymeric material can be assigned to the hydrogen bond
between the surface hydroxyl group of the HNTs and the
carbonyl group of polycarbonate as well as the
hydrophobic-hydrophobic interaction between the alkyl
chain of SDS molecules and the benzene ring present in
the polycarbonate matrix. The peaks appeared at 1037
cm?, 1056 cm, 1380 cm, 1631 cm, and 1729 cm™,
and 3433 cm! are assigned to different functional groups
of GO nanosheets.

3. 2. 3. Mechanical Strength The results of
mechanical strength of prepared membranes are shown

GOD.75-FHNTO.25

—— GOO5-FHNTO5

e GO0.25-FHNTO.75
It

R
IRERL TR
AR
IRERIIN
NI
R
RERIIREES
\i;\\'\ \i \i?
I
}

Transmittance

Lod

T
i
Pidiiti g

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4. FTIR spectra of blank PC and mixed matrix
membranes

in Figure 5. It can be confirmed that addition of
nanomaterials, increased the tensile strength and Young's
modulus and elongation increased. It can be related to the
presence of epoxide functional groups in GO
nanomaterials [48]. On the other hand, when the GO
loading increased to 0.75 wt%, these mechanical
parameters exhibited a decreasing trend. It can be related
to the agglomeration of nanosheets in the polymeric
solution. In similar studies, the same results were
reported [49-50]. Moreover, although GOQ.75-
FHNTO.25 possessed a GO loading of more than 0.5 wt%
after which the mechanical parameters decreased, it still
exhibited tensile strength and elongation values greater
than those of GOO0.25-FHNTO0.75 MMM. It can be
attributed to the better dispersion of functionalized
halloysite nanotubes and a stronger bond between
functionalized halloysite nanotubes and polymeric
matrix [51].

3.2. 4. Hydrophilicity Figure 6 shows the contact
angle of synthesized membranes. The obtained results
confirm that adding GO nanomaterials and FHNTSs

+ 199
GOO.75-FHNT0.25 - } 5966
>—‘—< 46
e
GOO.5-FHNTO5 ] HH 0403
oo
218
GO0.25-FHNT0.75 3.765
4.06
% 154

pcH .
c + 626 [T Young's Modulus (MPa)
ﬂ—( 29 IC__] Elongation at break (%)

[ Tensile strength at break (MPa))

Figure 5. Mechanical strength of mixed matrix membranes
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Contact Angle (°)

PC GO0.25-FHNTO0.75 ~ GO0.5-FHNT0.5  GOO0.75-FHNT0.25

Figure 6. Water contact angle of synthesized membrane

enhanced the hydrophilicity of mixed matrix membranes
in comparison with that of blank PC membrane. It can be
attributed to the hydrophilic groups attached on GO and
FHNTs. Also, SDS as amphiphilic material, could
produce a large amount of hydrophilic cavity and
functional groups of functionalized halloysite nanotubes
[52].

3. 2. 5. Porosity and Mean Pore Size The
porosity and mean pore size of synthesized membranes
are presented in Figure 7. As shown in Figure 7, the
porosity quantities of mixed matrix membranes were
bigger than that value achieved for the pure
polycarbonate membrane. Also, by increasing the
loadings of GO nanomaterials, porosity values reduced.
In can be due to a rise in the viscosity of the polymeric
solution, as a result of a reduction in the substitution rate
of coagulant and solvent in the phase inversion procedure
[53, 54]. In addition, because of the tubular structure of
halloysite nanotubes, they make the membranes porous
after being dispersed in the dope solution [35, 55].

o
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Porosity (%)

5

20

0 !

T
PC G00.75-FHNT0.25 ~ GOO0.5-FHNTO0.5 G00.25-FHNTO0.75

Figure 7. Porosity and mean pore size of membranes

The overall results of membranes mean pore size
confirmed that mean pore sizes of mixed matrix
membranes were more than that of the pure membrane.
But, an enhancement in the loading of GO nanomaterials
shows a negative effect on the mean pore size because of
strong hydrogen bonds between GO nanosheets and the
polymeric solution [42].

3. 2. 6. Ultrafiltration Experiments For the
investigation of the performance of synthesized
membranes, some tests were carried out using the
ultrafiltration setup such as water permeation, oil
separation, and membrane regeneration that will be
described in the following sections.

3. 2. 6. 1. Water Permeation Regarding the
obtained results of water permeation displayed in Figure
8, the water permeation of mixed matrix membranes
improved around 3 times in comparison to blank PC. It
can be due to the hydrophilic nature of these added
nanomaterials. In addition, the enhancement in the water
permeation of GO0.25-FHNTO0.75 compared with
G00.75-FHNTO0.25 from 1237.5 L.m2.h! to 1025 L.m"
2.h? can be attributed to the greater hydrophilicity of
halloysite nanotubes and its hollow tubular structure that
offers a wide range of channels for water permeation [55-
57] as well as the agglomeration of GO nanomaterials
[58-60]. Based on these obtained data of water
permeation as well as porosity and water contact angle
values, GO0.25-FHNTO0.75 mixed matrix membrane
selected as the optimal membrane.

3. 2. 6. 2. Oil Separation of Selected Membranes
The effect of feed concentration on the separation
efficiency of olive oil by the optimal membrane in
ultrafiltration tests at 1 bar and ambient temperature was
investigated and the results are shown in Figures 9. For
this purpose, the feed solution was prepared in 100-200

P
~.\\\ g

&
>
<

Figure 8. Water permeation of blank PC and mixed matrix
membranes
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ppm oil concentrations, and subsequently the selected
membrane was examined for the efficiency of olive oil
separation using the as-prepared feed solution.

To interpret the results displayed in Figure 9, this
point is noteworthy that as the UF process begins, the
presence of quite open membrane pores allows some oil
particles to come out from the other side of the
membrane. Over time, some pores become blocked with
oil particles, and as a result, oil separation efficiency
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Figure 9. Permeate flux and separation efficiency of blank
PC and the optimal mixed matrix membrane at A) 100 ppm,
B) 150 ppm, C) 200 ppm, 1 bar and 25°C

increases up to 100%. But, the times to reach this
separation efficiency decreased from 225 min for the
blank PC to 165 minutes for the GO0.25-FHNTO0.75
membrane at 100 ppm feed concentration. Also, with
increasing the concentration of the feed solution, the time
to achieve 100% separation increased. In addition, for the
investigation of membrane fouling, the curves of
permeate flux versus time are plotted in Figures 9A, 9B
and 9C for each feed concentration. In detail, the blank
PC membrane possessed the lower permeate flux
compared with the optimal GO0.25-FHNT0.75 MMM.

3. 2. 6. 3. Reusability of Optimal Membrane
After ultrafiltration experiments, the optimal membrane
was used in reusability test and the results were plotted in
Figure 10. In other words, GO0.25-FHNTO0.75 mixed
matrix membrane was evaluated in terms of regeneration.
In this case, the used membrane was washed after oil
separation ultrafiltration tests by acetone solution (20%
v/v). After that, the water permeation of washed
membrane was measured again. This method was
repeated for three times. Finally, the flux recovery ratio
was calculated by Equation (5). The obtained results
showed that with increasing feed concentration, the FRR
decreased [35, 47]. It can be due to the blockage of some
pores and not complete cleaning of membrane pores by
acetone solution. Furthermore, the permeate fluxes of
feed solutions with 100 ppm and 200 ppm olive oil
concentrations were reduced only about 5.5% and 6%
after three cycles, respectively [61].
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Figure 10. FRR results of GO0.25-FHNTO0.75 mixed matrix
membrane

4. CONCLUSION

In this work, polycarbonate membranes were synthesized
in which the functionalized HNTs and GO nanomaterials
were added in the dope solution of the membrane
simultaneously. According to the FESEM images, the
mixed matrix membrane showed a more spongy structure
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compared to the blank PC membrane. In addition, the
water permeation results showed that the best wettability
was related to GOO0.25-FHNTO0.75 mixed matrix
membrane.

Also, water contact angle of FHNT/GO membrane
compared to blank PC membrane decreased from 70.56°
to 33.69°. As a result, water permeation of FHNT/GO
mixed matrix membrane increased by 2.9 times
compared to blank PC membrane.

The overall results of mean pore size of membranes
confirmed that the mean pore size of FHNT/GO mixed
matrix membranes increased about 1.5 times compared
to blank PC membrane.

The pure polycarbonate membrane and the optimum
G00.25-FHNTO0.75 mixed matrix membrane were used
for ultrafiltration experiments of olive oil removal from
water. The UF results confirmed that synthesized
membranes had a desirable ability for olive oil removal
up to 100% separation efficiency. Finally, the reusability
of GOO0.25-FHNTO0.75 membrane was checked and the
obtained data confirmed that the mentioned membrane
was well regenerated with a flux recovery ratio of more
than 93% after three cycles.
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The seismic performance of non-structural components (NSCs) has been the focus of intensive study
during the last few decades. Modern building codes define design forces on components using too simple
relationships. The component accelerates faster than the floor acceleration to which it is connected.
Therefore, component dynamic amplification factors (CDAFs) are calculated in this work to quantify
the amplification in the acceleration of NSCs for the various damping ratios and tuning ratios of the

Ke_yWOF ds: NSC, and the primary structural periods. From the analysis results, it was observed that CDAF peaks are
Primary Structure either underestimated or overestimated by the code-based formulae. A prediction model to ascertain the
gem”d‘?r{“’”“”,re CDAFs was also developed using artificial neural networks (ANNS). Following that, the suggested
" Z?n';';a';tjm“m" model is contrasted with the established relationships from the past research. The ANN model's

coefficient of correlation (R) was 0.97. Hence, using an ANN algorithm reduces the necessity of
laborious and complex analysis.

doi: 10.5829/ije.2023.36.07a.02

1. INTRODUCTION

Non-structural components (NSCs) cannot withstand
loads [1]. Non-structural components damage may
cause both immediate and long-term financial losses. The
damage of components, especially expensive and
important equipment in important structures may impair
the functionality of buildings [2-5]. These results show
that NSC seismic performances are just as significant as
structural component seismic performances. The current
Standards and Guidelines were mostly produced using
empirical methodologies built from earlier experiences
and engineering skills [6]. To keep NSCs secure and
guarantee that the building can remain operating after an
earthquake, non-structural components must be
constructed for earthquakes. To do this, it is necessary to
calculate the floor response spectrum (FRS) at the
location where the NSC is connected to the main system.

*Corresponding Author Email: noroozinejad@kgut.ac.ir
(E. Noroozinejad Farsangi)

Using a decoupled analysis method, the floor
response spectrum (FRS) approach, is used [7-15].
Without considering the impact of the secondary system,
the fundamental structure is dynamically analyzed first.
The time history of the acceleration response is supplied
to a component at floor level where it is mounted to create
the FRS. The resulting FRS may thus be used to
determine the maximum force for the NSCs. According
to research on dynamic behaviour of components
subjected to ground motion, the likelihood of NSC
damage would be enhanced if the primary structure's
response was amplified [16]. Researchers began studying
FRS generating methods in the 1970s. A method for
producing the FRS using the ground response spectra was
created by Yasui et al. [17]. For the purpose of accurately
identifying floor acceleration spectra, a unique method is
created and verified [18]. To study the seismic
requirements on nuclear plants, Jiang et al. [19] created
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floor response spectra. They found that the FRS from
analysis showed significant fluctuations, especially in
tuning circumstances. Investigations have been done on
the floor response spectrum of complex structures [20-
24]. The most recent research [25] investigated how a
stiffness irregularity affected the FRS and found that the
floor response’s amplitude is larger at the soft story
position. None of the FRS generating approaches that
have been extensively discussed in the relevant literature
[19, 23, 26, 27] can reliably measure the amplification in
the acceleration of the non-structural components.

Component dynamic amplification factors, which
represent the amplification of NSCs, are significant in the
production of FRS. Hence, using a component dynamic
amplification factor, the current work investigates how to
quantify such amplification. Hence, for primary
structures subject to seismic loads, the aforementioned
factors were examined. The amplification factors and
those discovered from the code-based formulations were
contrasted. An attempt has been made in this study to
develop the prediction model for the CDAF. The existing
models [28, 29] for the determination of CDAF have not
been considered the effect of a damping ratio of the NSC.
As aresult, this study proposed a prediction model for the
CDAF spectrum based on data-driven methods. Data-
driven methods like Machine learning (ML) techniques
are superior in the establishment of relations between
various input and output variables than conventional
regression analysis [10, 30-32]. To be more specific, an
ML model including Artificial Neural Network (ANN)
was utilized to develop the CDAF spectra. By contrasting
the amplification factors computed from the ML model
with the factors acquired from the existing relations, the
constructed prediction model based on the ML technique
was verified.

The following is how the paper is organized: In
section 2, the mathematical model is described. The
selection and scale of ground motions are shown in
section 3. The CDAF is described in section 4. The ANN
model's details are presented in section 5. The suggested
ANN prediction model's validation is shown in section 6.
The final part draws brief conclusions (i.e., section 7).

2. DESCRIPTION OF MODEL

The basic structure in the current investigation is an
acceleration sensitive NSC linked to a SDOF, as shown
in Figure 1. The primary structure’s (§,) viscous damping
ratio is taken as 5%. It is possible to calculate the primary
structure's reaction for a given set of ground movements
using Equation (1).

mp¥ + cpx + kpx = —mpiy (1)

where m,,, ¢,,, and k,, are the mass, damping and stiffness
for the primary structure: c, = 2myé,w,; w, is the

m
e @™
Primary Structure . my

Figure 1. Primary structure connected with non-structural
component

primary structure’s frequency; x and ¥ are the relative
velocity and acceleration; X, is the ground acceleration;
(X + X4): primary structure’s absolute acceleration. The
resulting absolute acceleration response may be
transformed into pseudo-acceleration response spectra in
accordance with Equation (2) produce the FRS.

MeXs + CoXs + Kexg = —my (X + %y) )

where my, cg, and kg are the mass, damping, and stiffness
for the NSC: ¢, = 2m é;wy; wg and & are the NSC’s
frequency and damping ratio; xg, X, and X, are the
relative displacement, velocity, and acceleration,
respectively. Equations (1) and (2) are differential
equations, which are then solved numerically using the
Runge-Kutta technique.

3. GROUND MOTIONS

Realistic responses are produced by the seismic response
evaluation process using actual ground motion
recordings [33-38]. Such records are easily accessible
through the NGA-West 2 Database of the Pacific
Earthquake Engineering Research Centre (PEER) [39].
Hence, 11 horizontal ground motion excitations have
been taken into account in the current research for the
hard soil type in accordance with ASCE 7-16 [28]. Based
on shear wave velocity (Vsso), ground motions are chosen
to depict hard soil in accordance with National
Earthquake Hazard Reduction Program (NEHRP) [40]
criteria. Table 1 displays the specifics of the excitation.
Since they can greatly reduce the computational time
compared to many ground motions, spectrum compatible
ground motions are used in this investigation [41]. To
create spectrum-compatible seismic excitations, the time-
domain spectral matching method [42] is applied. The IS
1893:2016 target spectra and average spectra of ground
motions are shown in Figure 2. The average spectrum
must remain above 90% of the target spectrum in
accordance with ASCE 7-16. This figure shows that
mean spectra are much more than 90% of the target
spectra.
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TABLE 1. Ground motions information

. Rib
Earthquake Year Station Mw (km)
Helena_ 1935  Carroll College 6  2.07
Montana-01 Y ’
Helena_
Montana-02 1935 Helena Fed Bldg 6 2.09
Pasadena - CIT
Kern County 1952 Athenaeum 7.36 12265
Santa Barbara
Kern County 1952 Courthouse 7.36 81.3
Kern County 1952  Taft Lincoln School 7.36  38.42

Southern Calif 1952 San Luis Obispo 6 73.35

Cholame - Shandon

Parkfield 1966 Array #12 6.19 17.64
Parkfield 1966 San Luis Obispo 6.19 63.34
Parkfield 1966 Temblor pre-1969  6.19  15.96
BoregoMin 1968 rasadena-CIT g aa 5079y
Athenaeum
Borrego Mtn 1968 SN Orofre - So Cal 6.63 129.11
Edison
2.0

—— 1S 1893:2016 Target spectrum-Hard soil
—— Mecan spcctra

—— 90% of the Target spectra

1.54 Individual ground motion spectra (Unscaled)

i
A

0.5

Spectral acceleration (g)
>

0.0 T T T T T T T
00 05 1.0 1.5 20 25 30 35 40

Time period (sec)
Figure 2. Mean and target spectra

4. COMPONENT DYNAMIC AMPLIFICATION
FACTOR

The component's acceleration in relation to the floor
acceleration is examined in this section. Elastic SDOF
systems make up the NSCs examined in this study. In
comparison to the main structure, the NSC's mass is
thought to be quite low. Floor response spectra (FRS) is
a decoupled approach that evaluates the primary system
and non-structural component separately in a
predetermined sequence. The linear time history
analysis's input is scaled ground motions. From the
model at the floor, absolute acceleration responses are
collected and fed into the NSC to produce the relevant
FRS. With a 5% damping ratio, the FRS was attained.

The FRS is performed, and its results are normalized by
the appropriate peak floor acceleration (PFA). The
component dynamic amplification factor is represented
by the ratio FRS/PFA (CDAF). Understanding the
seismic behaviour of non-structural components requires
knowledge of the CDAF [12, 13]. Figure 3 shows the
CDAF spectra for different primary structural periods for
a 5% damping ratio of the NSC. The vibration period (T},)
of the primary structures shown in the Figure 3 represent
the very stiff to flexible structures. The peak in the CDAF
spectra was observed in the range of 0.7 < T /T,, < 1 for
the considered primary structures. The definitions of
ASCE 7-16 [28] are contrasted with the CDAF in the
present study. According to ASCE 7-16, for flexible
NSCs with vibration periods greater than 0.06 seconds,
the components amplification factor (a,) is 2.5. The
value of the amplification factor for stiff NSCs (T, < 0.06
sec) is 1. It is clear from Figure 3 that the CDAF peaks
are either underestimated or overestimated by the ASCE
7 standards.

Since NSCs come in a variety of periods and damping
ratios (&), it is necessary to evaluate the impact of these
characteristics on the seismic behaviour of non-structural
components [43]. Determining component dynamic
amplification factors for various &; (0.1%, 0.2%, 0.5%,
1%, 2%, 5%, and 10%) is the purpose of this work. The
CDAF spectrum for various damping ratios (0.1%, 2%,
and 10%) is shown in Figure 4. As predicted, lower &
values led to greater amplification factor values. The
damping ratio of NSC is discovered to have a greater
impact on the main structure's vibration periods. It is
important to note that the impact of & is negligible for
both extremely short and very long NSC periods. To do
so, this work tried to create a prediction model for the
CDAF utilizing machine learning methods such as
artificial neural networks (ANNs). Amplification factors
were determined for various & (0.1%, 0.2%, 0.5%, 1%,
2%, 5%, and 10%), tuning ratios, T /T, (0 to 40 with 0.5
increment), and primary structural periods, T,, (0.1to 1,
with 0.1 increment, and 1.25, 1.5, 2, 2.5, 3, 3.5, and 4 s).

T,=0.1 sec
T,, = 0.5 sec

I"I, =1 sec

T,=2sec
= « = ASCE 7-16

CDAF
w

0.0 0.5 1.0 15 2.0

T, (sec)
Figure 3. Component dynamic amplification factors for
different primary structural periods
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Figure 4. Component dynamic amplification factors at different NSC damping ratios

5. ARTIFICIAL NEURAL NETWORK (ANN) MODEL

Biological neural networks are simplified models that are
used to express ANNSs analytically. Massive data sets,
difficult problems, and muddled circumstances may all
be handled by neural networks. Because of this, neural
networks are frequently a more accurate instrument for
forecasting than traditional computational methods [44].
The current study employs a two layered feed-forward
neural network to precisely forecast the CDAF. One of
two levels, the other being the output layer, is the hidden
layer. With only one hidden layer, neural networks can
accurately estimate any function [45]. The tuning ratio
(T¢/T,), damping ratio (&) of the NSC, and primary
structural period (T,) are all considered as model inputs.
The predicted output of the model is represented by the
CDAF values. The performance of the model is more
strongly influenced by the architecture of the networks.
Insufficient hidden neurons will make learning harder for
the network. Yet, the likelihood of the network
overfitting the training set increases with the number of
hidden neurons. By experimenting with the number of
hidden neurons, we were able to fix the set with the
lowest mean squared error (MSE). The optimal number
was determined to be 35 hidden nodes, which
corresponds to that number. Consequently, the 35
neurons in the hidden layer were considered while
creating the ANN 3-35-1 model (Figure 5). The hidden
neurons must be trained using an appropriate learning

Hidden Layer

35-Hidden Neurons
Figure 5. ANN 3-35-1 model

method. The network is trained using the Bayesian
Regularization (BR) back propagation (BP) method.
Moreover, the output and hidden layers both employ the
Tan-sigmoid transfer function. Using the MATLAB
R2019b environment, the neural network model for this
investigation was developed. In all, 9639 CDAF values
representing 17 primary structural periods, 81 NSC
tuning ratios, and 7 NSC damping ratios were generated
by simulation in this work. A training set, which makes
up 70% of the whole dataset, and a testing set, which
makes up 30% of the total dataset, are further separated
into each dataset. The complete dataset must be pre-
processed before training. The dataset must be
normalized between -1.0 and 1.0 to give the variables an
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equal weight. Using Equation (3), this normalization may
be carried out.

2(x—Xmin)
xn _ min. _

(Xmax—Xmin)

©)

where x,, is the normalized value. x,,,in, Xmax, are the
minimum and maximum values of the variable x,
respectively. By specifying the performance assessment
functions, the ANN model's predictive power is assessed.
In this study, performance was measured using the mean
square error (MSE), and coefficient of correlation (R).
The performance functions (Equations (4) and (5)) are
defined as follows:

2
MSE = w (4)
2 _ _ 2
R = Xys é(j’zs Yp) (5)

where, N is the number of data points, and y, and y,, are
the simulated and predicted outputs. Table 2 displays the
model's performance results. The error (MSE) should be
as low as feasible, and the R value ought to be high. The
connection between the predicted CDAF and the
simulated CDAF is shown in Figure 6. The component
dynamic amplification factor values are accurately

Training: R=0.974

O Data
Fit

—— Predicted = Actual

Predicted CDAF

Simulated CDAF

1

Predicted CDAF

1215

predicted by the model, as seen by the correlation
coefficient's proximity to unity.

6. VALIDATION OF THE ANN PREDICTION MODEL

This section looked at how well the ANN model
predicted the dynamic amplification factors of non-
structural parts that were connected to the main structure.
For this validation, the damping ratios of NSC (0.6% and
3%) were used to construct the CDAF spectra of the
primary structure under consideration. The ANN
prediction model is not developed using the damping
ratio values that were taken into consideration for
validation. The predicted and simulated CDAF spectra
are displayed in Figure 7. The predicted and simulated
spectra for each of the instances under consideration have
a comparably high level of agreement. Table 3 displays
the maximum and lowest parameters used in creating the

TABLE 2. Results of the ANN model’s performance

Dataset R MSE
Training 0.974 0.0019
Testing 0.966 0.0022
Test: R=0.966
0.8 O  Data /',
 — 4 W
0.6 —— Predicted = Actual ,,/‘ //

’ -1 -05 0 0.5
Simulated CDAF

All: R=0.973

O  Data
Fit

——e—mee Predicted = Actual

Predicted CDAF
o

1

Simulated CDAF
Figure 6. CDAF predicted by ANN and simulations
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Figure 7. Comparison of simulated and ANN’s predicted CDAF spectra

TABLE 3. Limits of various variables

Input variables Output

T, (sec) T,/T, &s (%) CDAF

Max 4.0 40.0 10.0 19.598
Min 01 0.00 0.1 0.000

ANN model. Thus, neural networks may be used to
analyze the seismic behaviour of non-structural
components. The ANN analysis approach reduces
computational time by skipping the typical complicated
analysis.

7. CONCLUSIONS

Component dynamic amplification factors are crucial
because they represent the amplification of NSCs in the
floor response spectrum. Hence, the present study
explores the quantification of such amplification by
means of a component dynamic amplification factor. The
primary structure is therefore examined for the
aforementioned factors. The amplification factors are
compared to those found in the code-based formulae. The
study allows for the following conclusions to be drawn:
e The component dynamic amplification factors show
significant peak values in the range of 0.7 <
T,/T, < 1 for the considered primary structures.

e  The damping ratio (&) of NSC has a greater impact
on the dynamic amplification factors at vibration
periods of the primary structure.

e The influence of & is negligible for both extremely
short and very long NSC periods.

e The ASCE 7’s definition under- or overestimates
the amplification factors for periods closer to the
vibration periods of the primary structure. So, the
impacts of the dynamic properties of the NSC and
primary structure should be included in the present
code-based formulation.

e Machine learning (ML) technique like ANN is
utilized to develop the prediction model for CDAF
spectra. ANN is proved to be more effective and
powerful tool in this study for establishing the
relation between the input and output variables.
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ABSTRACT

Fusing textual information, as type of information fusion, has been of great significance to those
interested in making informative texts out of the existing ones. The main idea behind text fusion, like
any other type of information fusion, is to merge the partial texts from different sources in such a way
that the outcome can hold a reasonably high relevance with regard to certain objectives. In this paper, a
fuzzy framework is proposed for text generation, according to which a range of relevant texts are merged
to yield producing a new text that can help the users fulfill a certain functionality in plausible manner.
The focal point in our approach with regard to fusion is the distance between the class prototype of a text
on the one side and the feature vectors belonging to different subsets of the existing texts on the other
side. Results of experiments, show that the suggested framework can be a suitable alternatives for
performing fusion in the cases that the identity of the existing texts from the viewpoint of the texts
considered is unclear. This would turn into an effective utilization of the existing texts for the purpose

of generating new texts.

doi: 10.5829/ije.2023.36.07a.03

1. INTRODUCTION

In recent years, text fusion has been of great significance
to those interested in making informative texts out of the
existing ones [1]. Texts fusion, in this way, has got
numerous applications with regard to issues such as text
summarization and text mining as well [2, 3]. The main
idea behind text fusion, like any type of information
fusion, is to merge partial texts from different sources in
such a way that the outcome can hold a reasonably high
relevance with regard to certain objectives.

Provided that organizational texts can help their users
perform their functionalities in a reasonable way, one
interesting application of text fusion is to merge the
existing texts in such a manner that the outcome can hold
such characteristic. For instance, if the functionality
under consideration is "planning”, the purpose of text
fusion would be to provide a new text through merging
the existing one, that can help planners do their
functionality of planning in a plausible manner. Since the
functionalities of a text may occasionally share similar
aspects that could reflect in the way their essential

*Corresponding Author Email: mahmodi@itrc.ac.ir (M. T. Mahmoudi)

segments show up in the corresponding texts, we
therefore need to make use of those approaches to fusion
which can handle the ambiguity or uncertainty which
may arise due to such sort of similarity in functionalities.
In this sense, fuzzy logic can be considered as a helpful
means for handling this uncertainty or ambiguity. Taking
this point into account, a fuzzy framework is proposed in
this paper for text fusion according to which a variety of
texts are to be selected whose merging can yield a high
expectation for helping the user fulfill a certain
functionality.

The main concern in our approach is the distance
between the prototypical classes of text considered for a
variety of pre-defined functionalities on the one side, and
the feature vectors belonging to different subsets of the
existing texts, on the other side. Feature vectors in our
approach are represented in terms of a number of
membership degrees, each standing for the status of
affiliation toward a certain feature in the desired class of
text. In this paper, to evaluate the performance of our
proposed framework we decided to compare it with the
performance of OWA operators which are well- known
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for information fusion purposes. Therefore, beside the
proposed framework as a novel approach to text fusion,
a part of the novelty in our work lies in examining the
capability of OWA operators in fusing the textual
information from the viewpoint of synthesizing a new
text that can meet certain goals. Results of
experimentation show that the suggested framework can
be regarded a suitable alternative for fusion in the case
that the identity of the existing texts from the viewpoint
of the considered functionalities is not clear.

2. RELATED WORKS

By text integration or fusion, we mean to blend or fuse
some pre-experienced texts to finally form a new text
which can meet certain goals and /or certain criteria. A
classical approach to integrating text can lie in multi-
document text summarization according to which a final
summery is to be made based on the information
encapsulated in each document [4]. The main assumption
in case of such an approach is that, each document may
include its own peculiar information that can contribute
to the final summery. Many methods have been proposed
for multi-document text summarization out of which the
recent works based on using deep neural networks are of
particular significance [5]. The significance of deep
neural net based text summarization mostly goes back to
the fact that past experiences of summarization through
joining different parts (from different documents) would
have the ability to realize a new summary in a promising
way. Another perspective in text integration can be met
in integrating and blending concepts for creative
generation of stories [6, 7] and automatic story telling [8]
specially for generating game scenarios. Within this
context, those who design games may generate and also
explore some scenarios of game with high complexity
through three main stages of domain implementation,
solution generation and story board generation based on
a kind of composition between the related items [9]. It
seems that the main advantage of the proposed
framework, compared to deep neural network-based
document summarization, is no need for training patterns
due to its dependence on the presence of linguistically-
significant notions (such as What, Where, When, ...)
while considering some membership functions. In fact
the effect of the very training which is essential to
operationalizing deep neural network is somewhat
encapsulated in the corresponding membership
functions.

Fusion of dynamic web contents/ services through an
extreme personalization as well as heterogeneous devices
together with a interaction channels using content
caching and adaptive aggregation algorithms as well as
fuzzy utility based patterns mining are typical examples
for fusion [10, 11].

Semantic data/information integration using fuzzy
rules may also be widely used for text fusion [12],
datasets integration [13] and information fusion [14] as
well. Here, the relevant information is fused on the basis
of a kind of logical reasoning to enhance the power of
current semantic web systems [15] and search engines
[16]. In this respect, the process of fuzzy conceptual
matching can help an efficient retrieval of intelligent
information and knowledge, and would be able to be
integrated into the other commercial search engines [16].
Information fusion under fuzzy environment can also be
applied for retrieving fuzzy information, whose fuzzy
numbers are to represent the strength degrees according
to which criteria of priority are met for the documents
[17]. On the basis of the concept of fusing enterprise
information, a kind of neural network has been presented
which functions on the ground of choquet fuzzy integral
[18].

Beside the above approaches, compositional
adaptation techniques used in case-based reasoning have
also the ability to combine the experienced sources (of
information), like book chapters or texts to be used in
learning in the form of a new configuration that can serve
the current problems of teaching or research/
development support in a plausible manner [19, 20].
Although the propositions used for presenting the
resources have crisp nature, it can however be possible to
make use of fuzzy logic in these approaches both at
representation and inference levels to provide the final
solution in a favorable way.

Concept composition can also be considered as an
approach to creating textual contents [21, 22].

In the meantime, due to the achievements of issues
like semantic web, many researchers have tended to
developing digital libraries based on ontological
structures to share exchange and retrieval information
efficiency [23]. Moreover, fuzzy queries have also been
taken into account to build their queries in a more precise
way in order to give assistance to readers for searching
information [24]. In this regard, fuzzy ontology is utilized
to present uncertain information in the case of digital
libraries whereas fuzzy queries are used to retrieve
information from this ontology. It is obvious that, using
such a system can give more precise integrational results
[24, 25]. It should also be mentioned that, collecting large
amount of documents, in the way delivered by the search
engines in Internet, is difficult and time-consuming for
users to read and analyze. Here, the burden of managing
information can be greatly eased through detecting
common and distinctive topics within a set of documents
as well as generating multi-document summaries. To
achieve this goal, we first apply the well-known
ordered weighted averaging (OWA) fusion operator to
text fusion while examining the results, and then propose
a new fuzzy framework according to which the input text
is transformed into a set of membership degrees with
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regard to a set of nominal values, and an appropriate
distance function is then considered to measure the
distance between the feature vector comprising these
membership degrees and the ideal prototype vectors
already defined for the prototype classes of a text. In both
cases (applying OWA operators and proposed
framework) possible types of texts (research,
development, analysis, ...) are represented in terms of a
variety of key segments whose hominal values (L, M, H)
take part in characterizing the types of the texts. Here,
linguistically significant notions like What, Where,
When , Who, ... are used to determine the status of each
nominal value. We found out through experimentation
that the results obtained through the new framework is
quite close to those obtained through applying AVG
OWA. Moreover it was perceived that the proposed
framework functions better than i) MIN OWA in the
sense of avoiding the items in the resulted text which are
not necessarily compatible with the requirements of the
desired key segment, and ii) MAX OWA in the sense of
observing some crucial items in the resulted text which
are usually neglected by this operator mostly due to the
point that text fusion through MAX OWA calls for severe

1221

constraints. The benefit of such an approach goes back to
the fact that the input texts are treated in a generic way
thus providing a chance for the system to merge them in
a way as generic as possible.

3. THE PROPOSED APPROACH

3. 1. Basic Concepts The basic idea behind our
approach is based on the point that there exists a number
of key segments in a text whose status of emphasis gives
sense to the type of functionality which is expected to be
performed by it when a text is exposed to its user. A
partial ontology of these key segments that ought to be
observed by texts authors in some way is shown in Figure
1 [26]. This ontology has in reality been designed to
describe each key segment in depths; in such a way that
the entire key segments can be differentiated properly in
the input text.

Taking this ontology into account, each class of text
functionality can be represented in terms of the related
key segments as features and their values as the feature’s
values. The feature’s values in our approach are Low (L),
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Medium (M) and High (H), which are decided based on
the status of the explanations regarding linguistically-
significant notions such as What, Which, Who, Whom,
Where, When, How and Why that are the items to be
tackled in generating texts. Having represented classes of
text functionality in the above manner, our main
objective would be to find a certain combination, out of
the existing texts, whose similarity degree regarding the
corresponding features’ values in the desired class of
functionality as the purpose of fusion can be sufficiently
high. To show the similarity degree, in our approach,
membership degrees of the existing features’ values with
regard to the prototypical values for the same features in
the desired class of text functionality are taken into
account. These prototypical values are in reality the
quantitative versions of the linguistic variable values “L”,
“M” and “H” which have been considered to indicate the
status of the existing key segments (General Background,
Existing  Viewpoints, ...) for different text
functionalities. In our approach we decided to consider
“1” for “L”, “2” for “M” and “3” for “H” as the simplest
version. The ground for calculating such a measure is
decided to be the total number of the predicates as well
as the arguments, which tackle the afore-mentioned
linguistically- significant notions for each key segment as
an feature. This is because, provided that these notions
are significant from the view-point of a text’s status of
richness, the status of the related predicates/arguments
can naturally be a good indicator to show how far it can
be regarded close to the corresponding feature value in
the desired class of text functionality. To show that a
certain  combination of texts (with  certain
functionalities), belongs adequately to a certain class of
text functionality, in our approach we make use of a
number of criteria that tackle respectively (i) the fact that
the similarity of this combination to the desired class
ought to be more than the corresponding similarities for
the other combinations, and (ii) the fact that this
similarity ought to be more than a certain threshold.

3. 2. The Proposed Approach Based on Text
Fusion The main point in our framework is merging
arange of relevant texts to yield producing a new text that
can help the users fulfill a certain functionality. It would
thus be important to first select those texts as the input
texts whose topics are somewhat similar in some aspects.
Having done so, the next step would be to identify the
significant key segments in each input text through
detecting the entities which have been realized to be
essential for each key segment as illustrated in the
ontology of Figure 1. To perform this task, linguistically
significant notions such as What, Where, Who, ... are
searched for, to determine the status of membership
degrees with regard to the considered linguistic variable
values “L”, “M” and “H” for the corresponding key

segments. As the next step, the possible combinations of
the feature vectors comprising these membership degrees
are constituted, and out of these combinations those
which hold the minimum distance toward the
prototypical feature vectors predefined for each text
functionality, are selected as the most appropriate
alternatives for fusion. Below, the above mentioned steps
are discussed in detail. Figure 2 illustrates the essential
steps to the proposed framework for fusion.

3. 2. 1. Text Functionalities and Status of
Linguistic Variable Values for the Selected
Features With respect to fusion issues, identifying
the features of those texts that are to be fused, is of great
importance.

To facilitate the fusion process, the major key
segments (Figure 1) are used as the features: General
Background, Existing viewpoints, Key issue, Proposed
approach realization/ implementation, Validation/
Verification, Comparative analysis & capability
interpretation, Conclusion & prospect anticipation. We
have realized that such features are consistent for a
variety of texts whose functionality is to help users with
their tasks in the corresponding organizations.
Interestingly the key segments discussed above are also
popular among many knowledge workers like those
involved in research, innovation, development, planning
and analysis issues with the final goal of disseminating
their works' results in terms of suitable texts. Examples
for the important functionalities in an organization, are
Planning/ Scheduling, Research, Innovation,
Development/ Optimization/ Improvement. Education/
Promotion, Analysis/ Assessment/ Assurance, Guidance,
and Justification.

As far as linguistically significant notions are
concerned, "L" (Low), "M" (Medium) and "H" (High)

Selecting the input texts based on simlarity between their

v

Identifying the significant key segments in input texts
throuah detecting the essential entities

v

Constructing the feature vectors based on the membership
degree regarding the vonsidered linguistic variable values

v

Constructing possible combinations of the above-mentioned
feature vectors

!

Selecting the most appropriate alternatives for fusion based
on the minimality of distance between each combination and

Figure 2. The steps essential to the proposed framework for
fusion
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stand for the extent that notions like "What", "Who",
"Whom", "Where", "When", "How", and "Why", are to
be addressed to create a partial text for each of the afore-
mentioned key segments. For example with regard to the
key segment "General Background"”, the items with
regard to "Necessity", "Essential Definitions", "History",
"Exemplars”, "General Perspectives”, "Advantages &
Disadvantages", "Requirements of Problem
Framework"”, and "Main Phases" are considered as
"Whats", the agents who have taken part in the "History"
of an issue are considered as "Whose", the space and time
where a "framework" can function well are considered as
"Wheres" and "Whens", the way a problem framework
works as well as the way a problem is "decomposed into
main phases"” are considered as “Hows", and finally the
reason that the "necessity” of an issue is justified as well
as the reasons a "framework™ may or may not function
properly with regard to certain situations are considered
as "Whys". Referring to Figure 1, the interpretation of
"Whats", "Whose", "Whoms", "Wheres", "Whens",
"Hows" and "Whys" can be equally performed for the
other types of key segment taking into account their
hyponyms. It is to be noted that the nominal values
already agreed for each functionality are responsible for
doing this task to indicate how far the above-mentioned
notions ought to be addressed. Table 1 illustrates the
status of the corresponding nominal values with regard to
these notions.

We may see from the table that the depth of a notion
depends on the amount of a nominal value. Let us say,
the notion "How" is also called for when we have a
transition from the nominal value "L" to the nominal
value "M", and in the same manner, by transition from
"M" to "H", the notion "Why", which organically stands
for an explanation with more depth, would be worth
being added.

Taking this point into account, for each feature, the
fuzzy membership functions can be considered based on
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the nominal values already discussed. Table 2 shows the
corresponding nominal values for the selected text
features. The membership functions for these values are
also shown in Figure 3.

TABLE 1. Status of the nominal values
Nominal Value

Status of Linguistically Significant notions

Addresses What, Where, When, Who , and

L (Low) Whom

. Addresses What, Where, When, Who, Whom,
M (Medium) and How
H (High) Addresses What, Where, When, Who, Whom,

How, and Why

TABLE 2. Status of linguistic variables values for the selected
features taking into account the existing functionalities

-5 -~ s 5 2
g 85 B9 2 3 32
Input Text Features § g 33z & 5 8&
s 53 22 & £ 2%
= aeg « S S =
General Background M L L M
Existing Viewpoints M H L
Key Issue M M M M
Proposed Approach
Realization/ H M L M L M
Implementation
Validation/
Verification H M L M L H
Comparative Analysis
& Capability H M L L L L
Interpretation
Conclusion & H H L L L L

Prospect Anticipation

IMemberzhip function plotz

T T T T
Low

T
Medium

T T T T
High

m

=]

- |Lm

input variable "input1”

Figure 3. Membership functions for each of the linguistic variable values for the features in the text
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3.2.2.Process of Fusion Using Weights In order
to perform fusion, we first need to make a membership
degree matrix for each input text document within which
each row represents the status of membership degrees for
the related key segment. Figure 4(a) illustrates such a
matrix for the i-th and jth text documents.

To fuse these texts documents, all their combination
forms have to be considered. For instance, if there are
three texts documents to be fused, the possible
combinations would be as follows:

(doc i), (doc j), (doc k), (doc i, doc j), (doc I, doc k), (
doc j, doc k), (doc I, doc j, doc k)

Let us consider the combination of the ith and jth text
documents. Taking into account the matrix
representation for each text (as shown in Figure 4(a)), the
result of fusion can be represented as the matrix of Figure
4(b).

To obtain a text suitable for a certain functionality,
matrix of each texts' functionalities, which is represented
in Table 2, has to be compared with the equivalent
membership degrees from the matrix of document.

Suppose that our purpose is to select a combination of
texts which can best fit the functionality of "research”.

To figure out the best combination for fusion, the
following conditions should be satisfied as the necessary
criteria.

Condition 1: distance (Research, Xi) < distance
(Development, Xi), distance (Learning, Xi),.....

Condition 2: (distance (Development, Xi)- distance
(Research, Xi) ) + (distance (learning, Xi) — distance
(Research, Xi))... > Max

Based on the type of the functionality expected from
fusion, the coefficients called "importance coefficient" is
to be considered for different functionalities, in order to

Text 1 Text j

Jj.l ji J.l i.l il il
JLlI_ }l,\f }[H Jif.[ /L[,U /L[H

ig

H,

ia i I g iq
YA i My Hy

@)

Max (p, ;) Max (u, ,pt,) Max (u, ,p1,)
Max (g0, 40") Max (u' ") Max (u" ,p1,")

(b)
Figure 4. (a) Matrix for the i-th and jth text documents (b)
Fusion of matrix i-th and jth text documents

improve the process of selecting the best combination. To
achieve this, the conditions are changed to the following
forms:

ARX,)=(0 7 . d)
iw di
[El
S d* <Sw d;zb,iw ...
=t i =t
Cwd™-Swd™)+(Cwd'> -Ywd)+.....-—>max
=1 = =l =1

To determine the importance coefficient (w), suppose
that WL=1, WM=2, WH=3, for each function, W should
be calculated per each feature in a way that ) w =1 can be
satisfied.

For instance, weights for each feature can be
calculated as follows:

Wh: 3 333 333
Research:[H HH H H H H]
Whesearch © [3/21 3/21 3/21 3/21 3/21 3/21 3/21 ]

While for Learning the same weights would better be
calculated as follows:

Weme: 13 2111 1
Learning L H ML L L L]
W\ earning: [1/10 3/10 2/10 1/10 1/10 1/10 1/10]

It is to be noted that Ws can also be determined by
OWA. For this purpose, three forms of OWA for the
discussed importance coefficients are considered as
follows [27, 28]:

» Max: or oring aggregation operator is given by: W' =

[1,0,..,0]

» Min: or anding aggregation operator is given by: W'
=[0,0,..,1]
e Average: W' =[1/n, 1/n,..., 1/n]

In this approach, the best combinations for the
existing functions are calculated and upon the requested
objective, the combination results are represented and
compared with the results achieved for applying OWA.

4. EXPERIMENTAL RESULTS

To validate the performance of the proposed framework,
a number of texts with unclear nature from the view-point
of the desired class of functionality were selected as the
input texts. These texts are the research papers addressed
in the literature [29, 30] as text;, text; and texts. Let us
say, text; is on “Particle Swarm Optimization” (as
mentioned in the literature [29]), text, is on “Evolving
the Structure of the Particle Swarm Optimization
Algorithms” (as mentioned in the literature [30]), and
textz is on “Optimization of Nonlinear Constrained
Particle Swarm” (as mentioned in the literature). We
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selected these research papers as input texts since they
address the same topic of “particle swarm”, so as to
conduct fusion in a way that can make sense with regard
to the considered text’s key labels (General Background,
Existing Viewpoint, Key lIssue, ...). Experimentation
was done in such a manner that, each input text was
investigated from the perspective of the key segments as
the features discussed in the paper, taking into account
the status of the nominal values belonging to them. As
discussed in section 3.2.1, these nominal values stand for
the extent that notions like "What", "Who", "Whom",
"Where", "When", "How" and "Why" are addressed in
the way already discussed with regard to the ontology of
the key segments in Figure 1.

Result of experimentation for each feature has been
shown in Table 3 by a separate color for the three input
texts. The number of predicates/ arguments detected for
each feature in the input texts is also mentioned in Table
3.

Having normalized the given numbers in Table 4 into
the range of [1 10] using

X= Lower band+ (Upper band — Lower band) o /Max

process is performed based on the weights that have
been explained in the previous section.

In this example, as the presupposed range is [1 10]
and the Max value is 200, the normalizing formula would
be:

x=1+(10-1)a /200)

Simulation results are presented in Table 4. As it is
seen, each number defines the status of the texts that are
appropriate to be combined for a certain functionality.

The feature values for the selected texts for fusion are
as follows:

General Background, Existing viewpoints, Key issue,
Proposed approach realization/  Implementation,
Validation/ Verification, Comparative analysis &
capability interpretation, Conclusion & prospect
anticipation.

Texts: [50, 10, 35, 26, 200, 15, 4] > Normalized Text;:
[3.25,1.45, 2,57, 2.17, 10, 1.67, 1.18]

Text, : [ 4, 21, 37, 70, 0, 14, 5] - Normalized Text,:
[1.18,1.94,2.66, 4.15, 1, 1.63, 1.22]

Texts : [ 7, 11, 18, 45, 0, 29, 8 ] > Normalized Texts:
[1.31,1.49,1.81,3.02, 1, 2.30, 1.36]

The orders of certain functionalities which have been
considered as the purpose of fusion are respectively:
research, development, learning, justification, guidance,
innovation and analysis.

The results of fusion with the mentioned feature
values are as follows. As it is illustrated, to generate text
for "research”, combination of Text, and Text; are
appropriate according to the proposed approach, while to
generate a text for "development/planning”, the

combination of Text; & Texts would be suitable. In the
same way, we may have different combinations of texts
based on the type of the desired functionality.

Results of applying Max OWA reveal that, if the
objective is to have a text for "research"”, Text, is more
suitable, while for having a text for
"development/planning”, Text; is appropriate.

Applying Min OWA shows that the combination of
Text; and Text; leads to a proper result once “research”
has been considered as the desired text functionality.
Finally, applying AVG OWA, illustrates the same results
as those obtained by applying the proposed framework.
Figure 5 shows the results obtained.

For the moment, to combine the texts, the parts
corresponding to the related features are just added
together, paying no attention to the fact that they may
have some common parts. This may lead to a possible
presence of somewhat similar parts in the text obtained
as the result of fusion. To circumvent this problem, a
variety of techniques such as semantic information

TABLE 3. Number of predicates for each feature in selected
Texts

Text Functionalities

Text; [29] Text,[30] Text;[31]

Text's Key Labels

General Background 50 4 7
Existing Viewpoints 10 21 11
Key Issue 35 37 18
Proposed Ap_proach Realization/ 2% 70 45
Implementation

Validation/ Verification 200 0 0
Comparative Analysis &

Capability Interpretation 15 14 2
Conclusion & Prospect 4 5 8

Anticipation

TABLE 4. Definition of simulation results

Numerical Suitable Text

Result

0 None of the combinations are suitable for the desired

functionality

1 Text, is suitable for the desired functionality

2 Text; is suitable for the desired functionality

3 Texts is suitable for the desired functionality

4 The combination of Text; and Text, are suitable for
the desired functionality

5 The combination of Text; and Text; are suitable for
the desired functionality

6 The combination of Text, and Text; are suitable for
the desired functionality

7 The combination of Text; and Text, and Text; are

suitable for the desired functionality
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Each Number Shows Which Combination of Texts Are
Appropriate for Purpose-Oriented Fusion

: None of the Texts is good for fusion

: Textl is good for fusion

: Text2 is good for fusion

Textl & Text2

Textl & Text3

: Text2 & Text3

s Textl & Text2 & Text3

The results of Proposed Approach for Fusion :
6 5 0 0 0 0 O

~NoOoURANRO

The results of Max OWA:
2 1 0 0 0 0O

The results of Min OWA:
4 0 0 0 0 0 O

The results of AVG OWA:

processing as well as natural language processing may
come effective to resolve this kind of overlap or
redundency. Approaching this problem can be
considered as a continuation of the present work in
future.

Figure 6 shows a part of the result of text fusion that
has been obtained through the above mentioned fusion
methods. It should be noticed that our proposed
framework for fusion in some sense can be regarded as
an approach to summarization since its main concern is
to pick out those parts in the input text whose significance
is in the way they comply with some desired
functionalities. Let us say, it can be regarded as a kind of
multi-document summarization with respect to certain
functionalities for a text (research, planning, assessment,
...) taking into account text’s key labels (such as

6 5 00 0 0 0 “General  Background”, “Existing Viewpoints”,

- - - “Proposed Approach Realization Implementation”, ...
Figure 5. Implementation Results for Fusion as the important aspects in a summery.

Research Text
Proposed Approach: Fusion of Textz [30] and Texts

General Background:

The partial texts obtained through applying our framework to Texts [30]

Particle Swarm Optimization (PSO) is a population based stochastic optimization technique well developed in literature [8].
Standard PSO algorithm randomly initializes a group of particles (solutions) and then searches for optima by updating all
particles along a number of generations. In any iteration, each particle is updated by following some rules [16]. Standard model
implies that particles are updated synchronously [16]. This means that the current position and speed for a particle is computed
taking into account only information from the previous generation of particles.

The partial texts obtained through applying our framework to Texts

The particle swarm optimization algorithm (PSOA) was firstly proposed in literature [4, 5] and has deserved some attention
during the last years in the global optimization field. PSOA is based on the population of agents or particles and tries to simulate
its social behavior in optimal exploration of problem space. During time (iterations in the optimization context) each agent
possesses a velocity vector that is a stochastic combination of its previous velocity and the distances of its current position to
its own best ever position and to the best ever swarm position. The weights of the last two directions are controlled by two
parameters called cognitive and social parameters [6].

PSOA belongs to a class of stochastic algorithms for global optimization and its main advantages are the easily parallelization
and simplicity. PSOA seems to outperform the genetic algorithm for some difficult programming classes, namely the
unconstrained global optimization problems [6]. In spite of the referred advantages, PSOA possesses some drawbacks, namely
its parameters dependency and the slow convergence rate in the vicinity of the global minimum.

MAX OWA: Textz [30]
General Background:

The partial texts obtained through applying MAX OWA to Text2 [30]

Particle Swarm Optimization (PSO) is a population based stochastic optimization technique well developed [8]. Standard PSO
algorithm randomly initializes a group of particles (solutions) and then searches for optima by updating all particles along a
number of generations. In any iteration, each particle is updated by following some rules [16]. Standard model implies that
particles are updated synchronously [16]. This means that the current position and speed for a particle is computed taking into
account only information from the previous generation of particles.
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MIN OWA: Fusion of Text1 [29] & Textz [30]
General Background:

The partial texts obtained through applying MIN OWA to fuse Text: [29] & Textz [30]

Although the principle of Particle Swarm Optimization is a quite new approach, its ancestors reach back into history as it
emerged from biological research and simulation on swarming animals. The first computer-related work in this area was
provided by Craig Reynolds which published a paper about simulating bird swarms in literature [6]. The idea was to simulate
realistic swarms mainly for computer graphics and movies. The result was some simulated swarm of whose the individuals
called \Boids\ [7]. These were directed by three simple rules, which were implemented and caused a near-realistic swarming
behaviour:

[1  Separation: Do not run into flockmates

1 Alignment: Align the own heading to the average of the neighbours

[1  Cohesion: Move toward the average position of neighbours.

For making this possible a new software was written named MASSIVE which controls this mass of agent technology-equipped
computer actors (CGls) and their states.

A quite funny anecdote about this battle sequence is that in the early testing-runs it was working way too good. The directors
noticed some group of orcs which fled the battle because they were too scared. This was adjusted later on, as orcs are said to
fear nothing at all...

The concepts embedded into the Boids were refined and later led into some new area of computer graphics which is called
behavioral animation. The most impressive usage are probably the immense battle sequences in the trilogy Lord of the Rings
where about 250,000 individual fighters.

AVG OWA: Fusion of Textz [30] and Texts
General Background:

The partial texts obtained through applying AVG OWA to fuse Text> [30] & Texts
From Text> [30]

Particle Swarm Optimization (PSO) is a population based stochastic optimization technique developed in literature [8].
Standard PSO algorithm randomly initializes a group of particles (solutions) and then searches for optima by updating all
particles along a number of generations. In any iteration, each particle is updated by following some rules [16]. Standard model
implies that particles are updated synchronously [16]. This means that the current position and speed for a particle is computed
taking into account only information from the previous generation of particles.

From Texts

The particle swarm optimization algorithm (PSOA) was firstly proposed in literature [4, 5] and has deserved some attention
during the last years in the global optimization field. PSOA is based on the population of agents or particles and tries to simulate
its social behavior in optimal exploration of problem space. During time (iterations in the optimization context) each agent
possesses a velocity vector that is a stochastic combination of its previous velocity and the distances of its current position to
its own best ever position and to the best ever swarm position. The weights of the last two directions are controlled by two
parameters called cognitive and social parameters [6].

PSOA belongs to a class of stochastic algorithms for global optimization and its main advantages are the easily parallelization
and simplicity. PSOA seems to outperform the genetic algorithm for some difficult programming classes, namely the
unconstrained global optimization problems [6]. In spite of the referred advantages, PSOA possesses some drawbacks, namely
its parameters dependency and the slow convergence rate in the vicinity of the global minimum.

Figure 6. The results of Texts Fusion

5. CONCLUDING REMARKS

A fuzzy framework was presented in this paper, which is
capable of fusing the input texts in such a manner that the
outcome can have the claim of belonging to certain text
functionalities by considering a number of text’s key
labels. As discussed in the paper, each class of text
functionality is represented in terms of some key
segments as features and the related values, which are
decided based on the status of the explanations regarding

some linguistically- significant notions. It was discussed
that the membership degrees of the features' values in a
combination of texts is calculated based on the total
number of the predicates/ arguments that tackle them for
each key segment as a feature. To show that a certain
combination of texts belongs sufficiently to a certain
class of functionality, we made use of a variety of criteria
that can assure this belongingness in a reasonable
manner. Results of an experimentation on some texts
(picked out from some research papers) show the fact that
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the proposed framework can be a suitable alternative for
performing fusion in the cases that the class identity of
the input text documents is unclear. Moreover, It should
be noticed that the proposed framework for fusion can be
regarded as an approach to multi-document
summarization as well since its main concern is to pick
out those parts in the input texts whose significance is in
the way they comply with some desired functionalities.

As the final point, it is observed that, from the
viewpoint of fusion methodology, the proposed
approach to text fusion can be regarded similar to the
fusion operator AVG OWA. This seems to be mainly
due to the smooth distribution of weights in both AVG
OWA -based fusion and our proposed framework as
well.
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ABSTRACT

Load shedding is generally regarded as the final option to evade voltage collapse and blackout following
major overloads. The traditional method of load shedding curtails random loads regardless of their
importance until the system’s voltage is improved. Shedding random loads without considering their
priority will lead to power interruption in vital infrastructures. Hence, to improve the existing power
system protection scheme, development of a more effective and efficient load shedding method is
necessary. In this paper, an optimal under voltage load shedding (UVLS) method is proposed for
optimum prediction of amount of load shed and the best location for load curtailment. Moreover, the
proposed method is designed to maintain the vital loads in the system during the load shedding process.
In this work, the stability index (SI) and feed-forward backpropagation neural network (FFBPNN) were
adopted to avoid voltage collapse and blackout by mitigating voltage instability following overloads in
distribution system. The performance of the proposed method to several overload scenarios is
investigated. Case studies performed on the IEEE 33-bus system exposed significant robustness and
performance of the recommended technique. Compared to other approaches, the proposed approach is
efficient in counteracting under-shedding occurrence, enhancing the voltage profile, and improving the

stability of the system, whilst maintaining vital loads in the system during load shedding.

doi: 10.5829/ije.2023.36.07a.04

1. INTRODUCTION

In the past several decades, many large-scale blackout
incidents have occurred [1]. These incidents are not
acceptable because they result in massive catastrophes to
society's economic and social advancement. Protection
measure via under voltage load shedding (UVLS) is the
final and effective option to counteract a voltage
instability situation [2]. Moreover, UVLS is used to
prevent voltage collapse and power blackouts [3].

Various UVLS methodologies have been used
to maintain system stability [4]. The trend of recent
studies reflects the development of load shedding
methodologies using computational intelligence (CI)
methods. Using Cl methods, nonlinear problems can be
solved effortlessly. Consequently, many researchers have
utilized Cl methods in order to optimize the load
shedding algorithm by minimizing the voltage drop and
fulfilling all the constraints [5].

*Corresponding Author Institutional Email:
he190076@siswa.uthm.edu.my (S. Sundarajoo)

Singh et al. [6] optimized a load shedding problem
based on voltage dependent load model, considering the
stability constraints using black hole (BH) optimization.
A metaheuristic algorithm known as moth swarm
algorithm (MSA) was used by sayed et al. [7] to
optimally solve a load shedding problem by minimizing
the amount of load shed, reducing real power loss, and
improving voltage profile. Another metaheuristic
algorithm known as, improved moth flame optimization
(IMFO), was applied by Sayed et al. [8] to lower the load
shedding amount, enhanced the loadability of the
network and prevent voltage collapse. Another UVLS
method was proposed by Modarresi et al. [9] which has
estimateds the load shedding amount based on the local
measurements employing an adaptive neuro-fuzzy
inference system (ANFIS).

A hybrid technique incorporating genetic algorithm
(GA) and particle swarm optimization (PSO) to obtain
the optimum amount of load to be shed for overloaded

Please cite this article as: S. Sundarajoo, D. M. Soomro, Optimal Load Shedding for Voltage Collapse Prevention Following Overloads in
Distribution System, International Journal of Engineering, Transactions A: Basics, Vol. 36, No. 07, (2023), 1230-1238
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systems was presented by Larik et al. [10]. To sum up,
the major shared disadvantages of the aforementioned Cl
based load shedding frameworks were high
computational time and pre-mature convergence. These
drawbacks can result in non-optimal load shedding.

Cruz etal. [11], applied a reliability index, the system
average interruption duration index, known as SAIDI,
during load shedding optimization along with PSO to
improve the reliability of distribution systems. Javadi and
Amraee [12] presented a mixed integer programming
(MIP), and loading margin based UVLS model to
minimize the amount of load shedding. Tian and Mou
[13] proposed a system analysis-based dispersed load
curtailment framework in order to prevent voltage
collapse by adopting a segmentation technique utilizing
voltage control sensitivity. However, these papers did not
consider the priority of load (i.e., vital, semi-vital, and
non-vital) while applying the load shedding strategy.
Thus, the performance of the aforementioned UVLS
algorithms may not be adequate.

In order to address this issue, Sarwar et al. [14] used
a mixed integer linear programming (MILP) method
while considering the load priority and load ranking
using voltage stability index. Similarly, by considering
the load priority, a method to predict the minimum load
shedding amount was reported by Mansouri et al. [15].
However, in the abovementioned papers, overload
problems in the distribution system are ignored.
Therefore, the effectiveness of these UVLS methods to
prevent voltage collapse following overloads in
distribution system may not be satisfactory.

From the discussion above, it can be noted that
considerable efforts are accomplished to propose new
UVLS frameworks. However, a substantial number of
past works on load shedding schemes are developed for
transmission systems, and only a scant number of past
works are reported for distribution systems. Similarly,
the voltage stability issues are ignored in most of the
previous studies. It is worth noting that the distribution
system is close to the electricity users [16]. Thus,
distribution system needs utmost attention and
robustness. Moreover, distribution system interacts with
oversensitive consumers such as health care, industrial
and digital loads. The most important aim of the present
distribution system is to offer valuable and continuous
electricity to the users [16]. Likewise, the electricity users
expect the least number of blackouts [17]. Also, the
present distribution systems are more severely
overloaded to meet the growing load demand. Therefore,
the distribution system’s stability and protection should
be improved.

To satisfy the aforesaid crucial but unaddressed
inadequacies, this paper develops an UVLS scheme by
adopting stability index (SI) and artificial neural network
(ANN) to tackle overloaded situations and prevent
voltage collapse in distribution systems. The proposed

UVLS technique is applied on a well-known benchmark
system, the IEEE 33-bus system with different overload
scenarios. The main contributions of this work are three-
fold:

e A comparatively minor fraction of the past studies
adopted Sl as an indicator to determine the stability
of buses in the system. Similarly, meager interest has
been given to ANN based approaches for UVLS.
Therefore, SI and ANN are incorporated for the first
time to be applied for a load shedding strategy. By
doing so, the computational time is fast, and the
result obtained is optimal. Also, this study may assist
future works to implement SI and ANN for various
optimal load shedding strategies.

e The proposed load shedding framework consists of
three main modules, namely SI module (SIM),
system load priority module (SLPM), and ANN
module (ANNM), to perform optimal load shedding
following overloads in the distribution system. By
employing these modules, the proposed method can
optimally determine the adequate load curtailment
amount and the best location for load curtailment
whilst preventing under-shedding.

e The proposed algorithm considers the priority of the
loads in the system (vital, semi-vital, and non-vital)
to avoid power interruption in critical infrastructures
such as healthcare facilities during load shedding.
This is achieved by using the load priority limit data
of the network.

The rest of this article consists of the following
sections: Section 2 concisely demonstrates the proposed
strategy. Section 3 discusses the efficacy of the proposed
technique by simulations on the IEEE 33-bus system.
Lastly, section 4 concludes the research paper.

2. PROPOSED METHOD

In this work, the fundamental objectives in designing an
optimal UVLS methodology are: (1) to enhance the
voltage profile of the system by shedding an optimum
amount of load, (2) to find the optimum location to shed
the load, and (3) to prevent the vital loads in the system
from being shed during the UVLS process. The outline
of the suggested UVLS procedure is presented in a block
diagram, as exhibited in Figure 1. The details of the
modules used in this work are described in the following
subsections.

2. 1. Stability Index Module  Generally, Sl is used
to assess the stability condition of the buses in a system
[18]. SI will receive real-time voltage of sending and
receiving bus, active and reactive power of receiving bus,
and the resistance and reactance values of each line from
the distribution system data and load flow analysis.



1232 S. Sundarajoo and D. M. Soomro / [JE TRANSACTIONS A: Basics Vol. 36 No. 07, (July 2023) 1230-1238

Accordingly, Sl can be applied as an indicator in this
work to determine the weak buses in the system that
could lead to voltage collapse following overloads. By
doing so, the optimum locations to shed the loads in the
system can be determined. Hence, this paper incorporates
the SI as a module known as SIM.

Sl is derived from a standard two-bus distribution
network, as presented in Figure 2. The equation of Sl is
stated in Equation (1):

Sl = [Ve|* - [4(Prxij - Qs’”ij)z —4(Pry -
stij)z] Vs

where, S, is the receiving bus’s Sl value, the sending end
bus voltage is Vs, the real power at the receiving bus and
the reactive power at the sending bus are P, and Q;,
respectively. The resistance and reactance of line i —j are
Fij and Xije

Note that larger Sl value is required for buses in the
system to be stable against voltage instability and prevent
voltage collapse when the load demand increases. As a
rule of thumb, voltage collapse is expected to occur as the
Sl value approaches to zero. In order to improve the Sl
value to a satisfactory value, the system’s loading must
be reduced. This can be achieved by shedding some loads
from certain buses in the system. The total amount of load
to be curtailed from the optimum locations identified by
the SIM should be determined by applying an appropriate
technique. As mentioned earlier, ANN is used as the tool
to find the optimum load shedding amount in this work.

M)

2. 2. System Load Priority Module = The SLPM is
implemented to identify the type of loads in each bus of
the system. As mentioned before, the proposed method
curtails loads from the non-vital loads at first. Therefore,
the type of loads (vital, semi-vital, and non-vital) are
required to be known. This is done to prevent the
proposed method from shedding vital loads in the
network. The type of loads in each bus of the system is
categorized according to the importance of the loads. The
loads include residential loads, industrial loads,
commercial loads, and uninterruptible loads.
Uninterruptible loads include health care, navigation,
military, and public service loads. The uninterruptible
loads are vital loads and should be served without any
disconnection. For those purposes, the proposed load
shedding method will shed loads in each bus of the
system according to the load priority category rather than
shedding random loads in each bus. This will ensure the
vital loads in each bus of the system to operate without
any interruption.

2. 3. Artificial Neural Network Module ANN
commences computations to imitate the learning
procedures of the human brain [19]. ANN is one of the
Cl techniques that can be employed as a tool to achieve

the optimal solution. As reported by Qiao et al. [20],
ANN is the most capable algorithm to curtail loads,
which are optimum. For that capability, ANN is
implemented to find the optimum load shedding amount
in this paper.

The ANNM implemented in this paper retrieves the
load priority data from the SLPM. The ANNM plays a
significant part in predicting the optimal amount of load
to be curtailed from the optimum locations determined by
the SIM. Input, hidden, and output layers are the three
composition layers required to model a feed forward
neural network with error backpropagation learning
(FFBPNN).

The input layer is the first layer, the output layer is the
last layer, and the layer in the middle of the input and
output layer is the hidden layer. Every neuron in a
particular layer is linked to each neuron in the following
layer. In this paper, the type of training used to train the
neural network is known as backpropagation.

Backpropagation is a type of supervised training. The
FFBPNN model is designed with two inputs in the input
layer and one output in the output layer. The inputs of the
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FFBPNN model are comprised of post-overload
active load demand at bus i, signified as Pj, and
percentage of vital load requirement at bus i, represented
as Xi. The hidden layers are comprised of one layer of
nodes between input and output layers. The output layer
of the network consists of one output which is the amount
of load to be shed, denoted as Psneq. The neural network
model used in this module is presented in Figure 3.

The Levenberg-Marquardt (LM) algorithm is utilized
to solve the optimization problem in FFBPNN. LM
algorithm is one of the most efficient algorithms for fast
convergence rate and least error [13, 20]. The training
data set is divided into three portions; 70% utilization for
training, 15% for validation to decrease overfitting, and
15% for testing to achieve a decisive result. At times, the
output of the network may distinguish from the targets
after training, especially when the data set varies. Hence,
stochastic  gradient descent is employed in
backpropagation to reduce the error in order to obtain a
suitable network output.

The cross-validation methodology is adopted to
achieve the finest training. By doing so, the most efficient
FFBPNN is stimulated. One hidden layer is kept
permanent, while the number of neurons is varied in each
trial to obtain the minimum value of the mean square
error (MSE). Throughout the procedure of determining
the suitable total neurons in the hidden layer,
approximately 50 tests were conducted starting from 1 to
50 neurons. Finally, the network with the minimum value
of MSE is chosen to be used to obtain the optimal load
shedding amount. Figure 4 represents the overall
framework of the ANNM for the proposed method. The
comprehensive methodology of the recommended
approach is shown in the flowchart as presented in Figure
5.

3. SIMULATION RESULTS

To prove the efficacy of the suggested technique, the
IEEE 33-bus system, a well-known distribution system,

Backpropagation of errors
Input Hidden QOutput
Layer Layer Layer
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Figure 3. Neural-network model used in ANNM

is used, as shown in Figure 6. Baran and Wu [21]
established the IEEE 33-bus system. The test network
comprised 33 buses, 32 branches, and 33 constant loads.
The 33-bus system operates at a rated voltage of
12.66kV. The bus data and line data of the 33-bus system
were obtained from Montoya et al. [22]. In the original
case, the total power demand of the system is 3.715MW
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and 2.3Mvar. The load priority limits comprising the
percentage of vital loads in each bus are listed in Table 1.

To assess the robustness of the proposed method
following overloads, three scenarios, namely without
overload, 25% overload, and 50% overload, are
stimulated. Additionally, four case studies were
conducted comprising the aforementioned scenarios to
examine the system's response to the proposed load
shedding method. The details of the case studies are listed
in Table 2. Additionally, the proposed method will be
compared with the conventional and PSO based load
shedding method to verify the efficacy of the proposed
technique at the end of this section.

The simulations are performed in MATLAB
environment in a 64-bit computer with i7-4720 2.60GHz
CPU and 8.0GB RAM.

Figure 6. One line diagram of IEEE 33-bus system

TABLE 1. Vital load percentage for IEEE 33-bus

Bus Percentage (%) Bus Percentage (%)
1 0 18 34
2 34 19 60
3 23 20 53
4 64 21 20
5 15 22 50
6 43 23 4
7 35 24 15
8 21 25 10
9 5 26 59
10 21 27 2
11 0 28 28
12 52 29 15
13 11 30 55
14 47 31 25
15 57 32 30
16 61 33 3
17 37

TABLE 2. Case studies

Case Description

1 Without load shedding

2 With proposed load shedding technique
3 With conventional load shedding technique
4 With PSO based load shedding technique

3. 1. Case 1: Without Load Shedding The first
case for the overload scenarios is without any load
shedding method. As the system is exposed to massive
overloads, the voltage profile and the SI values of every
bus reduce, as shown in Figure 7. In this situation, the
voltage profile of the system falls below the allowable
limit (0.9 pu) for scenarios with an overload of 25% and
50%. Hence, it is clear that the network requires a load
curtailment strategy to prevent voltage collapse and
instability.

3. 2. Case 2: With Proposed Method In this case,
the proposed method is simulated. The ANN structure
used in the proposed method is as presented in Table 3.
The proposed method allows shedding of loads at weak
buses according to the SIM, while the vital loads in every
bus of the system are maintained according to the SLPM.
The summary of the proposed UVLS results are
presented in Table 4.

Furthermore, Figure 8 shows the voltage profile, the
Sl values, the percentage of load shed, and the amount of
load shed. According to Figure 8, the system’s voltage
profile is guaranteed for every overload scenario, where
the computed voltage of every bus in the system is above
0.92 pu, which is higher than the permissible voltage of
0.9 pu.

3. 3. Case 3: With Conventional Method In this
case, the conventional UVLS method was simulated
using the voltage levels and the amount of load to be shed
for every voltage level as listed in Table 5.

23456780 10111213141516171819202122232425262728203031 323334
(b) Bus Number

DR D g m e

Stability index
cococooeee

2345678 9101112131415161718192021222324252627282930313233
Bus Number
e No Overload emmmm 25% Overload e 50% Overload

Figure 7. Without load shedding: (a) System voltage profile
(b) System Sl values
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TABLE 3. Neural network training parameters

TABLE 5. Conventional load shedding stages

Stage Voltage Threshold (pu) Load Shedding Value (%0)

Parameter Descriptions
Input layer 1

Input layer neurons 2
Hidden layers 1
Hidden layer neurons 10
Output layer 1
Output layer neurons 1
Layer 1 activation function Tansig
Layer 2 activation function Purelin
Performance function Mean squared error (MSE)
Maximum epoch 1000
Maximum validation checks 6

1 0.9 20
2 0.88 20
3 0.86 10

TABLE 4. Proposed method results summary

Overload scenarios (%) 0% 25% 50%

Total load shed amount (MW) 0 1.18 2.10
Total load shed percentage (%) 0 0.25 0.38
Minimum voltage (pu) 0.91 0.92 0.921

(a 1 T T T T T T T

=3
=
b
T T T T T T
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Figure 8. With proposed load shedding method: (a) System
voltage profile (b) System Sl values (c) Load shed
percentage (d) Load shed amount

345

The voltage profile, percentage of load shed, and the
amount of load shed with the conventional method are
shown in Figure 9, whereas Table 6 summarizes the
results obtained using the conventional UVLS method. It
is evident from Table 6 that the conventional method
shed insufficient amount of load for each overload
scenario. This condition is known as under-shedding,
which leads to instability of the system and may result in
voltage collapse and cascaded blackouts.

3. 4. Case 4: With PSO Method In this case, one of
the most employed and well-known CI methods, the PSO
algorithm has been utilized for load shedding procedure.
The PSO is used to obtain the optimal load shed amount.
Minimization of load shedding amount is taken as the
objective of the optimization model. By doing so, the

@

099 <
PR 4
= 097f 4
S0 1 4
%\’Wi = E
Eooup 4
S 093 4
002 4
001 b 4
OO0 S5 6 7 § 0 101112151115 1617 1S 1920212225 21 2526 2728 29303132 35 4
us Number
(b)os
—04p D A A A A B
£
= 03} 1
o
=
“ 02 { !
=
3 o
So
12 3456 78 01011121314151617 18 19202122 23 2425 262728 29303132 33
Bus Number
©) .12
~011f
S
oo+ rr PPt r P
EO 08
Z0.07f
2006p
40,05 b
Tt
= oo
ool ) ! |
O T8 O 10T112131415161718 1930212223 21252027 25203031 3233
Bus Number

== No Overload e 25% Overload == 50% Overload

Figure 9. With conventional UVLS method: (a) System
voltage profile (b) Load shed percentage (c) Load shed
amount

TABLE 6. Conventional UVLS results summary

Overload scenarios (%) 0% 25% 50%
Total load shed amount (MW) 0 0.20 0.62
Total load shed percentage (%) 0 0.04 0.11
Minimum voltage (pu) 091 0.905 0.903
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PSO based optimal load shedding method is simulated to
be compared with the results achieved by the proposed
approach for further validation. The voltage profile, load
curtailment percentage, and the amount of load shedding
obtained utilizing PSO based load shedding method are
given in Figure 10. Table 7 summarizes the results
obtained using that method. It can be noticed from Table
7 that the PSO based method also resulted in under-
shedding and it failed to improve the voltage profile
above the acceptable limit.

3. 5. Comparative Study Results A feasible UVLS
method should be capable of curtailing the mismatch
amount of load and preserving the system voltage to
prevent voltage collapse and blackout. The three different
methods examined in this paper for scenarios of 25%
overload and 50% overload are compared in this section
as shown in Table 8.

It can be noticed from Table 8 that the amount of load
shed by the conventional technique and the PSO
technique are lower than the amount of power imbalance.
This creates an under-shedding event due to the
inadequate load shedding performed for the overload
events. On the contrary, the proposed method does not
suffer from under-shedding in every overload scenario.
This is due to the ability of the proposed technique to find
the load curtailment amount, optimally.

© 7 8 0 1011121514151617 1819202122 2324252627 282930315
Bus Number
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; l;__]!y sl it u-th

1011 21314151617 181920212223 2425 2627 28293031 3,
Bus Number
w=s No Overload = 25% Overload === 509 Overload

Figure 10. With PSO based load shedding method: (a)
System voltage profile (b) Load shed percentage (c) Load
shed amount

TABLE 7. PSO-UVLS results summary

Overload scenarios (%) 0% 25% 50%
Total load shed amount (MW) 0 0.89 1.10
Total load shed percentage (%) 0 0.19 0.20
Minimum voltage (pu) 0.91 0.913 0.89

TABLE 8. Comparative study results

Overload Parameter Proposed PSO  Conventional
Power imbalance
0.92 0.92 0.92
(MW)
Amount of load
shed (MW) 1.18 0.89 0.20
2% der-shedd
Under-shedding
0.03 0.72
(MW)
Minimum voltage 092 0913 0.905
(pu)
Power imbalance
1.85 1.85 1.85
(MW)
Amount of load
shed (MW) 2.10 1.10 0.62
20% der-shedd
Under-shedding
0.75 1.23
(MW)
Minimum voltage 0921 0.89 0.903
(pu)

4. CONCLUSION

This paper proposed an optimal UVLS method to
mitigate voltage collapse following overloads in
distribution network. Some of the prominent features of
the proposed method include, managing power
imbalances, preventing under-shedding, and improving
load shedding efficiency by maintaining vital loads
during load shedding. The proposed method can
determine the best location for load shedding using SIM.
Furthermore, an intelligent FFBPNN-based method is
designed to predict load curtailment amount efficiently
using ANNM. On the other hand, the vital loads in the
system were maintained according to the SLPM. The
proposed approach was tested on the IEEE 33-bus test
network and the results were compared with other
approaches. The results from simulation unveiled that the
proposed method can significantly prevent voltage
collapse following overloads in distribution system.
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ABSTRACT

Due to the strong electromechanical coupling, small size and high sensitivity, piezoelectric
nanomaterials have been widely used in generators, sensors and other fields. In this paper, the
characteristics of energy collector in 1loT power supply system based on piezoelectric nano-materials
are analyzed. PVDF piezoelectric nanofibers are prepared by electrospinning technology. The material
and control chips are integrated into a bimodal piezoelectric energy collector. The effectiveness is
analyzed experimentally. The experimental results show that the resonant frequency of energy collection
varies with the length of the cantilever arm. When the length of the cantilever arm is 12mm, the
installation error of 1.0mm length leads to 3.5% of the resonant frequency error. The optimal load of
piezoelectric vibration collectors with different cantilever arms is 400K. The output power of CUB, BRG
and BTG are50.7 1 W55.6 1 Wand51.8 u W, respectively. At the same time, the working frequency
band of energy collectors with various cantilever structures is 12Hz to 18Hz. The optimal excitation
frequency is 16Hz. In summary, the energy collector of power system constructed by piezoelectric nano-
materials proposed by many researchers has high efficiency, which can provide a quick solution for IIOT
in Industry 4.0 and enhance the power generation mechanism. It is of great significance to the
development of I1OT in practice.

doi: 10.5829/ije.2023.36.07a.05

1. INTRODUCTION

It cannot work with the vibration environment with a
large frequency variation. However, for a specific

The mini energy collectors based on environmental
energy acquisition and conversion technology have
received extensive attention at industry 4.0 [1]. The
micro-vibration energy collector converts the vibration
energy in the environment into electric energy, which has
the advantages of green environmental protection. The
technology has the advantages of simple structure, low
maintenance cost and small size. It has important
practical value in wireless sensor network systems such
as environmental safety and structural health monitoring
and has become the potential research direction in the
field of micro energy for industry 4.0. The vibration
energy collector has a high-quality factor and high output
performance during resonance, but the resonant
frequency cannot be changed with the vibration
frequency of the environment. The bandwidth is narrow.

*Corresponding Author Email: xueliang_kang@126.com (X. Kang)

application environment, the vibration generally has
some dominant frequencies. At these dominant
frequencies, the vibration energy density is large, and the
peak point is corresponding to the spectrogram. To
maximize the output power of the micro-vibration energy
collector, the resonant frequency must be consistent with
the dominant frequency in the environment.

The Industrial Internet of Things (110T) is powered by
traditional batteries. The battery life is limited and needs
frequent replacement. This conventional technology
increases environmental pollution as well. The energy
collector  supplies power to ultra-low-power
microprocessor devices by extracting energy from the
surrounding environment (such as wind, heat and
vibration). Since the vibration energy collector has the
characteristics of low cost and high power, it has attracted

Please cite this article as: X. Kang, Energy Collector Based on Piezoelectric Nano Materials in the Power Supply System to Improve the Efficiency
of Industrial Internet of Things (IIoT) for Industry 4.0, International Journal of Engineering, Transactions A: Basics, Vol. 36, No. 07, (2023),

1239-1249



mailto:xueliang_kang@126.com

1240 X. Kang / IJE TRANSACTIONS A: Basics Vol. 36 No. 07, (July 2023) 1239-1249

the interest of researchers. At present, the vibration
electromechanical conversion mechanism is mainly
realized by three mechanisms of electrostatic field,
electromagnetic field and piezoelectric energy. Among
them, piezoelectric vibration energy collectors do not
require additional power when converting mechanical
energy to electrical energy. It has positives of easy
fabrication, simple electromechanical structure and high
power density. Therefore, the piezoelectric vibration
energy collector became a hot area of research in the field
of micro energy research for industry 4.0. The energy
collector in the 10T power supply system can convert the
surplus mechanical energy into electrical energy in the
environment. It has the advantages of wide application
range and high output voltage. It can supply power to
low-power sensors [2]. However, most of the research on
piezoelectric energy collectors focuses on the energy
harvesting performance in the atmospheric environment,
and the characteristic analysis has still to be further
explored. In addition, traditional piezoelectric power
generation materials such as ZnO still have problems
such as high toxicity, poor flexibility or low mechanical
durability, which restricts their practical application in
the field of micro-nano-scale piezoelectric power
generation in industry 4.0. Polyvinylidene fluoride
(PVDF) is an organic piezoelectric material with
excellent piezoelectric properties, good flexibility and
biological phase fusion. PVDF piezoelectric nano fibers
are prepared by electrospinning technology. The material
can be applied to the energy collector in an 10T power
supply system based on piezoelectric nano materials,
which is of great significance for improving collection
performance and promoting the development of the 10T
[3]. The energy collector based on piezoelectric
nanomaterials has attracted wide attention from
researchers. This piezoelectric ~ “Nano-generator”
converts dynamic mechanical energy into a higher
piezoelectric energy, producing a pulsed AC high-
voltage output to the external circuit that can be used to
drive low-power microelectronic devices and nano-
sensor devices in industry 4.0 to promote lloT. It has
shown great potential for building self-powered systems.

Most of the research studies on piezoelectric nano
materials, piezoelectric power generation devices and
self-powered systems focus on the collection of energy
generated during solid state contact. It is necessary to
artificially input mechanical energy and control it to
produce stable dynamic changes to achieve stable
continuous electric pulse output [4]. The spontaneous
acquisition should also be achieved along with the
continuous electric pulse. Compared with the air flow in
an open environment [5], the microfluidic chip
technology can control the gas phase or liquid phase fluid
in a smaller enclosed space. Therefore, it is an ideal
platform for constructing micro-nano-scale power supply
systems. The challenge is the assembly of piezoelectric
materials in the chip and the oscillation under the action

of micro fluids to construct the microfluidic energy
collectors. In addition, it has also been widely used in the
manufacture of masks. In the modern medical market,
this material can effectively reduce the harm of airborne
virus transmission [6]. In the nano biosensor, it also
effectively reduces the impact of plant pathogens on crop
productivity [7]. During COVID-19, nanomaterials
played an important role in the medical Internet of Things
industry, effectively improving the performance of
biosensors [8].

The energy collector is usually composed of a
cantilever beam and a mass, which is a typical second-
order vibration system. The resonant frequency is
determined by the stiffness of the cantilever beam, the
equivalent mass of the system and the pre-stress. The
commonly used adjustment methods include cantilever
beam length adjustment, pre-stress adjustment and mass
adjustment. The cantilever beam length adjustment
method is simpler [9]. However, for the mini energy
collector of a micro-electromechanical system, once the
length of the cantilever beam cannot be changed after the
process is completed, other adjustment methods can be
used. In addition, smart masks driven by the nano Internet
of Things can effectively resist hazardous substances in
the air, so as to protect human health. At the same time,
the nano Internet of Things has inspired the emergence
of intelligent plant pathogen diagnosis biosensors,
making them develop towards the fifth generation of
intelligent biosensors based on 2D MXenes, and
gradually being applied to hospitals. It is worth noting
that by 2021, the global market scale of the nano Internet
of Things has reached 38.8 billion yuan, with a huge
market scale and broad prospects. However, there is still
a gap in the scale of the current nano Internet of Things
market in China, which is mainly reflected in the
investment of private capital. There are also gaps in the
corresponding research. The research on nanotechnology
in China is still in infancy, and there is still a big gap
between China and foreign countries.

1. 1. Related Work To produce dynamic changes
to achieve stable electric pulse output, Hao et al. [6] have
assembled an airflow conditioning structure and
combined it with a piezoelectric power generation
device. The spontaneous pulse without interference in the
mechanical energy of the fluid form can produce a stable
electrical output. This result is of great significance for
promoting piezoelectric power generation devices and
their applications in industry 4.0 for self-powered
systems. Almonacid et al. [10] have changed the pre-
stress of the cantilever beam by magnetic attraction and
repulsive force. The resonance frequency is adjusted
between 67.6-98Hz, but the structure is somewhat
complicated. Zhuang et al. [11] have processed the
cantilever beam using MEMS technology, and printed
the colloidal mixture of zinc particles. By changing the
mud concentration and viscosity at the resonant
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frequency of 0.1, Hz can be changed at a minimum, but
the operation is difficult. Wang et al. [12] have changed
the centroid of the mass by rotating the screw on the mass
to realize the adjustment of the resonant frequency of the
device. The screwing and unscrewing of the screw can
increase or decrease the resonant frequency. The result
can be directly adjusted in the range of 130-180 Hz for
generating quick power.

Many scholars have done a lot of research work to
improve the performance of piezoelectric energy
collectors for industry 4.0. Lu et al. [13] have used the
method of optimizing parameters to establish
mathematical theoretical models to broaden the
frequency. But they ignore the relationship between
internal impedance and optimal load impedance of
energy collectors. It does not accurately indicate the
nature of maximizing output power. Abasian and Tabesh
[14] have studied broadband by using the method of
adjusting the frequency. However, this kind of situation
can only work when the frequency changes slowly. The
accuracy of the frequency regulator is higher, and the
intelligent micro-regulator is difficult to implement.
Arunkumar et al. [15] have introduced the dynamic
amplifier to build the mathematical model to study the
broadband piezoelectric energy collector, but it ignores
the electromechanical coupling effect of the energy
collector.

Xie at al. [16] have used dynamic amplifiers to
determine the electromechanical model and studied the
effects of dynamic amplifiers on output power, but they
ignored the effects of system damping and load resistance
on system performance. In response to the above
drawbacks, the characteristics of the energy collector in
the 10T power supply system based on piezoelectric Nano
materials are analyzed. The prepared PVDF Nano fibers
are used to construct the piezoelectric energy collector in
the loT power supply system. The characteristics are
analyzed effectively by the characteristic analysis
method, which provides a basis for improving the
performance of the piezoelectric energy collector.

There is a scope for further innovations to generate
quick power for Industrial 10T and for industry 4.0,
Hence, the energy collector based on piezoelectric Nano
materials in the power supply system is proposed in this

paper.

1. 2. Research Contributions In this paper, the
author has described PVDF piezoelectric Nano fibers.

By using electrospinning technology, these PVDF
piezoelectric Nanofibers are prepared, which are then
applied to the energy collector of the 10T power supply
system to analyze the features of the energy collector.
This concept assists in improving the performance of the
piezoelectric energy collector.

Piezoelectric Energy Collector Modeling and
theoretical concepts are discussed in the paper. The

distributed parameter model and Single-degree-of-
freedom model are also analyzed.

To analyze the characteristics of the vibration energy
collector, a single-degree-of-freedom model is used.

The characteristics of energy collectors in power
supply systems based on piezoelectric nanomaterials are
discussed with three topologies, including CUB (uniform
cantilever beam structure), BRG (the non-uniform
cantilever beam structure with rectangular grooves) and
BTG (the non-uniform cantilever beam structure with
triangular grooves).

The results show that the output voltage and
performance of the non-uniform cantilever beam
structure (BRG) with rectangular grooves is significantly
higher than that of CUB and BTG under different load
conditions. The output power is much larger than that of
the uniform cantilever beam structure.

The specific latest technology is shown in Figure 1.

The research is structured into 5 sections. The
proposed research is described in section 2. Results are
discussed in section 3. Development of the Industrial
IoT’s and devices are discussed in section 4. The
outcome is discussed in section 5 as conclusions.

2. PROPOSED METHOD

2.1.Preparation of PVDF Nanofibers The PVDF
piezoelectric nano fibers are prepared through
electrospinning technology. The material is applied to the
energy collector of the 1oT power supply system based
on piezoelectric nano materials to analyze the features of
the energy collector. The PVDF powder (molecular
weight 534000, Sigma-Aldrich) is used as a precursor.
Acetone and N-dimethylformamide (DMF, both
purchased from Sinopharm Group) are used to configure
an electrospinning precursor. Microelectrodes and
microfluidic chip abrasives are prepared using AZ5214-
ESU9-GM1070 photoresist. Microfluidic chips are
assembled using polydimethylsiloxane two-component
silicone rubber (PDMS, Sylgard 184).

DMF and acetone are mixed in a ratio of 3:7 by
volume and stirred uniformly. The concentration of the
PVDF precursor fluid is configured as needed. A certain
amount of PVDF powder is weighed, mixed with the

Analysis of PVDF
piezoelectric —»
nanofibers

Model of
— piezoelectric —>
energy collector

Build distributed
parameter model

)

CUG. Analytical Building a single degree

«— vibration energy «— of freedom model
BRG. BTG collector

Electrospun
technology

Figure 1. Schematic diagram of the overall concept and
corresponding technologies of the research organization of
the paper
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mixture of DMF and acetone. It is heated and stirred for
2 hours at 60°C to obtain the clear transparent liquid as
the electrospinning precursor solution. The precursor
fluid is drawn into the syringe and the syringe is mounted
on amicroinjection pump (Longerpump TJP-3A/W0109-
1B). The syringe needle is joined to the positive pole of
the DC voltage source, and the two aluminum foils
attached to the receiving plate are joined to the negative
pole of the DC voltage source [17]. The direction of the
needle is perpendicular to the surface of the receiving
plate and the distance is 15 cm. Thereafter, spinning is
carried out under the conditions of a voltage of 13 kV, a
propulsion speed of 50 L/min, an ambient temperature
and humidity of 35°C and 30% RH, respectively. The PV
wafer is attached to the parallel aluminum foil of the
receiving plate to receive PVDF nanofibers. The spinning
time is 30 min. After the end of the spinning, the substrate
covered with the PVDF nanofibers is taken out and
placed in a drying oven at 80°C for 1h to remove excess
solvent. The obtained white fiber membrane is the
prepared PVDF Nanofiber.

2. 2. The Construction of Piezoelectric Energy
Collector and Theoretical Model The prepared
PVDF nanofibers are applied to an energy collector of an
10T power supply system. The structural diagram of the
piezoelectric vibration energy collector in the 0T power
supply system is shown in Figure 1. The entire energy
collector consists of the single-degree-of-freedom
piezoelectric bimorph cantilever system with a

concentrated mass ™: at the end and the elastic-amplifier
system consisting of a spring-mass-damping. The
piezoelectric cantilever system consists of the metal
substrate, the bimorph (integrated by piezoelectric
nanofibers and a control chip), the terminal concentrated
mass M:, and the load circuit. The bimorphs PZT1 and
PZT2 are bonded to the upper and lower surfaces of the
metal substrate by epoxy resin. They are polarized in the
thickness direction [18]. The polarization directions are
opposite (as shown in Figure 2 “|” and “1”). They are
connected in series to the applied load resistor R, The
resistance is the equivalent impedance of the AC-DC
circuit, filter circuit, and resistor R connected to the
electrical output of the energy collector. The change in
load resistance R reflects the change in the equivalent
impedance at the output.

The Elastic Amplifier system consists of a spring
mass damping system, with mass, stiffness and damping
coefficients of Mo, Ko and | respectively. The left
end of the piezoelectric bimorph cantilever is fixed to the
mass ™Mb of the elastic amplifier. The elastic amplifier is
mounted on the foundation. Y is the fundamental
vibration displacement. 'is the current flowing through

the load resistor " . Through the elastic amplifier

My

Kb [ o

Figure 2. Piezoelectric cantilever vibration energy harvester
structure

system, the vibration generated by the foundation is
amplified and transmitted to the piezoelectric bimorph
cantilever system. It amplifies the bending vibration
displacement of the piezoelectric bimorph cantilever
system to improve the output capacity of the energy
collector.

2. 3. Theoretical Models The theoretical model
of cantilever beam-mass block structure has distribution
parameter model and single degrees of freedom model.
The distributed parameter model requires an equation to
calculate the frequency. This process is complicated and
has high precision. In the actual operation process,
because of installation error in the dimensions of the
piezoelectric cantilever beam, the distributed parameter
model also causes an error in the resonant frequency of
the structure.

The single-degree-of-freedom model simplifies the
structure into a spring-mass system. The single-degree-
of-freedom model is used to analyze the characteristics
of the vibration energy collector. The single degree of
freedom model of the vibration energy collector is shown
in Figure 3.

= -

Figure 3. Single degree of freedom equivalent model



X. Kang / IJE TRANSACTIONS A: Basics Vol. 36 No. 07, (July 2023) 1239-1249 1243

The cantilever beam is equivalent to the spring with a
spring constant K. The system mass ™M is the sum of the
mass ™ and the equivalent mass ™ of the piezoelectric

. m*:ﬁmb m. -
cantilever. Where, 140~ " js the mass of the
cantilever beam. The damping coefficient € of the system
includes mechanical damping and electrical damping,
which is approximately equivalent to linear viscous
damping [8]. The vibration Equation (1) is as follows:

mu,, +cu,, + ku, =ma (1)
where U is the displacement of the centroid in the Z
direction. @ is the environmental acceleration.

The resonant frequency of the vibrating energy
collector is given in Equation (2).

1 [k

f=",—
27 \m

O]
By changing the mass ™ , the adjustment of the

structural resonance frequency can be achieved [19]. In

the equilibrium state, the concentrated force Fo is

exerted by the centroid of the mass. The elastic restoring
force ©=KUn of the cantilever is balanced.

The displacement “(*) of the cantilever beam is
shown in Equation (3):

u(x)=6':ﬁx2[3(l+lm/2)—x] xe[0,1] 3)

where El is the section bending stiffness of the cantilever

beam; ! and In are the length of the cantilever beam and
the mass. The centroid displacement of the mass is shown
in Equation (4):

U, =u(|)+|§auag(x)\x:| 4)

The elastic coefficient of the cantilever beam can be
obtained from the mechanical equilibrium relationship as
given in Equation (5).

F 12EI

kee——=— 7
U AP +6ll+3I7 ®)

2. 4. Characteristics of Energy Collector (EC)
The piezoelectric EC theoretical model is used to analyze
the characteristics of the energy collector. The
characteristics are based on energy collected, voltage
amplitude, motion displacement and output voltage. This
sub-section derives the EC characteristics through
mathematical modeling.

The energy collector output voltage amplitude and
phase angle expression are given in Equations (6) and (7).

U w?
(22 (A)- ) +452(A)o ©)

V=

T 255(A)a) 18
4, =tan { 712(A)—a)2 +tan n @)

where, &) represents the attenuation coefficient of the
amplitude function of piecewise linear piezoelectric

system with single degree of freedom. (~) represents
the equivalent linear natural frequency of a single-
degree-of-freedom piecewise linear piezoelectric system.
w=~ai+Aa®/(a:4)  represents  the  proportional
parameter between the system’s motion displacement
and the output voltage.

Considering the proportional relationship between
the output voltage of the energy collector and the motion
displacement  [20], the displacement solution
characteristics of the energy collector are first
determined. Assuming that the motion displacement
kinetic singularity of the energy collector dynamic
differential equation is (“>*%) | the expressions of the
energy collector’s displacement and the initial phase
angle versus time are given in Equation (8).

2
9A_ Vo sing—4,(A)A
dt 24 8
dg Ua?® ®)

— cos 3+, (A)-w
dt 22A

The singularity (Ao: %) corresponding to the steady-
state motion needs to satisfy the following relationship as
given in Equations (9) and (10).

_Ua)2

N sing, —4,(A)A =0 9)

2

Uw
2/“%00590+/19(A0)—w:0 (10)

To analyze the characteristic of the output voltage
cycle of the EC [21], a small amount of disturbance

(AAO’A3°) is applied to the stable point of the energy

collector. The expression is given in Equation (11).

A=A +AA
{9_90+A3 ()
Equation (9) is substituted into Equation (11) to
obtain Equation (12).
dA | d(a8)_ Uo' _
dt+ P sin(9, +A3) -6, (A)(A +AA)
g, d(89) et
dt - dt  22(A +AA)

(12)

cos( +A9)+ A (A) -

g, d4
where, dt and dt are substituted into Equation (12),
and the results are subjected to Taylor series expansion
processing. Considering that AA and A8 are small
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disturbances, the higher order values of AA and A% are
negligible relative to the one-time term. Therefore, only

the ones of A and A9 are retained, and the
d(AA) d(A9)

expressions of dt and dt  are show in Equation
(13).

=(-0, (A]))M+[7U2—“jcos90]w

d(AH)_ _Ua)2
dt | 22A

13)
2

cosSOJAA+ (— Yo
247

sin@OJAS

To obtain the characteristic criteria of increments AA
and A9 | the expression including excitation frequency
@ and steady-state motion singularity A s used to

U w? Uw? .
cos 4, sin Y,
replace 24 and 24 , as shown in
Equation (14).
d(AA
%:7§e(%)AA+(mfﬂe(A‘J))A)A.9
(14)
d(ag) . 1.,
= (@A (A)) - AA-0(A)AS

The characteristic Equation (14) is derived by
Equations (15) to (17).

C. —i c _69('6\))_i (m_j‘e(p\)))Ao

1 2 — :0

C, C,-i (w_,k(;\)))i 5. (A)-i (15)
Then

p=—(C,+C,)=25,(A) (16)
4=(CC,~C,C,) =62 (A) (04 (A)) 17)

The characteristic equation of Equation (15) can be
derived by Equation (18).

i+ pi+q=0 (18)

At the same time, the value of the discriminant A can
be obtained as in Equation (19).

A= p?-49=(25,(A))" -4 (A) (0= A4 (A)) )
=4(0-2,(A)) 20

Based on the theory of motion stability, since the

value of the discriminant A is always greater than or
equal to zero, the characteristics of the energy collectors
is determined by the value of Pand 9.

When 9<0  the two roots of Equation (18) are real
roots and different signs. The singularity at this time is
unstable, and the steady state motion of the energy

(19)

collector cannot be achieved [22]. When 9>0 and P>0
, the singularity is stable, and the steady state motion of
the energy collector can be achieved. At the same time,

since P~ 26,(4) is the equivalent attenuation
coefficient of the energy collector amplitude, indicating

that the positive damping P~ 0 s always true.
Therefore, the piecewise linear system stability condition
is given in Equation (20).

a=02(A)-(0-4(A)) >0 (20)

Combined with Equation (19), the relationship
between the output voltage and the motion displacement
V =

a,A
2 2
of the energy collectors is V& + A" The pranch

characteristics of the energy collector’s output voltage
amplitude-frequency curve are analyzed.

3. RESULTS

3. 1. Experimental Environment PVDF
piezoelectric Nano fibers prepared by electrospinning
technology are used to construct energy collectors in
piezoelectric nano material-based 10T power supply
systems. The characteristic test instrument of the energy
collectors in the constructed piezoelectric nano material-
based IoT power supply system is shown in Figure 4.

The energy collector is mounted on the exciter. The
sinusoidal signal generated by the signal generator drives
the exciter through the power amplifier. The data
acquisition module acquires the signal of the acceleration
sensor. At the excitation acceleration of 6m/s?, the
frequency is swept from small to large. The output
voltage of the collector is measured by an oscilloscope,
and the output voltage at resonance maximized. The
resonance frequency of the collected vibration energy
collector varies with the length of the cantilever beam as
shown in Figure 5.

3. 2. Experimental Observations From the
experimental results in Figure 5, the theoretical

Figure 4. Piezoelectric micro-vibration energy harvester
physical map
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Figure 5. Vibration energy collector resonant frequency
with cantilever beam length results

calculation results of the single degree of freedom model
established in this paper are slightly higher than the
experimental measurements. The error is extremely
small. The main reason for the error is that the bending
moment of the cantilever beam and the rotation effect of
the mass are not considered in the single degree of
freedom model. It is not suitable for the characteristic
analysis of the mass collector and the short cantilever
beam structure energy collector. In addition, the
looseness of the base to the cantilever beam causes the
increase in the effective length of the cantilever beam.
When the length of the cantilever beam is 12 mm, an
installation error of 1.0 mm length will cause an error of
3.5% of the resonance frequency.

To effectively analyze the characteristics of energy
collectors in 10T power supply systems based on
piezoelectric nano materials, the energy collector
characteristics of three topologies with CUB, BRG and
BTG are studied. When the excitation frequency is 11 Hz
and the acceleration is 6m/s?, the voltage effective values
of the three piezoelectric vibration energy collectors vary
with load, as shown in Figure 6.

4 1 cuB
[ BTG
I BRG

B~y o o
[
=
H

w
T

Voltage/V/

200 400 600 800 1000 1200
Load resistance/kQ

Figure 6. Output voltage varies with load

From Figure 6, the output voltage of the non-uniform
cantilever beam structure (BRG) with rectangular
grooves is significantly higher than that of CUB and BTG
under different load conditions. This shows that BRG
with rectangular grooves outperforms the other two
topological energy collectors.

When the excitation frequency is 11 Hz and the
acceleration is 6m/s?, the output power of the three
piezoelectric vibration energy collectors varies with load
in Figure 7.

From the experimental results in Figure 7, the optimal
load of the piezoelectric vibration collectors of different
cantilever structures is 400 K, but their output powers are
different. The uniform cantilever beam structure (CUB),
the non-uniform cantilever beam structure (BRG) with
rectangular grooves, and the non-uniform cantilever
beam structure (BTG) with triangular grooves have
output powers of 50.7 uW, 55.6 uW and 51.8 uW,
respectively. The experimental results show that the
output of the piezoelectric vibration energy collector of
the non-uniform cantilever beam structure with grooves
is high. Among the cantilever beams with different
topologies, the non-uniform cantilever beam structure
with rectangular grooves has the best performance. The
output power is much larger than that of the uniform
cantilever beam structure.

The characteristics of piezoelectric vibration energy
collectors are studied and the relationship between the
output power and the excitation frequency is explored
experimentally. When the excitation amplitude is 1mm,
the load impedance is 250 kQ. The excitation
acceleration is 6m/s2. The relationship between the
output voltage and the excitation frequency of the three
kinds of topological piezoelectric vibration energy
collectors is shown in Figure 8.

When the excitation amplitude is 1mm, the load
impedance is 250 kQ, and the excitation acceleration is
6m/s2. The relationship between the output power and the
excitation frequency of the three topological
piezoelectric vibration energy collectors is shown in
Figure 9.
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Figure 7. Output power varies with load
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Figure 8. Output voltage varies with load
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Figure 9. Output power varies with load

It can be seen from the experimental results of Figures
8 and 9 that the operating frequency of the piezoelectric
vibration energy collector is between 12 Hz and 18Hz.
The working bandwidth is 6 Hz. In the entire operating
frequency band, the output voltage and output power of
the piezoelectric energy collector with the rectangular
and triangular grooved beam topology is always greater
than the power of the piezoelectric energy collector of the
uniform beam topology. Among the different structural
grooves, the performance of the rectangular groove is the
best. The optimum excitation frequency of all
piezoelectric vibration generators is 16 Hz. The
maximum output power at the optimum excitation
frequency is 60.5 uW, 624 uW and 66.1 pW,
respectively. The experimental results show that the
energy collector output voltage and output power based
on the rectangular slot are significantly larger than the
uniform cantilever beam structure. The output power of
the energy collector based on different topologies is
related to the excitation frequency.

The above experimental results show that the
performance of the piezoelectric energy collector based

on the non-uniform thickness of the cantilever beam is
better than that of the piezoelectric energy collector based
on the uniform cantilever beam structure. The non-
uniform cantilever beam with rectangular groove has the
best performance. The energy collectors of various
cantilever structures have an operating frequency band of
12Hz to 18Hz and an optimum excitation frequency of
16Hz. The characteristics of the single-degree-of-
freeness energy collector under the best matching
resistance are shown in Table 1.

The experimental results in Table 1 are compared
with those of the single-free elastic system piezoelectric
cantilever energy collector made by Wang et al. [12]. The
piezoelectric  crystal materials have different
characteristics, and the resonant frequencies are different
between the short-circuit state and the open-circuit state.
However, the electrical output characteristics and
vibration characteristics of the two have the same trend
with the frequency and the output power with the load
resistance. The validity of the energy collector
characteristic analysis in the 10T power supply system
based on piezoelectric nanomaterials is verified.

4. DISCUSSION

The development of the Industrial 1oT is the most
promising technology for the promotion of industry 4.0
and global market opportunity. In 2020, there are more
than 30 billion 10T devices in the industry supporting
IloT worldwide. ldeally, billions of smart devices will
connect to the wireless networks through IloT. The
battery life of devices is a significant topic to study,
because installing a battery in a small device is not
feasible in all circumstances. In addition, battery
maintenance and replacement costs are very high.

In recent years, the development of the IloT has
attracted a large amount of investment, especially for
improving the battery life of the devices. However,
generating power quickly for billions of devices is a
challenging game. Researchers have proposed innovative

TABLE 1. Comparison of energy harvester characteristics
under the best matching resistance

Single degree of freedom

Resistance Node

Peak
Working frequency/Hz 447

43.4kQ
Output Power/mwW 444.9
Working frequency/Hz 454

91.8kQ
Output Power/mwW 436.3
Working frequency/Hz 46.1

140.2kQ
Output Power/mwW 421.7

Bandwidth/Hz 6
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solutions for this problem. Although traditional battery
power supplies can solve the power supply problem, they
must be purchased, maintained, and post-processed.
When the equipment is installed in a remote location, it
is more difficult to maintain the power supply [23]. As an
alternative, energy harvesting technology can directly
power remote loT devices and sensors with great
performance. The energy collector of the loT power
supply system based on piezoelectric Nano materials
studied in this paper is an effective power supply facility
designed by energy harvesting technology. PVDF
piezoelectric Nano fibers are prepared by electrospinning
technology with excellent piezoelectric properties and
good flexibility and bio-phase PVDF organic
piezoelectric materials. The energy collector applied to
the 10T power supply system is prepared using this
material to increase collection performance.

With the energy harvesting solution, the power
system can operate independently. Energy harvesting is a
procedure to collect energy that is available in the
environment and transform it into electrical energy. The
converted power can be utilized directly or can be
preserved for future use. For remote deployment devices
that do not have access to the local grid, energy
harvesting solutions excel in providing alternative power
to a wide range of electronic devices. The energy
collected can be derived from radio energy, vibrational
kinetic energy of the piezoelectric element, pressure
energy, or light energy of the photovoltaic cell. The
collected energy is transformed into electrical energy and
stored in the durable storage battery. Energy harvesting
systems typically include circuitry for generating or
harvesting energy. In this paper, the nano materials are
used to collect energy and to transform it into electric
energy to promote renewable solutions in industry 4.0.

5. CONCLUSIONS

Industrial development for generating renewable energy
solutions is the most promising research area nowadays.
The renewable solutions are utilizing science and
technologies to achieve the goal. The battery life of
devices/equipment is a serious issue to address. Battery
maintenance and replacement costs are very high. The
innovative technique is proposed based on nano materials
to generate renewable energy solutions by using energy
collector. The energy is then converted into the desired
form to generate renewable energy solutions. In this
paper, the renewable energy solution is presented by
utilizing the characteristics of the energy collector in the
power supply systems of industry 4.0 based on
piezoelectric nano materials to enhance the quick power
generation. The PVDF piezoelectric nano fibers with
high aspect ratio are prepared by electrospinning
technology. The prepared PVDF piezoelectric nano
fibers are applied to the energy collector of the power

supply system in industry 4.0, and their characteristics
are further analyzed. Two models are discussed in the
paper, namely, single-degree-of-freedom model and
distributed parameter model. Piezoelectric vibration
energy collectors and the relationship between the output
power and excitation frequency has been studied in this
paper. The results demonstrate that the performance of
the rectangular groove is the best. The optimum
excitation frequency of all piezoelectric vibration
generators is 16Hz. The maximum output power at the
optimum excitation frequency is 60.5 uW, 62.4 uW and
66.1 uW, respectively. The energy collector in the IIoT
power supply system based on piezoelectric Nano
materials adopts dynamic technique to improve
collection performance and generate quick power for
improving the performance of energy-based equipment
in industry 4.0. In future, energy harvesting solution can
be applied where the power system can operate
independently. It collects energy that is available in
environment and transforms it into electrical energy. This
converted power can be utilized directly or can be
preserved for future use. The research work has
important reference significance for the future industry
4.0 energy collection and conversion. The research still
has some defects. Due to limited time and resources,
sample data collection is relatively simple. Further
analysis is needed in the future.

6. DATA AVAILABILITY

The data can be shared on valid request.
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ABSTRACT

Bi-directional power converters are utilized for effective management of available electrical energy
associated with renewable energy systems with the use of an energy storage system. Improved hybrid
three quasi z source converter (IHTQZSC) is proposed in this paper which has been providing a higher
voltage gain without any switched capacitor or charge pump cells. IHTQZSC has been intended for bi-
directional power transfer and control applications in this paper. The converter ensures a widespread
voltage gain in a single stage DC—AC power conversion system with lesser shoot-through time instants.
The competence of the converter is acclaimed with voltage stress, current stress, peak switching device
power and power losses compared with the other high voltage gain converters. Impact of voltage gain
and power drawn by the converter on the efficiency has been explained. The four-quadrant power control
is achieved with the constant switching frequency predictive controller. The DC-link voltage of the
converter is controlled with a Pl controller, and a predictive controller is used for the grid current

tracking. The bi-directional working of the converter is illustrated with MATLAB/Simulink software

doi: 10.5829/ije.2023.36.07a.06

1. INTRODUCTION

Recent developments in the fields of renewable energy
extraction, electric vehicles (EVs) and energy storage
systems (ESS) are associated with an efficient power
electronic interface (PEI). PEI plays a critical role in DC-
DC, DC-AC, AC-AC and AC-DC power conversion
systems either by step-up or step-down the voltage and
allowing uni-directional or bi-directional power transfer.
High gain DC-DC converter along with 9 level multilevel
inverter is used for interfacing hybrid energy system to
the utility [1]. An interleaved DC-DC converter has been
designed to reduce voltage stress and providing higher
voltage gain compared with a conventional boost
converter [2]. The diode bridge rectifier (DBR) is used
along with a further stage of DC-DC converter in uni-
directional AC-DC power conversion [3, 4]. A voltage
source converter (VVSC) is used on behalf of DBR for AC-
DC power conversion, popularly known as a PWM
rectifier, which can improve the power quality on the
source side and allows bi-directional power transferring

* Corresponding Author Email: ramanjaneyulualla@gmail.com
(R. Alla)

[5-8]. So far, the different PEI discussed are of two-stage
power conversion systems. A DBR or a VSC facilitates
in rectification stage and a DC-DC converter is
accustomed to either step-up or step-down the dc voltage
[9]. Bi-directional PEI is preferred over uni-directional
PEI, particularly in EVs and ESS, as it reduces the cost
and volume of the system. Furthermore, AC-DC bi-
directional PEI is capable of maintaining an active and
reactive power balance in the system.

Impedance source converters (ISC) are providing
higher voltage gain in a single-stage power conversion
system. Shoot-through phenomena in VSC are avoided
with the introduction of dead time in between switching
devices on the same leg. Dead-time is no need to provide
among the switches of the same leg in ISC. Shoot-
through states (STS) are intended for voltage boost
functionality in ISC, whereas STS are avoided in VSC.
These shortcomings in VVSC are overcome with the ISC,
which can use the STS to boost the input voltage while
the power is transferring to the loads in normal switching
states. The family of ISC is developed based on the

Please cite this article as: R. Alla, A. Chowdhury, Performance Analysis of Bi-directional Improved Hybrid Three Quasi Z source Converter,
International Journal of Engineering, Transactions A: Basics, Vol. 36, No. 07, (2023), 1250-1258
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operating principle of the basic z source converter (ZSC)
[10]. Quasi Z source converter (QZSC) inherits the
features of ZSC without any change in voltage gain,
developed to provide a common DC-rail with reduced
capacitor stress [11].

Further, different ISC are developed to meet high
voltage gain, reduced voltage and current stresses [12-
16]. QZSC is facilitated as a bi-directional DC-DC
converter [17]. Battery assisted ZSC with an ultra-
capacitor as an input source is worked as a bi-directional
converter for electric drive applications [18]. All regions
of locomotive operation are discussed with bi-directional
ZSC [19]. The working of ISC depends on the insertion
of STS along with the conventional switching states. The
pulse width modulation (PWM) methods are developed
to include STS along with non shoot-through switching
states (nSTS) for the voltage buck-boost action of ISC,
among which simple boost control (SBC) method is
eminently implemented in most of the applications [20].
The DC-link voltage of the ISC are regulated along with
the inductor current ripples with a dual-loop control
method, requires two Pl controllers [21]. ISC has been
developed with switched capacitor or charge pump based
configuration. It has been identified that atleast a
capacitor is carrying a load current in these converters,
which can increase the rating of the capacitor such that
size and cost of the converters has been increased [22-
25]. MPC is a very attractive control method that can be
implemented for most power electronic applications. Pl
controllers are not needed with the MPC. Direct MPC has
been changed to working at a constant switching
frequency in a grid-connected IHTQZC [26]. The
comparison of traditional VSC and ZSC is carried out in
fuel cell applications [27].

Significant research has to be enforced to analyze the
performance of high voltage gain bi-directional I1SC in
various applications. Low voltage gain ZSC and QZSC
are assigned in most of the applications so far developed.
This paper elaborates on the ability of high voltage gain
IHTQZSC among other ISC by considering the details
about the voltage and current stresses, pea switching
device power and power losses that occurred in the
converters. This paper addresses bi-directional power
conversion working of IHTQZSC. Instead of two PI
controllers [20] for DC-link voltage regulation, a single
PI controller is addressed in this paper. The grid current
of the converter is controlled with a predictive controller
(PC), which accomplishes a constant switching
frequency. Section 2 of the article explains the bi-
directional IHTQZSC configuration and working.
Voltage gain, voltage stress, current stresses and power
losses in the impedance network of high voltage gain ISC
are presented in section 3. DC-link voltage control and
grid current control are discussed in section 4. The
performance of the converter providing reactive power
support to the grid and the bi-directional power flow

capability is illustrated with the SimPower System tool in
MATLAB software, in section 5 of this paper.

2. MATHEMATICAL MODEL OF IHTQZSC

Impedance network consists inductors (L1, L2, Lz and L),
capacitors (Cy, C, Cs, C4, Cs and Cg) and bi-directional
switches (Si1, Sz and Ss) inserted in between dc source and
the VSC. The -configuration of the bi-directional
IHTQZSC is shown in Figure 1. Switches are introduced
in place of diodes of [27], for allowing bi-directional
power. For a VSC, the relation between peak AC voltage
(Vpeak) and the DC-link voltage (Voc) is expressed in
Equation (1):

Vpeak =M V% )
where M is modulation index.

The converter steps-up the input voltage of the battery
(Veay) for maintaining the required DC-link voltage Voc
at PWM inverter and feeding power into the grid.
Similarly, the converter steps-down the voltage Vpc at
the PWM rectifier to meet Vea and feeding the power
into the DC source. Therefore, the converter operation is
explained firstly as a PWM inverter with input voltage
boost mode, and secondly, PWM rectifier with voltage
buck mode.

2. 1. STS Operation of IHTQZSC as PWM Inverter
with Voltage Boost The voltage boost operation is
achieved with the insertion of STS in addition to nSTS.
The converter undergoes shoot-through, at a time
duration of dstT for a switching cycle of time period T,
so that the switches in the three legs are turned on
simultaneously and it causes Vpc=0. Hence the zero
power, i.e., Pgrig=0 transfers to the grid represented with
dashed lines shown in Figure 2.

Here dsr is the shoot-through duty ratio. The switches
S1, Sz and Ss in the converter are turned off in this mode.
It allows capacitors to discharge energy into the
inductors. The voltage across the inductors, switches,

Impedance Network

Figure 1. Circuit Diagram of IHTQZSC
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Figure 2. IHTQZSC as PWM inverter in STS

current through the diodes and capacitors are expressed
in Equations (2) to (8):

Vi1 =Ve2 +Vea +Vear s Vi2 =Ver +Ves )
Viz=VecatVee + Va=VeatVes 3
Vs1=Vc1+Ve2 +Ves 5 Vs2 =Vez tVea Q)
Vg3 =Ve3 +Ves +Veg (5)
ic1=-lL2 i ica=—p1; Is3=lsp =153 =0 ®
ics3=—(iL3+iL4) ; icg =—(ig +iLo) @
ics =—ii3; lce =—lL4 ®)

2. 2. nSTS operation of IHTQZSC as PWM Inverter
with Voltage Boost General sinusoidal pulse
width modulated (SPWM) signals are sent to the switches
in the three legs of the converter at a time duration of (1-
dst)T. The switches Si, S; and Sz in the converter are
turned on to allow charging of the capacitors as shown in
Figure 3.

In nNSTS mode, the energy from the dc source is fed
into the grid. Every switch in the converter has a duty
ratio of (1-dst) in nSTS mode. The voltage across the
inductors, diodes, current through the switches and
capacitors are expressed in Equations (9) to (16):

Viu=—Ver+VBat: V2 =-Vc2: 9)

Ls
\{%‘ 6. Pou<

Figure 3. IHTQZSC as PWM inverter in nSTS

Viz=-Vcs: Via =—Vce: Vpc =Ve3 t+Vcs (10)
Vs1=Vsp =Vs3 =0 (11)
i +ica =i +icy =gy (12)
i3 +ice =4 +ics =ls3 (13)
L2 +icq —ic2 =l +ic3 —lcs =ls2 (14)
ica +ice =iLa —icon ; (15)
icon = Sala + Spip + Scic (16)

According to the volt-s and ampere-s balance
principle the steady state voltage across capacitors and
current through the inductors are expressed in Equations
(17) to (23). Equation (1) has been expressed in terms of
G in Equation (22). For a SBC [20], M=1- dsr. Here lcon
is the average current through the converter terminals and
R is the equivalent resistance about the power injected
into the grid.

= — "5l y 17
CL= W adg) B n
Voo =Vear =Vapg = — STy
c2 =Vecs=Vce @ - 4dgy) Bat (18)
2dgr
Vos = ———V, 19
C4 - 4dST) Bat (19)
1-d
Vog = Vg 20
(A - 4dgr) (20)
1 1
Vpo =———— Vg i By = ————
DC (@ - 4dgr) Bat » BST (L-4dgs) (21)
—aVpe . A
Vpeak - G_Z ; G= MBST (22)
1-dgr
(L 4dsr) O gy = E=dsrVoc 23)

R
Iy =lo=li=1I4

2. 3. STS Operation of IHTQZSC as PWM Rectifier
with Voltage Buck Action The VSC acts as a
PWM rectifier. The DC-link voltage Vpc is stepped down
to meet the battery voltage Vs with power flowing from
the grid to the battery. Reverse phenomena occur here, in
comparison with section 2.1. Thereby the voltage across
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the inductors and current through the capacitors are
expressed with a negative sign compared with the
equations represented in section 2.1. The insertion of STS
provides voltage buck action. Figure 4 illustrates the STS
operation of the converter, at a time duration of dckT,
makes the switches in the three legs are turned on
simultaneously, causes Vpc=0 and hence the zero power,
i.e., Pgrig=0 transfers to the battery from the grid
represented with dashed lines. The switches S;, So and Sa
in the converter are turned off in this mode, allows the
inductors to charge the capacitors.

2. 4.nSTS Operation of IHTQZSC as PWM Rectifier
with Voltage Buck Action Similar to section 2.2,
switches S;, S;and Sz in the converter are turned on, the
energy from the grid is fed into the battery as well as the
capacitors are discharging shown in Figure 5. Every
switch in the converter has a duty ratio of (1-dck). The
voltage across the inductors and current through the
capacitors are expressed with negative sign. The steady
state voltage across capacitors, dc-link voltage and
inductor currents are expressed in Equations (24) to (30).
Here lga is the current drawn by the DC source. Both
PWM inverter working and PWM rectifier working are
accomplished with the insertion of STS for a time interval
of dstT or dckT. Based on Equations (21) and (29),

dST :dCK .
3. PARAMETER DESIGN OF IHTQZSC

Voltage stress and current stress of every component in
the configuration of the IHTQZSC are deduced for the

S | Sue |8 Pira =0

STS operation

Figure 5. IHTQZSC as PWM Rectifier in nSTS operation

design of active and passive components. The voltage
and current stresses are equal in the converter while
working as a PWM inverter or PWM rectifier since the
shoot-through duty ratio values are equal. The values of
capacitances expressed in Equations (31) and (32) are
selected based on their voltage stress, which is maximum
in STS. Hence the Equations (6) to (8) are considered for
capacitance calculation by allowing a ripple percentage
of ry in capacitor voltage.

Ver = (1 - 3dek )Vpe (24)
Ve2 =Ves =Vee =dekVpe (25)
Ves = (1 - 2dek Vpc (26)
Ves =2dckVoce (27)
Vear = (1 - 4dcy )Voc (28)
Veat = BekVoe i Bok = (1-4dck ) (29)
I =l=I3=14 :|Bat:%b0n (30)

The current stress through the inductors is maximum
in STS, hence Equations (2) and (3) are chosen for
evaluating the inductance value by allowing a percentage
current ripple of ri. Inductance value is expressed in
Equation (33). Voltage stress across the switches and
current stress in the switches are expressed in Equation
(34).

dst (@ -4dgt)lgat

Cl =
Iy (1 -3d ST )VBat fS

31
C G -C (1 -4dgr)lgat (1)
5 =C5 =Cg =—
Veat fs
C, - dst( -4dst)lpar
(L -2dgr )Veat fs 32)
C, - 0.5 -4dst)lpar
erBat fS
Ll - L2 =L3 -L, = dST(l 'dST)VBat (33)
(L -4dgr )y fs
Vg1 =V5p =Vg3 = Vpc
Vsa =Vsp =Vsc =Vsaa =Vspp =Vsec = Ve
Is1 =152 =1s3= Bsrlcon (34)
4]
ISa :ISb :VSCZISaa :ISbeIScc: gat
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ist =l +lo+lz+ly (35)
. 1 - iST

o, =—1, +2— 36
Sa 2 a 3 ( )
: 4Psrid

i, =——ord

Peak = 3/ g M COS 37)

The product of voltage and current stress provides peak
switching device power (SDP) of the converter. Shoot-
through current and switch S, current through the
switches in the converter legs [28] is expressed in
Equations (35) and (36). isa has a maximum value when
i is at its peak value, expressed in Equation (37). The
current through switch S, has a peak current of either isa
Or ipeak- Total SDP of IHTQZSC is sum of the SDP of the
switches in the converter and expressed in Equation (38):

SDP =Vs1151 +V52152 +V$3153 + 6VDC max {isaor ipeak |  (38)

3. 1. Power Losses The total power losses in the
impedance network are due to the losses in inductors,
capacitors and switches. Power loss in the inductors and
capacitors are given in Equations (39) and (40). find, fcap
and rq are the internal resistances of the inductors,
capacitors and the switches. ton and tos; are the turn on and
turn off transition times of the switches at a switching
frequency of fs. The Ohmic losses and switching losses
in the impedance network and converter legs are
expressed in Equations (41) and (44).

2 2 2
I:)Nw—ohm = (|81rms + ISZrms + |83rms)rD (41)
ton +t0ff
Paw—turn = (Vs1ls1 +Vsals2 +VS3IS3)T fs (42)
_ 16 2 16 Pdig(—dst)
Iinv—sw,rms - \/?dST I ut 3 széat cos2 o (43)

3. 2. Comparative Analysis with other High
Voltage Gain ISC The voltage boost factor (Bsr),
maximum voltage and current stress in the converter
elements and peak SDP are preferred for the
identification of the competence of IHTQZSC with
another high voltage gain ISC. It has been noticed that
IHTQZSC provides a wider voltage gain compared with
other higher voltage gain ISC with a lower shoot-through
duty ratio has shown in Figure 6(a). The maximum value
of the capacitor voltage stress of IHTQZSC is lower than
the voltage stress reported in literature [14, 15] at higher
voltage gain requirements. Except Zhu et al. [12]
reported that the remaining converters have an equal
amount of maximum inductor current stress listed in
Table 1. IHTQZSC has a lower switch current stress
compared with current stress in the switches reported by
Jagan et al. [14] and Zhu et al. [15]. The proposed
converter has a lower value of maximum voltage stress
in the switches of the impedance network. IHTQZSC has
a nearer SDP value considered by Jagan et al. [14] and
Zhu et al. [15] are shown in Figure 6(b).

2
Rng =41—dgr )2 BSZTI(%onrind (39) P. .. =6 Ed 12 .,.EM r 44
inv—sw 9 ST 'Bat 9 GZVBZat COSZ o d (44)
d
Peap =121 éat —sr Ieap (40)
(1— d ) | to +1, f
ST Finv-turn = 6Vpc %% fS (45)
TABLE 1. Voltage and Current Stress of IHTQZSC
[12] [13] [14] [15] Pst - IHTQZSC
v
%;X Bsr (1 -dsr) /(1 +dsr) Bst dsr(2- dst)Bsr dst(3-2ds7)Bst (1 - 2dsr)Bsy
[
:_CM—oiX Bst(-ds7)/ (1 +ds7) (1 - ds7)Bst (1 - ds7)Bst (1 - ds7)Bsy (1 - ds7)Bsr
[
—ISMaX Bst (1 -d ST)BST Bsr Bst Bst
Con
Bsr Bst Bst Bsr
V.
—\fg’:‘ Bst(-ds7)/ (1 +dsT) dgrBst dsrBsr dst By Bst
BSTdST /(1 +dST) (1 - dST)BST (1 = dST)BST (1 - dST)BST

Vsmax, Vemax Maximum voltage in switch and capacitors; Iumax, lLmax Maximum current through switches and inductors
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(b)
Figure 6. (a) Power loss variation with G (b) SDP variation
with G

The converters reported by Jagan et al. [14], Zhu et
al. [15] and IHTQZSC are having very nearer voltage
gain and an equal amount of inductor maximum current
stress. The maximum current stress and voltage stress in
the switches of IHTQZSC are lower than other
converters. IHTQZSC has lower SDP compared with
reported data by Nozadian eta I. [13] Jagan et al [14] and
has a very nearer SDP value compared with data reported
by Zhu et al. [12] and Zhu et al. [15]. Hence the power
losses are considered for highlighting the significance of
IHTQZSC, plotted in Figure 6(a). It has been verified that
IHTQZSC has a lower power loss compared to data
reported by Jagan et al. [14] and Zhu et al. [15] among
high voltage gain non-coupled ISC.

4. CONTROL METHOD

CSF-PC controller is utilizing for the controlling of
IHTQZSC [27] as shown in Figure 7. The converter has
been controlled on DC-side of the converter to attain a
constant DC-link voltage Vpc. But Vpc has been varying
from zero to a peak value. Hence it can be challenging to
control direct Vpc. That’s why Vpc has been expressed
as a sum of V¢s and Vca. The DC-link voltage Vopc is
regulated with a Pl controller. The bode diagram in
dotted line shown in Figure 11 represents a negative gain
margin and phase margin due to RHP zero makes the

Pret —» ) *

Qref —>| Ref. |; Veana M
abe y| Cur. | * — op s
to Voo Gen. I*_’ to - sl
Vabe o [vo o | PC 9 apc . Sz
9p * 3
. abc — Veon T St S
e —p| to |[low 0.5Vocer | B |—» SZ
af cr—sS.

lgp —» S

dst — S
V bb
o)) E —> Scc
Vest+tVes

Figure 7. Grid-Tied IHTQZSC with CSF-PC

uncompensated system becomes unstable. With the
proper selection of parameters kp=0.0003 and ki=0.02 in
PI controller, bode diagram for the compensated system
represented in solid line in Figure 7 exhibits system
stability.

PC is implemented for grid current tracking by
predicting the two orthogonal voltage vectors. Here Rs is
considered for the filter resistance and Vcon is the voltage
across the converter. va,c and iac are grid voltage and
currents. The grid current equation is expressed in
Equation (46). The predicted grid current during a
sampling time of Ts with Euler’s approximation is
represented in of reference frame in Equation (47).

I—S diabc

=—Rsg iabc +Veon ~ Vane (46)

. RgTs ). T,
|gaﬁ(k+l):[1. ESS]|gaﬁ(k)+i(vc°nyaﬂ(k)-vgaﬂ(k)) 47)

C=C,+Cy
2
C o =(fpate+d - igutesn) (#8)

. _ 2
C ﬂ:(‘igﬁ(kﬂ) - |gﬂ(k+1)‘)

o 2

lga = E(Pref Vga T Qref Vg/}) (49)

x 2
lgp = E(Pref Vgp — Qrefvga) (50)

The quadratic cost function is defined for identifying the
optimal switching vectors mentioned in Equation (48).
i;a and i;B are the reference values of grid current,
evaluated by considering the required amount of active
and reactive powers Prer and Qrer injected or consumed
from the grid, respectively. The predicted orthogonal

voltage vectors V:Zon,a and V:‘,on,[} are obtained with the
maxima-minima concept represented in Equation (51).
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" L RgT T "
vCon,a :‘%A?A:[l’%]iga(kﬂivga(k)*iga(k +1)
(51)
. L RgT T "
vCon, 8 =—%B;B =[L%}igﬁ(k)+%v§]ﬁ(k)—igﬁ(k +1)

Ve has been controlled with PI controller by generating
dst and the four-quadrant operation of power is
controlled with the implementation of PC for grid current

. and V_
voltage vectors send the modulating signals to the SBC
along with dst from the PI controller. Constant switching
frequency is obtained with the use of a modulator in the
SBC controller, operates the converter in STS and nSTS
mode.

tracking by generating V - These optimal

Con,a Con

5. RESULTS AND DISCUSSION

Performance of IHTQZSC has been analysed during the
four-quadrant power control with MATLAB Simulink
results. The direction of iac is considered positive when
the converter acts as PWM rectifier feeding power into
the DC source. The system parameters are - Inductance
1mH, Capacitance 470uf, switching frequency 10kHz,
grid voltage 220Vrms, grid inductance 15mH, input
voltage 200V and sampling time of 25ps.

Active power (P) and reactive power (Q) along with
ianc and vape are chosen grid side parameters for the
identification of the converter response. Vea, Vcs, Vbc
and inductor current or DC source current I ; are
considered as DC side parameters.

Ql, QIl, Qlll and QIV are quadrants

Figure 8 shows the response of the converter while
operating in Q,, consumes P of 1000W at unity power
factor (upf) up to 0.4s and afterward absorbs Q of
1000V Ar. It means the converter acts as a PWM rectifier
and provides VAr support to the grid. Hence the peak of
ianc has been changed to 5.23A from 3.7A. The controller
affords a quick response from the converter with a change
in Q. The converter draws a DC source current of 5A at
Vea 0f 200V and maintaining Vs at and 306.6V, Vpc at
413V. The converter shifts its operation from Q, to Qv at
0.6s with a change in Q from 1000V Ar to -750VAr. Such
that, iac has been changed its peak value from 5.23A to
4.63A. The DC source side parameter values are
continued without any variation as there is no change in
Vea: 0bserved in Figure 9.

After 0.8 s, the converter acts as a PWM Inverter
change its operation from Qv to Qi with a change in P
from 1000W to -2000W as well as change in Q from -
750VAr to -500VAr. The response of the converter is
shown in Figure 10. The peak of iac has been changed
from 4.63A to 7.63A. The DC source current 11 has been
shifted to 10A with a change in P. A sudden shift in P
caused a small voltage dip in V¢ and Vpc of the
converter and restored within a single cycle. The

036 04 0.44 0.36 0.4 044
Time(sec) Time (sec)

Figure 8. Response of IHTQZSC working in Qi
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e
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Figure 9. Response of IHTQZSC during Qi to Qiv
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Figure 10. Response of IHTQZSC during QIV to QIlI

converter shifts its operation from Qi to Qi after 1 s due
to a change in Q from -500VAr to 1200V Ar. ianc has been
changed its peak value to 8.63A from 7.63A as shown in
Figure 11. The DC source side parameters are continued,
with constant Vga.

The transition of converter operation from Qy to Q,
occurred at 1.2s observed in Figure 12, with the change
in Q from 1200V Ar to zero VAr. Simultaneously Vg has
been reduced to 125V from 200V. With the change in
Vea along with Q change, iape, iL1, Ves, and Vpe of the
converter are disturbed for a period of three cycles and
restored back to steady-state with the values at 7.4A,
10A, 281V and 438.2V, respectively. The impact of
converter voltage gain and the power drawn from the
converter on efficiency is shown in Figure 13.
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Figure 13. The efficiency variation of IHTQZSC

6. CONCLUSION

IHTQZSC ensures a wider range of voltage gain, among
other high voltage gains ISC does not need any switching
capacitors or charge pump cells. The voltage stress in the
switching devices, capacitors, the current stress in the
inductors and switching devices are deduced in this
paper. The worthiness of the converter has been
commended by comparing the voltage stress and current
stress, peak SDP and power losses in the present
converter with another high gain ISC. The converter has
been working in all four quadrants, by injecting or
consuming both active and reactive powers with the use
of a predictive controller implemented for grid current
tracking with a good dynamic response with the change

in dc source voltage as well as grid power. With the
ability of bi-directional power control, high voltage gain,
lower voltage stress and current stress in the converter
elements with lesser peak SDP, the converter can be
utilized in electric vehicles, energy storage systems, and
in hybrid energy source systems.
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ABSTRACT

Caverns are massive underground openings excavated for purposes like defense installations and nuclear
waste disposal which becomes challenging for weak strata consisting of fractured rock masses and may
result in future calamities. This study is dedicated to ascertain stability of a horseshoe cavern in different
types of granitic rock masses as well as fractured rocks. Two different types of granitic formations are
accounted and displacements obtained along cavern periphery have been illustrated in the preliminary
part of this study. An increment in vertical displacement at the crown of 260% and lateral displacement
of almost 170% for both walls were observed for moderately weathered rock. Further, implications due
to orientation and frequency of joint sets on the displacements incurred has also been explored. This
study acquires its novelty by considering combinations of joint sets with varying spacings for
investigating their implications on cavern walls. Presence of discontinuities depicted that horizontal joint
spaced closely increased the deformation magnitude which reduced with decrement in joint frequency.
Subsequently, along with horizontal joints at 4m interval, vertical and oblique joints sets were also
incorporated at different frequencies. Consideration of vertical joints at 2m spacing with horizontal joints
resulted in 313.2% increase in vertical displacement at cavern crown as well as 340% and 363% increase
in lateral deformation at the left and right wall, respectively in comparison to intact rock. In case of
oblique joints spaced at 2m with horizontal joints, increment in vertical deformation at the crown
proliferated to 329% in comparison to intact rock.

doi: 10.5829/ije.2023.36.07a.07

1. INTRODUCTION

[2]. Other popular empirical approaches pertaining to
behaviour of rock mass have also been bestowed by

The scope of better mechanisms related to ground control
and advancements in the field of numerical modelling
techniques has allowed us to assess the stability of the
walls of subterranean structures such as large
underground caverns. A cavern is a hollow passage
beneath the earth, which has one of its openings to the
surface of earth. The main concern is to ensure
longstanding stability of these structures, which notifies
us for everlasting operational necessities. One example
of such debacle pertaining to underground structures
include subsidence of the Seoul subway tunnel in South
Korea [1].

The Hoek-Brown empirical failure criteria have been
extensively utilized for asserting rock-mass parameters

*Corresponding Author Email: rijukuili@gmail.com (S. Kuili)

several researchers [3, 4]. Stability assessment of specific
underground projects with the usage of various numerical
modelling tools has been explored over the past decades.
A parametric study performed using Universal Distinct
Element Code (UDEC) concluded that some parameters
of faults were really crucial for asserting the stability of
these structures [5]. Research study pertaining to the
assessment of stress variations between a slope and
tunnel was carried out for both single as well as multiple
tunnel scenarios [6]. Three-dimensional numerical
modelling code (3DEC) has also been utilized by
researchers to assess the promulgation of cracks along the
walls of underground structures as well as asserting their
responses under the dynamic loads [7, 8]. A research

Please cite this article as: S. Kuili, V. R. Sastry, A Numerical Modelling Approach to Assess Deformations of Horseshoe Cavern on Account of
Rock Mass Characteristics and Discontinuities, International Journal of Engineering, Transactions A: Basics, Vol. 36, No. 07, (2023), 1259-
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study utilized Intelligent Committee Machines for
forecasting the Peak Particle Velocity (PPV) generated
due to bench blasting on rock slopes [9]. The stability
aspect due to different extreme loading conditions has
been given a lot of importance over the past decades.
However, the depletion of static stability on account of
poor geological formations along with presence of joints
still needs in-depth assessments for mitigating future
catastrophic failures. A jointed rocky medium is an
accumulation of intact rock separated by the presence of
discontinuities. The presence of discontinuities
substantially weakens the in-situ rock mass. Researchers
had adopted discrete element method in order to evaluate
the implications of existing joints to ascertain the hydro-
mechanical response of an underground storage facility
[10]. However, the static response of any underground
structures  constructed under jointed geological
formations is also crucial to investigate. The deleterious
implication of underground openings substantially
increases when the existing geological formations
comprises of weak rock types. This study has shed light
into the response of an underground cavern under
different types of rock formations along with various
joint sets. Studies have also been extended to analyze the
behaviour of rocks under nonlinear loading which
forecasted increment of dynamic Young’s Modulus with
amplitudes [11]. A study highlighted the behaviour of
jointed rock mass under different types of loads by
proposing a failure criterion which accounts for major
principal strain as it was observed that the state of strain
gains equal importance to the stress state [12]. A research
study looked into the extent of ground subsidence due to
the construction of tunnels [13]. Assessment of tunnel
stability has also been carried out by various researchers
[14, 15]. Researchers have also looked into implications
of tunnel stability in liquified soil conditions [16]. All the
aforementioned literatures convey the stability aspect of
underground structures under various scenarios but fails
to dispatch the quantitative responses of underground
structure peripheries which is highly linked to the type of
surrounding rock masses as well as presence of
discontinuities.

Application of distinct element code to ascertain the
stability of underground caverns have gained an impetus
over the past years due to its robustness in handling large
discontinuities. In recent years, many studies have been
conducted to ascertain the stability of underground
openings using 3DEC, which is a distinct element code
[17-19]. An investigation on predicting lateral
displacement of rock mass at locations situated away
from cavern walls using distinct element code in
interconnected medium has also been performed with in-
depth insight into the squeezing action of cavern walls
[20]. However, the aforementioned study negated the
aspect of surrounding geological rock types and
conveyed the lateral deformations at various locations
located transverse to the cavern walls. Stability analysis

of large underground cavern has also been performed via
FEM which aided in obtaining significant insights
regarding the stresses of the neighboring rocks as well as
rock supports [21]. Predictive modelling study has also
been performed via Artificial Neural Network (ANN) for
proper assessment of underground opening and
surrounding soil interaction on the settlement of surface
and subsurface soil layers [22]. Stability analysis on
tunnels were also performed using a discontinuum model
generated by 3DEC numerical code [23]. Significant
insights were attained through the aforementioned
studies; however, the quantitative assessments of
deformations of underground openings due to jointing as
well as type of geological formations were not
emphasized till date. The present study has been focused
on attaining quantitative estimates of deformations along
cavern periphery and provides a holistic insight regarding
its stability under various jointed geological formations.
When underground excavations are carried out, the
displacements due to overburden are found to occur at the
crown and side walls of the cavern. Due to such opening,
the equilibrium of stress is disturbed and it adjusts to
achieve a new state of equilibrium by undergoing
deformations resulting in sagging of roof as well as
inward movement of side walls. Based on the
aforementioned literatures presented, it has been
observed that, there persists scanty studies to assess the
displacements of cavern walls in different types of rocky
formations as well as caverns constructed in fractured
rocks. This study emphasizes on the assessment of
underground cavern’s response in terms of peripheral
displacement by incorporating joints as well as numerous
joint sets in the rock mass with the aid of 3DEC. The
existing geological formations as well as presence of
discontinuities are one of the crucial aspects which needs
utmost supervision before the construction of any
underground structures. The presence of fractured rock
mass substantially weakens the neighboring rock strata
which proliferates drastically when the strength of the
surrounding rock mass is even less. The novelty of this
study has been acquired by considering two different
types of geological formations as well as different types
of joint sets with varying frequencies which are quite
prevalent at different places globally and the
deformations encountered along the walls of horseshoe
cavern due to the aforementioned aspects have been
delineated in this study. The following subsections
provides insight into the numerical modeling aspect via
3DEC software followed by the modelling details which
has been adhered in this study. The second section of this
article conveys the utilized rock mass parameters along
with properties of discontinuities as well as sheds light
into the application of in-situ stresses in the generated
model. Finally, both the lateral as well as vertical
displacements has been procured along the cavern
periphery due to different types of geological formations
as well as various joint sets which has been incorporated
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in the model. The terminating part of this article presents
the significant insights via concluding remarks attained
through this numerical modelling study.

1. 1. Numerical Modelling Stability analysis of a
horseshoe cavern was conducted under two different
types of ground conditions having intact rock of different
rock strength. Spacing of discontinuities and inclusion of
joint sets has also been varied in this study to ascertain
the change in displacements along the cavern walls. The
entire cavern has been modelled using two types of
geological rock formation with the usage of
discontinuum 3D numerical models i.e., 3DEC. 3DEC is
a three-dimensional modelling tool based on Distinct
Element Method mainly utilized for modelling
discontinuum. Discontinuities are regarded as boundary
conditions between blocks and vast displacements along
discontinuities as well as rotation of blocks are
permitted®. The applicability of FEM in the simulation of
large deformations is quite cumbersome, whereas,
Distinct Element Method (DEM) models every particle
as an individual entity and represent granular material as
an idealized assembly of particles. This aspect conveys
that the DEM approaches are quite suitable for
investigating the phenomena occurring at the length scale
of particle diameter and simulating the bulk behavior of
particles. In case of 3DEC, the independent blocks act
either as a rigid or deformable material. Deformable
blocks are further segregated into a mesh of finite
difference elements, and individual element reacts
according to a specified linear or nonlinear stress-strain
law.

1. 2. Model Details The horseshoe cavern adopted
for this study has a length of 1050m, width of 25m and
40m height. Cavern roof was modelled as an arch with
5m rise. Cavern considered for this study was assumed to
be situated at 50m below ground level. To reduce the
influence of artificial boundaries, a span of 5D was
provided (where “D” refers to cavern diameter) at the
sides in transverse direction and from cavern base to the
model bottom. Further, different models were generated
by changing the frequency of horizontal joints for a single
type of rock formation and these models were analyzed
to assess the cavern stability. Numerous combinations of
joint sets were also incorporated in the model in similar
type of rock formation for analyzing the effect of
jointing.

The extent of area where discontinuities were invoked
into the model along with the excavated opening as well
as the sequence for initiating the excavated portion of the
opening is illustrated in Figure 1. Discontinuities invoked
into the model comprises of the following:

a. Horizontal joints at spacing of 2m, 4m and 6m.

1

https://usermanual.wiki/Document/Manualof3DECV410.1356105871.
pdf

Marking of the
regions to be
excavated

| Extent of area consisting discontinuities

Figure 1. Generation of the model depicting cavern
dimensions and extent of discontinuities

b. Horizontal joints at 4m spacing along with vertical
joints at spacing of 2m, 4m and 6m.
c. Horizontal joints at 4m spacing along with oblique
joints at spacing of 2m, 4m and 6m.

The aforementioned extent of discontinuities invoked
into the model has been explored for the first time in
terms of delineating the stability of horseshoe cavern.
The entire domain of the generated model was divided
into deformable blocks with the help of ‘gen edge’
command, with each block further discretized into
tetrahedrons with predominant geometrical/geological
features forming boundaries of different blocks. Regions
lying close to excavation were meshed with smaller size
and coarser mesh sizes were adopted for locations away
from the cavern. The authors would like to highlight that
the process of generating the model as presented in this
study has been kept exactly the same as per previous
published studies [8, 20]. A flowchart of the adopted
research methodology is presented in Figure 2
delineating every step which have been undergone in this
study for extracting the deformations along cavern
periphery. Preliminary parametric assessments include
assessing the cavern stability without joint sets in two
different types of rock formations. Both values of
horizontal and vertical displacement were noted at
intervals of 210m along the length of cavern and the
maximum procured displacements have been reported in
this study. Later part of this study embraces inclusion of
horizontal joint sets as well as horizontal joint set along
with vertical or oblique joint sets at different spacings and
subsequently maximum displacements in both directions
have been considered as the displacements occurring
along the walls of cavern.



1262 S. Kuili and V. R. Sastry / IJE TRANSACTIONS A: Basics Vol. 36 No. 07, (July 2023) 1259-1268

Generation of model

; Cavenn deformat untof
Horseshoe cavern excavation eI CTUMANONS, 8 ACoDA.Y
rock mass chareteristics

Allocation of domain for
incorporating discontinuities

Horizontal joints spaced at varying
frequencies
(" Horizontal joints at 4 ifervals witl |
wertical joints spaced at vanymng
(" Horizontal joints at 4m intervals with joints at 4m intervals with
oblique joints spaced at varying
frequencies

Figure 2. Flowchart of the adopted research methodology
pertaining to this study
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2. ROCK MASS PARAMETERS

Granitic formations with two different RMR values have
been considered in this study with an overburden of 50m.
The rock formations were classified into hard and
moderately hard rock with RMR value of 65 and 54
respectively. Physico-mechanical properties of different
materials utilized in model generation are presented in
Table 1 and the joint properties are summarized in Table
2.

Material properties were introduced in the model
using ‘prop mat’ command. Subsequently, with the usage
of ‘change mat’ command, rock properties were assigned
to the corresponding blocks. Joint properties were
assigned with the help of ‘change joint’ command. For
both ends of the generated model, displacements in x and
z directions were restrained, and displacements in three
different directions were restricted at the model base.

2. 1. In-situ Stress The vertical in-situ stress of
8.12MPa and 7.25MPa were introduced by considering
the density of rock mass as per Table 1. Orientation of
cavern has been attained in a way such that maximum
stress in horizontal direction of magnitude 12.18MPa and
10.88MPa is experienced along the cavern length and
minimum horizontal stress magnitude of 8.932MPa and
7.98MPa is addressed normal to axis of cavern.
Kn (maximum horizontal stress/Vertical stress): 1.5
Kn (Minimum horizontal stress/Vertical stress): 1.1

Due to the existence of numerous discontinuities in
the generated model, the estimation of existing stresses is

TABLE 1. Physico-Mechanical properties of rocks

Elastic Shear Cohesion Friction Densit
RMR  modulus modulus (Pa) angle (kg/m%l
(Pa) (Pa) (Deg.)
65 17.3e9 10.4e9 1.2e6 70 2.8e3
54 3.8e9 2.3e9 0.56e6 60 2.5e3

TABLE 2. Input properties of joints and joint sets
Normal stiffness (Pa) Shear stiffness (Pa) Friction angle (Deg.)

9.0e9 0.9¢9 42

very difficult via both analytical computations as well as
field measurement. A research study delineated that for
complex geological formations, application of proper
boundary stresses should be performed for attaining the
existing stresses in the generated model which has been
adhered in this study also [24, 25]. The existing stress
conditions were ascertained in the generated model with
the usage of ‘In situ” command and incorporation of
gravity loading was attained with the usage of ‘gravity’
command. Automatic damping was used to dampen the
equations of motion under applied initial as well as
induced conditions and this was achieved with ‘damp
auto’ command. Subsequently, analysis was performed
in multiple stages involving in-situ equilibrium, arched
roof excavation as well as excavation of cavern body both
in non-fractured and fractured medium as illustrated in
Figures 3 to 6.

3. RESULTS AND DISCUSSION

The model was analyzed in two types of rock formation
and the maximum displacements in both directions were
procured at the observation points denoted on the cavern
profile as per Figure 7. Later, joint sets were included in
the model by considering only hard rock properties.

@) (b)
Figure 3. Cavern created within the block

(a) (©
Figure 4. Cavern created within horizontal joints at spacing
(@) 2m, (b) 4m and (c) 6m

(@) (b) ©
Figure 5. Cavern created with horizontal joints (4m) and
vertical joints at (a) 2m, (b) 4m and (c) 6m spacings
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@) (b) (©)
Figure 6. Cavern created with horizontal joints (4m) and
oblique joints at (a) 2m, (b) 4m and (c) 6m spacings

Displacements at these corresponding points were found
out varying the spacing of joint sets.

Stage 1: Investigations were performed in intact rock
mass having two different types of rock properties. The
displacements reported hereafter includes the direction of
displacement which has been denoted with proper sign.
For vertical displacements, displacements occurring in
the downward direction is presented with a negative sign
whereas along the cavern walls, positive displacements
indicate displacements towards the right side and
negative displacements indicates displacement are
occurring towards the left side. Figure 8 shows the
displacement at the cavern crown for both rock
formations. Table 3 depicts the maximum displacements
in both directions at the left wall.

The maximum vertical displacement procured at the
right wall of cavern has also been assessed and the
magnitudes are depicted in Table 4. It can be observed
that magnitude of increase in lateral displacements along
the side walls was significantly higher as compared to
displacements in vertical direction.

The vertical displacement was found to be -1.89mm
at the crown in case of hard rock, which increased to -
6.84mm for moderately hard rock. Similar trend of

Figure 7. Observation points of cavern

=¢=Y-displacement ==X-displacement
Moderately

Hard Rock weathered rock
0
l
~-1
g -2 i\ﬂ
=3 ey
24 e
g5 N
EX ™
o \*]
-8
Rock Type

Figure 8. Displacements at the crown of cavern for two
types of rock formation

TABLE 3. Displacements at left wall for both rock formations
Maximum Displacement

Moderately weathered

(mm) Hard rock rock
Vertical -0.123 -0.854
Horizontal 9.17 24.7

TABLE 4. Displacements at right wall for both rock formations

Maximum Displacement Moderately
Hard rock

(mm) weathered rock

Vertical -0.213 -0.735

Horizontal -10.8 -29.2

increase in horizontal displacement was found while
carrying out the analysis in both rock formations. The
horizontal displacement at cavern crown was found to be
-0.324mm in case of hard rock, which increased to -
1.64mm in case of moderately hard rock. This aspect
depicted that vertical displacement at the cavern crown is
the predominant one which increased drastically in case
of moderately weathered rock.

In case horizontal displacements at the side walls,

similar trend of increment in the deformation magnitude
has been observed for moderately weathered rock. The
maximum horizontal displacement at the left wall
observed to be 9.17mm for hard rock condition which
substantially increased to 24.7mm in case of moderately
weathered rock. The maximum horizontal displacement
at the right wall was higher in moderately hard rock
formation with a value of -29.2mm as compared to -
10.8mm in hard rock formation. It can be observed that
magnitude of increase in lateral displacements along the
side walls was significantly higher as compared to
displacements in vertical direction.
Stage 2: The later part of this study comprises of
asserting the stability of cavern under the influence of
different types of discontinuities. Horizontal (H) joint
sets were incorporated in the model with different joint
spacings. Three different frequencies of horizontal joint
spacing have been explored in this study in order to attain
comprehensive insight regarding the displacements
incurred along the cavern periphery with respect to the
joint spacings. Displacements in both directions were
extracted at the observation points at different intervals
along the cavern length and the maximum displacement
has been reported hereafter.

The crown of cavern incurred maximum vertical
displacement after the incorporation of horizontal joints.
In case of intact rock mass, maximum displacements in
vertical and horizontal direction were observed to be -
1.89mm and -0.32mm, respectively; which increased
considerably after the inclusion of horizontal joints. After
the inclusion of horizontal joints at a spacing of 2m, the
maximum vertical and horizontal displacements showed
considerable increase with values of -4.14mm and -
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0.955mm, respectively. This suggests that presence of
discontinuities significantly proliferated the vertical
displacement at cavern roof. Maximum vertical and
horizontal displacements were found to be -3.48mm and -
0.513mm, respectively when the spacing of joints
increased to 4m. When the joint spacing was further
increased to 6m, the maximum vertical and horizontal
displacements were found to be -1.96mm and -0.389mm,
respectively. The frequencies of the joint sets are quite a
significant parameter in terms of asserting the
displacements along the cavern periphery. Higher spacing
of horizontal joint sets depicted less increment in both
horizontal and vertical displacements at the cavern
peripheries which increased drastically with the reduction
of spacing of the horizontal joints. The maximum
displacements at crown under horizontal jointing are
depicted in Table 5. Tables 6 and 7 depicts the
displacements at the left and right wall of cavern,
respectively.

The presence of horizontal joints increased the
magnitudes of horizontal displacements along the cavern
walls as compared to intact rock mass. In the later part,
along with horizontal joint sets, two different types of
joint sets i.e., vertical and oblique joint sets, have also
been incorporated in the model having hard rock
properties. The displacements in both directions were
analyzed along the periphery of cavern. The spacing of
the horizontal joints has been kept as constant i.e., 4m, so
that significant insights can be attained due to
incorporation of other joint sets as well as variations in
their frequencies. The joint sets incorporated in the model
are as follows:

1. Horizontal joints and vertical joints at 4m and 2m
spacing, respectively.

2. Horizontal joints along with vertical joints both at 4m
spacing.

3. Horizontal joints and vertical joints at 4m and 6m
spacing, respectively.

4. Horizontal joints at 4m spacing and oblique joints at
2m spacing.

5. Horizontal joints and oblique joints at 4m spacing.

6. Horizontal joints at 4m spacing along with oblique
joints at 6m spacing.

TABLE 5. Displacements observed at cavern crown

Max. Displacement No Hjoints  Hjoints H joints
(mm) joints at 2m at4m at 6m
Vertical -1.89 -4.14 -3.48 -1.96
Horizontal -0.32 -0.955 -0.513 -0.389

TABLE 6. Displacements obtained at the left wall

Maximum No Hjoints H joints H joints
Displacement (mm)  joints at2m at4m at 6m
Vertical -0.12 -0.703 -0.484 -0.229
Horizontal 9.17 12.6 11.8 11.2

TABLE 7. Displacements obtained at the right wall

Maximum No Hjoints H joints H joints
Displacement (mm) joints at2m at4m at 6m
Vertical -0.21 -0.94 -0.37 -0.32
Horizontal -10.8 -134 -12.6 -11.4

Figure 9 depicts that the maximum displacements
procured in vertical direction at the cavern crown were -
7.81mm, -6.26mm and -5.59mm with an increase in
spacing of vertical joints. The maximum horizontal
displacements observed at the crown were -0.682mm, -
0.427mm and -0.373mm, respectively with an increase in
spacing of vertical joints. This suggests that
incorporation of multiple joint sets increased the vertical
displacement at the cavern crown significantly, whereas,
the change in horizontal displacement at the cavern
crown were observed to be insignificant. Moreover, as
the vertical joint spacing was increased, reduction of
vertical displacement at the cavern crown was also
observed.

Figure 10 shows the highlights of the displacement at
the left wall of cavern. The lateral displacement procured
at the left wall was significantly higher due to the
inclusion of multiple joint sets. With the increment in
spacing of vertical joints, maximum vertical
displacements procured at left cavern were -0.802 mm, -
0.696 mm and -0.494 mm, respectively; showing a
decrement in the vertical displacement magnitude with
increase in vertical joint spacing. Incorporating vertical
joints at 2m interval along with horizontal joints spaced
at 4m interval induced a lateral displacement of 40.3mm,
which drastically reduced to 23.8mm in case of vertical
joints spaced at 6m intervals along with horizontal joints
at 4m spacing.

Further, oblique (O) joint sets at different spacings
i.e., 2m, 4m and 6m, respectively, were incorporated in
the model along with horizontal (H) joint set spaced at
4m interval and the displacements at cavern crown have
been reported in Table 8 and displacement at the right
wall has been illustrated in Figure 11.

The maximum displacements in vertical direction
observed at the cavern crown after inclusion of oblique

—¢=7Y-displacement ~@=X-displacement
Horizontal joints at 4m Horizontal joints and Horizontal joints at 4m
spacing and vertical vertical joints at 4m spacing and vertical
Jjoints at 2m spacing spacing Jjoints at 6m spacing

: — o

Displacement (mm)

R N S U TR

l

Joint sets
Figure 9. Displacements at cavern crown after vertical joint
set inclusion
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Figure 10. Displacements at left wall of cavern after vertical
joint set inclusion

TABLE 8. Displacements with horizontal and oblique joints at
cavern crown

Maximum H joints H joints H joi_nts
Displacement (mm) (for:]rzt\slvgk()) joierl1rt];j (gm) (fngt!IEg%?
Vertical -8.10 -7.40 -7.17
Horizontal -1.47 -1.21 -1.19

=¢=Y-displacement ~ ==X-displacement

Horizontal joints
at 4m spacing

Horizontal joints

Horizontal joints at 4m spacing

and oblique and oblique and oblique
joints at2m joints at4m joints at6m
spacing spacing spacing

0
5
-10
-15
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|

35

Displacement (imm)

Joint sets
Figure 11. Displacements at right wall of cavern after
inclusion of oblique joint set

joint sets were -8.1mm, -7.40mm and -7.17mm. Similar
trend of decrement in the magnitude of vertical
displacement was procured for the cavern roof with the
increment in the spacing of the oblique joint set.
Maximum displacement in the horizontal direction also
reduced with the increment in spacing of oblique joints.
At the right wall of cavern, maximum vertical
displacements observed were -1.48mm, -1.27mm and -
1.03mm comprising of horizontal joints at 4m intervals
along with oblique joints spaced at 2m, 4m and 6m
respectively. Maximum lateral displacements observed at
the right wall of cavern for the aforementioned scenario
were -32.6mm, -25.1mm, and -19.8mm respectively with
the increase in spacing of oblique joints. The
incorporation of oblique joints along with horizontal
joints substantially increased the magnitude of lateral
displacements along the right wall of cavern, however,

the magnitude of lateral displacements procured for the
oblique joint with horizontal joints was lower as
compared to lateral displacements pertaining to the
model having vertical joints along with horizontal joints.

The assessment of both displacements attained along
the cavern periphery as per this study depicts a crucial
insight into the stability of underground cavern under
both intact rock mass formation as well as in jointed
medium. The agglomeration of discontinuities increases
the chances of collapse of underground structures which
has been highlighted in this study. The magnitudes of
both vertical as well as lateral displacements as attained
in this study would aid the readers to adopt various
remedial measures which would aid in asserting the
stability of underground caverns constructed in fractured
rock masses. Presence of multiple joints having different
orientations increased the magnitudes of displacements
along the cavern periphery which is crucial to consider
before the construction of underground cavern at such
locations. It was also observed that increased frequency
of joints induces substantial increment in the
displacements which reduces with the increment in
spacing of joints. Table 9 conveys a comparative study of
the displacements procured at the crown, left wall and
right wall of the cavern for two types of joint sets as per
this study. The horizontal, vertical and oblique joints
have been abbreviated as H, V and O joints respectively
in Table 9. It was also observed that the magnitude of
horizontal displacement at crown for models consisting
of oblique joints was greater in comparison to the models
comprising of vertical joints; however, the magnitudes of
procured lateral displacements were substantially less as
compared to the vertical displacements.

It can be observed that for underground caverns
constructed in a medium comprising of horizontal and
vertical joint sets will induce more lateral displacement
at the side wall as compared to medium comprising of
horizontal and oblique joint sets. However, the vertical

TABLE 9. Comparative study of displacements due to varying
joint sets

H(4m) H(4m) Hand Hand H (4m) H (4m)

I'\D/Iizgiacement andV and O V jointsO joints andV and O
(mm) (@m) (2m) (both (both (6m)  (6m)
joints joints  4m) 4m) joints  joints
At cavern crown
Vertical -781 -810 -6.26 -7.40 -5.59 -7.17
Horizontal -068 -147 -042 -121 -0.37 -1.19
At left wall
Vertical -0.80 -1.64 -069 -119 -049  -0.96
Horizontal 40.3 27.1 36.2 20.2 23.8 18.6
At right wall
Vertical -0.78 -148 -051 -127 -039 -1.03
Horizontal -500 -326 -418 -251 -31.0 -1938
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displacements procured at the cavern crown depicted
higher magnitudes for the model comprising of oblique
and horizontal joint sets in comparison to the models
consisting of horizontal and vertical joint sets. It was also
observed that with proliferation in spacing of vertical or
oblique joints in the model resulted in lower magnitudes
of displacements in both the directions. The observed
displacements for models with discontinuities were
higher as compared to model having only intact rock
formation. The subtle comprehension of displacements
obtained in this study under various types of rocky
formations aids to provide a holistic insight regarding the
remedial measures to be taken into account for
ascertaining long term stability of underground caverns.

4. CONCLUSIONS

The stability analysis of underground cavern has been
performed in this study with the aid of 3DEC software
under various types of intact rock as well as jointed rock
mass formations and the maximum displacements
procured at the cavern periphery has been reported in this
study. Preliminary part of this study comprises of
assessment of cavern wall deformations under two
different types of geological rock mass formations
followed by assessing the cavern stability with horizontal
joints at different spacings and the following conclusions
have been attained.

e The percentage increase in vertical displacement at
the crown was nearly 260% when analysed with
moderately hard rock properties in comparison to
hard rock properties. The percentage increase in
horizontal displacement when analysed with
moderately hard rock properties were almost 170%
for both right and left walls in comparison to hard
rock properties.

e The vertical and lateral deformations were much
more predominant at the cavern crown and cavern
walls respectively.

e Incorporation of horizontal joints in the models
resulted in increased instability to the cavern walls
as compared to intact rock mass. Presence of joints
especially its frequency, plays a significant role on
the magnitude of both vertical and horizontal
displacements.

e This study indicated that as the frequency of
horizontal joints reduced, the vertical displacement
at the cavern crown also reduced and similar trend in
the lateral displacements were also observed at the
cavern walls.

Multiple joint sets in the form of vertical as well as
oblique joints were also included in the model along with
horizontal joints. The vertical joints and oblique joints
were varied at a spacing of 2m, 4m, and 6m whereas
horizontal joint spacing was kept as 4m and following
conclusions have been attained.

e Comparative study between models comprising of
intact rock mass as well as horizontal joint at 4m
with vertical joints at 2m depicted 313.2% increase
in vertical displacement at cavern crown and
percentage increase in horizontal displacements at
left and right wall of cavern were found out to be
340% and 363% respectively. Whereas in
comparison to model consisting of horizontal joint
along with vertical joints at 6m spacing, the
percentage increase in vertical displacement at
crown was observed to be 196%. For the model
comprising of horizontal joint set with vertical joints
at 2m interval, the percentage increase in horizontal
displacements was observed to be 160% and 187%
at the left and right wall respectively in comparison
to the model having horizontal joint along with
vertical joints at 6m interval.

e Comparison between intact rock mass model and
model comprising of lateral joints along with oblique
joints at 2m spacing showed 329% rise in vertical
displacement at cavern crown. The percentage
increase in vertical displacement reduced to 279.3%
when the spacing of oblique joints was increased to
6m.

e The models containing horizontal joints in
combination with vertical and oblique joints
revealed that displacements at the cavern crown is
higher with oblique jointing and the cavern sidewalls
depicted comparatively higher magnitudes of
horizontal displacements in presence of vertical
joints.

The executed numerical modelling study elucidates
the response of massive buried caverns under various
types of rocky formations. Such studies will lead to safe
design and execution of cavern projects as well as aid in
taking proper remedial measures while designing in
intricate rocky formations.
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The impact of aluminium nitride (AIN) Spacer, Gallium Nitride (GaN) Cap Layer, Front Pi Gate (FG)
and Back Pi Gate(BG), Dual Floating material High K dielectric material such as Hafnium dioxide
(HfO,), Aluminium Oxide (Al,O3), Silicon nitride (SisNs) on Aluminium Galium Nitride/ Gallium
Nitride (AlGaN/GaN), Heterojunction High Electron Mobility Transistor (HEMT) of 6nm technology is
simulated and extracted the results using the Silvaco Atlas Technology Computer-Aided Design (TCAD)
tool. The importance of High K dielectric materials like Al,O3 and SisN4 were studied for the proposal of
GaN HEMT. AIN, GaN Cap Layers, and High K Dielectric material are layered one on another to
overcome the conventional transistor draw backs like surface defects, scattering of the electron, and less
mobility of electron. Hot electron effect is overcome by Pi type gate. Triple tooth floating material is
placed in the buffer layer to improve breakdown voltage. Therefore, by optimizing the HEMT structure
the inabilities for certain devices are converted to abilities. The dependency on DC characteristics and
RF characteristics due to GaN Cap Layers, Multi gate (FG &BG), and High K Dielectric material, Dual
triple tooth material in buffer layer with recessd gate is established. Further Compared Single Gate (SG)
Passivated HEMT, Double Gate (DG) Passivated HEMT, Double Gate Triple (DGT) Tooth Passivated
HEMT, High K Dielectric Front Pi Gate (FG) and Back Pi Gate (BG), Asymmetric High K Dielectric
Front Pi Gate (FG) and Back Pi Gate (BG) with recessed gate Nanowire HEMT. It was observed that the
proposed resulted with increased Drain Current (lon) of 7.5 (A/mm), low Leakage current (lof) 3E-15
(A), Transconductance (Gm) of 4.8 (S/mm), Drain Conductance (Gq) of 2.5 (S/mm), Maximum
Oscillation frequency (Fmax) 745 GHz, Minimum Threshold Voltage (Vth) of -4.5V, On Resistance (Ron)
of 0.12(Ohms) at Vg =0V.

doi: 10.5829/ije.2023.36.07a.08

1. INTRODUCTION

material of different Band gaps where electrons are
generated and travel with rapid speed (mobility of

As Gallium Nitride (GaN) wide band gap material, it
possesses exclusive required material properties like high
thermal stability, high breakdown voltage, high
saturation velocity voltage, high current density, and high
saturation velocity it can be implemented in high-power
microwave applications [1]. In semiconductor
optoelectronics models, GaN-based transistors have its
own importance. Heterostructure, high electronic
mobility Transistor is formed between semiconductor
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electron) [2]. The large bandgap, high velocity, high
current, and less On Resistance (Ron) characteristics,
reflect high efficiency for HEMT [3]. The size reduction
is the current trend in implementation to result in high
performance but the reduction in size of transistor, device
is permissible to some extent only if the device is further
decreased which leads to short channel effects, leakage
current [4]. A small transistor means more numbers in the
transistor in the same area with a wafer of the same size,
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more chips per wafer the manufacturer can fabricate. It
indicates the advancement of technology towards nano
world [5]. High performance is obtained due to advanced
nanowire technology [6]. For example, it reflects in clock
time per instruction within the same time more
instruction can be executed [7]. More function units in
one chip can be integrated reducing the power
consumption requirements [8]. Reduction in transistor
size focuses on decreasing gate length [9]. When clock
speed is taken into consideration for processors, the gate
length is the primary to be considered. More we reduce
the gate length faster than the device works; very fast
calculation is performed [10-12]. High doping causes
drain-induced barrier lowering (DIBL) which causes the
current to leak, high subthreshold conduction is the state
where FET, which is not completely ON, not completely
OFF [13]. This will be presented if the transistor gate
length is reduced beyond the limitation. To overcome this
limitation Heterojunction High Electron Mobility
Transistor came (HEMT) into existence [14, 15].
Gallium Arsenide (GaAs), Gallium Nitride (GaN),
Indium Phosphide (InP), and Silicon Carbide (SiC) can
meet the requirements. Among these materials, in high—
power applications GaN make its use due to its high
saturation velocity, high wideband gap, and high critical
field properties [16, 17]. The material properties and
electronic properties of GaAs, GaN, SiC, and Si are
sorted in Table 5. From this table content, it is observed
that Gallium Nitride ideal candidate to proceed for
implementation in the advancement of Power Electronics
[18]. It is observed by Johnson's figure of merit that GaN
ideal candidate for high temperature and high power due
to its high electron mobility, saturation velocity, and high
breakdown voltage [19]. The narrow channel plays a key
role that triggers the device to work at microwave
frequencies, this is provided by GaN [20]. HEMT is
constructed by deploying two semiconductor substances
with identical lattice constant, and distant band gap
materials are stacked on one another. At the inter-
junction of these two material Bidirectional Electron Gas
(2DEGQG) is formed. A broad class of HEMTSs is existent
namely Gama gate, T gate, Gate Field plate (GFP),
Camel shape Gate (CG), Discrete Field Plate (DFP),
Multiple Grating Field Plate (MGFP) Gate HEMT [21].
These are limited by Early High Leakage current,
Breakdown effects, and shorter channel effects.
Conventional transistors are optimized to overcome these
effects [22]. For the existing HEMT to improve the
characteristics of the device GaN layers, Front Pi Gate,
and Back Pi Gate are incorporated [23]. These Cap layers
passivation layers provide sealing the first layer of
nanowire HEMT structure from external atmospheric
fluctuations. The proposed Asymmetric High K
Dielectric Front Pi Gate (FG) and Back Pi Gate (BG)
with recessed gate Nanowire HEMT overcomes the
limitation of Dual gate HEMT and exhibits optimized

nanowire HEMT Structure which gives optimistic DC
and RF characteristics [24]. The results show that high K
dielectric FG & BG nanowire HEMT results improved
on current, trans conductance, drain conductance,
maximum oscillation frequency, improved cutoff
frequency, with reduced leakage current.

2. STRUCTURE

The complete structure for the proposed Asymmetric
Front Pi Gate &Back Pi Gate recessed with Dual floating
material in buffer layer high electron mobility transistor
(HEMT) device with the gate electrode, Source & Drain
is shown in Figure 1. The High K Dielectric materials
HfO,, Al,O3, SiOy, TiOy, Si, and SizN4 with K values and
gap (EV) are listed in Table 1.

Hafnium oxide (HfOy), Silicon (Si). Silicon Dioxide
(SiO2) Aluminum Oxide (Al;O3), Titanium Dioxide
(TiOy), and Silicon Nitride (SisNa4) are the material with
High K dielectric constant. These materials play a key
role during the process of semiconductor manufacturing
[25, 26].
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Figure 1. High K Dielectric FG-BG G13 & G23 recessed,
Dual floating material GaN HEMT nanowire HEMT
structure with SisN4 /Al203 passivation layers

TABLE 1. High K Dielectric material HfO2, Al20s3, SiOz, TiOz,
Si, SisN4 with K Values and gap (EV) are listed in table

Material K Values Gap(eV)
Si 3.9 11
SiO; 3.9 9
Si3Ng 7 53
Al,O3 9 8.8
TiO, 80 35
HfO, 25 5.8
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Among these materials SiO is conventional material
where it has been used for past decades in FET, As the
size of FET decreases the thickness of SiO- is reduced,
where the gate capacitance is reduced, and thereby
current improved, increasing the device performance.

As the thickness is continuously reduced beyond the
limit leakage current increased and led to high power
utility (consumptions) and the reliability of the device
reduced (degrades). High dielectric materials lead to an
increase in gate capacitance, with no leakage effects. The
capacitance is related as in the following equation

c="7 @)
A is the area of the capacitance, =,is free space
permittivity, k is dielectric constant of the material, t is
capacitor oxide insulator thickness. As the capacitance is
related to k by altering k we can improve the capacitance,
where the derive current can be improved.
Ipsat = %L_Vth)z (2
The drain current equation is expressed in Equation
(2). Here Ipsa Saturation Drain Current is directly
proportional to capacitance, W is the width of the
transistor channel, the length of the channel, p is the
mobility of the carrier. Vi is the threshold voltage. Since
SisNa, AlbO3 are the elements that are stable thermos
dynamically and have a high melting point. Al,O3 has
low defect density, highly uniform, scalable in
nanometers, is robust nature and can be manufactured.
20nm Al»O3 thickness was deployed. Alg7s GaozsN,
Alos,GagssN,  AIN  (Spacer layer), GaN, AIN,
Algs52Gao.asN, Alo7sGao2sN these materials are deployed
in this sequence respective with 36nm, 38nm, 34nm,
43nm, 34nm, 38nm, 36nm. Spacer Layer is to improve
the density of 2DEG (2-Dimensional Electron Gas)
Aluminum Nitride is stable at temperatures over 2000° "
inert atmosphere. It possesses high thermal conductivity.
The unique properties of AIN make its usage in lighting,
renewable energy, electronics, optics, etc. It is a solid
nitride of Aluminum material. At room temperature, it
has approx. 6eV of the band gap. AIN layer used for
carrier confinement reduction in alloy scattering
improved scattering. GaN Cap layer of 2nm is deployed
on the top of the structure. By using GaN cap layer carrier
mobility improved, improve transport mechanism. The
probability of penetrating the mobility electron into
AlGaN is reduced due these layers. High conduction is
possible due to the presence of cap layer. Scattering of
Alloy reduced, and better confinement of -carrier,
improved conductivity and mobility is observed by
employing the cap layer on the top of heterostructure
which proposed makes easy to fabric ohmic contact.
AlGaN is the barrier layer where it is layered with
various thicknesses. Leakage current is reduced lon/lost IS
increased by this employing. It shows influence in Ron

characteristics. High thickness of AlGaN shows the
degradation of system performance. It avoids the
penetration of electrons into buffer layer. Trapping
effects reduction happens so that the dynamic Ron
improved [27]. Back barrier layer (BBL) thickness
results in reduction in leakage current and dynamic Rop;
BBL can be varied from 0 to 200nm; GaN channel is
wurtzite crystal structure. It possesses high bandgap of
3.49 (EV) with electron mobility of 900 (cmy /vs),
electron peak velocity is 2.7 x 107 (cm/s), 2DEG sheet
electron density is 20 x 102 (cm), Critical breakdown
field 3.3 (MV/cm), thermal conductivity > 1.7 (W/cm-
K), Relative dielectric constant (z,) -9.0 GaN material
possess high thermal conductivity, high saturation drift
velocity. These properties are required for the device to
work in high frequency for having high power switching
and to work at high temperatures [28]. Hetero-junction is
formed when two material of different band gaps with
almost the same lattice constant. The field effect
transistor that incorporates hetero-junction is called the
high electron mobility transistor (HEMT) [29]. The
junction is the interface between two materials. In
junction 2-dimensional electron gas raises and flows
from the source to drain [30]. The mobility of the electron
depends on the material used to form a hetero-junction.
Two-dimensional gas characterizes the properties of
electron mobility, electron density, gate bias ON current
or drive current, Transconductance (gm), threshold
voltage (Vu), and cut-off frequency are determined
depending on 2-dimensional electron gas. The
improvement of the device's 2D Gas properties play a
vital role and understanding the key mechanism of 2DEG
is necessary [31]. For high power, high-frequency
application AlGaN/GaN Aluminum Galium
Nitride/Galium Nitride is used due to its high frequency
and high-power application [32]. [] shaped gate formed
by dividing T gate pillar into 2 symmetric halfs [33].
G13, G14 are the front gate legs and G23, G24 is right
gate legs. Experimentation is performed by recessing legs
of front gate and back gate with different cases. G13 leg
recessed, G13 & G23 recessed, G24 & G14 recessed.
Compared to T shaped gate [] shaped gate possess low
channel temperature. When G13 and G23 is recessed []
shaped gate structure thermalization to electron happens
and in [] gate energy loses so this tends to reduce peak
channel temperature [34]. In [] structure parasitic
capacitance increase which reflects on fr reduction; this
can be overcome by increasing the height of pillar Gate
recess technique improves the device performed by 25
percent [35]. Triple tooth floating metal removes the gate
which is virtually present between gate and drain.

The advantages of the proposed structure are to
reduce hot electron effect, under which maintaining the
device performance stable and well into the millimeter
wave frequency range. Proposed dual gate HEMT offers
improved transconductance and better immunity and
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reduces short channel effects subthreshold swing
compared to single gate HEMT and disadvantage is the
devise should be operated in orderly manner following
set of rules to sustain the device performance for longer
period

3. RESULTS AND DISCUSSION

Using the Silvaco TCAD tool proposed transistor
characteristics simulations are performed. Figure 1
shows high K dielectric FG-BG G13 & G23 recessed,
dual floating material GaN HEMT nanowire HEMT
structure with SisN4 /Al,O3 passivation layers.The two
gates play a key role in improving drain current and
conductance of the Device.

Table 2 shows the dimensions of the proposed
structure and Table 3 shows the physical properties of
dielectric passivation materials SisN4, SiO2, and AlOs.
Multi combination of Al,O3 and SisN. showed improved
results for the proposed structure

Further, the performance of the device can be
optimized. GaN cap layers are placed on AlGaN layer to
optimize the results. The location of the gate is an
important parameter that improves the performance. It

TABLE 2. Dimension along the X-axis and Y-axis of the
proposed structure

Material Kin (nan)c()nr::eter) (nan\c:mater) (nan\c()m;ter)
Algs2GaossN 0 320 0 33
AIN 0 320 33 34
Alp75GagsN - 0 320 34 36
AlgsGaossN 0 320 36 38
GaN 0 320 38 43
Aly52GapssN 0 320 43 49
AIN 0 320 49 50
GaN 0 320 50 350
Sapphire 0 320 350 750

TABLE 3. Physical properties of dielectric passivation
materials

SiO, Al,Oq SizNg4
Thermal Conductivity (w/cm/ k)  0.014 18 0.37
Melting Point (°C) 1600 2072 1900
Density(g/cm?) 22 3.95 3.1
Energy gap at 300k(Ev) 9 7.6 5
Refractive index 1.46 177 2.05
Dielectric Constant 39 10 75

consists of a front gate in the upper part and a back gate
in the lower part of the proposed structure. The cap layers
are placed using GaN material on either side of the front
gate and back gate. The top layer gets protection from the
external environment, and electron scattering reduces
and optimizes performance.

The novel 6nm nanowire HEMT transistor is
executed on the Silvaco TCAD tool, and the complete
results are discussed in this section.

Figure 2 shows drain current changes concerning
various drain voltage characteristics of HEMTs with
various physical structures of 6 nanometers at Vgs = OV
for the proposed structure that is G13 & G23 recessed
with dual floating material, G13 & G23 recessed FG
(Front Gate)- BG (Back Gate) GaN HEMT, G14 & G24
recessed FG-BG GaN HEMT, G14 recessed FG-BG GaN
HEMT, the proposed structure exhibits high drain
current. It results in an increased drain Current (lq) of 7.5
A/mm appearing for the proposed structure.

From Equation (3) Cutoff frequency (fr) depends on
the length of the gate (Lg) and the saturation velocity of
the material and transconductance. As drain current
increases, transconductance increases. As the
transconductance is directly proportional to the cutoff
frequency, the cutoff frequency increased to 743GHz. So,
by proper placement of the transistor gate, the required
cutoff frequency can be attained.

Vsat

Cutoff Frequency = 20all ?3)

Figure 3 shows the Oscillating frequency (fmax)
concerning gate voltage, of HEMTs with various
physical structures of 6 nanometers at VVgs = 0V i.e. For
the proposed structure that is G13 & G23 recessed with
dual floating material, at gate voltage Vds = 0.2V is
shown. It resulted in maximum oscillating frequency
(fmax) of 743GHz appeared same as High K dielectric FG
& BG nanowire HEMT for the proposed structure also.

Proposed Structure

G13 & G23 Recessed FG-BG GaN HEMT|
G14 & G24 Recessed FG-BG GaN HEMT|
G14 Recessed FG-BG GaN HEMT

lon Drain Current (A/mm) —

0.0 02 04 06 08 1.0
Drain Voltage (V)

Figure 2. Drain Current changes concerning various Drain
voltage characteristics for HEMTs with various physical
structures of 6-nanometer technology at Vgs = 0V



Y. Gowthami et al. / IJE TRANSACTIONS A: Basics Vol. 36 No. 07, (July 2023) 1269-1277 1273

800

700 + [proposed structure
High K Dielectric FG BG GaN HEMT|

600

500

400 4

Fimax)GHz g

300 4

200

100

5 4 ) 2 K 0

Gate Voltage(V) ——=
Figure 3. Maximum Oscillation frequency with various gate
voltages for the proposed structure that is G13 & G23
recessed with dual floating material, high K dielectric FG &
BG HEMT

Transconductance (gm) is defined as the ratio of
change in drain current (l4) to the change in the change in
the gate to source voltage (Vgs) represented in Equation

(4):

di
Transconductance = —2> 4)
AVgs

Figure 4 shows Transconductance (Gm) concerning
gate Voltage Vg for HEMTs with various physical
structures of 6 nanometers at Vg = 0.2V i.e. The
proposed structure, G13 & G23 recessed with dual
floating material, G13 & G23 recessed FG (Front Gate)-
BG (Back Gate) GaN HEMT, G14 & G24 recessed FG-
BG GaN HEMT, G14 recessed FG-BG GaN HEMT. It is
shown that increased Transconductance of 4.8 (S/mm).
Appeared for the proposed structure.

Proposed Structure
G13 & G23 Recessed FG BG GaN HEMT|
G14 &G24 Recessed FG BG GaN HEMT
G14 Recessed FG BG GaN HEMT

Transconductance Gm(S/mm) ——=

Gate Voltage (V) E——

Figure 4. Transconductance of various gate voltages for
Proposed Structure ,G13 & G23 recessed FG(Front Gate)-
BG(Back Gate ) GaN HEMT ,G14 & G24 Recessed FG-BG
GaN HEMT ,G14 Recessed FG-BG GaN HEMT at Vds
=0.2

As ionized impurities scattering suppressed high
mobility for the free carrier is observed and even gate to
source resistance also reduced high transconductance is
observed due to the usage of higher conduction band
discontinuity-based materials. As sufficient space layer
distance in gate to channel distance used current in active
region is more which makes best use of the proposed
structure in precision sensors, advanced radars, power
electronics. high gain, high switch speeds, low noise and
very good high frequency performance, low parasitic
drain and source resistance are the required
characteristics for the device to operate in millimeter
range frequency. In order to obtain these requirements
buffer layers, floating material, recessed gate are
included in novel proposed structure.

Figure 5 shows the maximum oscillation frequency
with various gate voltages for the proposed structure that
is G13 & G23 recessed with dual floating material, high
K dielectric FG & BG nanowire HEMT at gate voltage
Vds = 0.2V is shown. It resulted same maximum
oscillating frequency (fr) of 743GHz, similar to high K
dielectric FG & BG GaN HEMT.

Figure 6 shows On Resistance (Ron) concerning drain
voltage (Vgs) characteristics of HEMTs with various
physical structure 6 nanometers at gate VVoltage =0V i.e.,
for the proposed structure, G13 & G23 recessed FG
(Front Gate)- BG (Back Gate ) GaN HEMT, G14 & G24
recessed FG-BG GaN HEMT ,G14 recessed FG-BG GaN
HEMT at gate voltage Vgs = 0V is shown. It resulted in
on resistance of (Ron) of 0.12 (Ohms) appeared for the
proposed structure.

Figure 7 shows drain conductance (Gg) concerning
drain voltage (Vas) characteristics of HEMTs with
various physical structures of 6 nanometers at Vg4 = 0.2V
i.e., for the proposed structure, G13 & G23 recessed FG
(Front Gate)- BG (Back Gate) GaN HEMT, G14 & G24
recessed FG-BG GaN HEMT ,G14 recessed FG-BG GaN
HEMT, Vg = 0V is shown.

800

~

=3

o
L

High K Dielectric FG & BG Nano Wire HEM’

@

=1

S
1

SG Passivated HEMT

DG Passivated HEMT

DGT Tooth Passivated HEMT
—r—

2]

(=3

(=3
L

W B
=3 =1
=3 S
L L

Cutoff Frequency (F;)GHz) —
N
o
o

0 T T T T T
0 5 10 15 20 25 30

Gate Length (nm) ——

Figure 5. Cut-off frequency variations at different gate
lengths for various Physical structures at VVds = 0.2V
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Figure 6. On Resistance variation to various Drain voltage
for Proposed Structure, G13 & G23 recessed FG (Front
Gate)- BG(Back Gate ) GaN HEMT ,G14 & G24 Recessed
FG-BG GaN HEMT ,G14 Recessed FG-BG GaN HEMT

3.0

2.5—\

13 & G23Recessed FG BG GaN HEMT
14 & G24Recessed FG BG GaN HEMT
[6 14 Recessed FG BG GaN HEMT

Drain Conductance Gd(S/mm) —

0.0 T T T
0.0 0.2 0.4 0.6 0.8 1.0

Drain Voltage (V) —™

Figure 7. Drain conductance (Gg) with respect to drain
voltage (Vus) characteristics of HEMTs with various
physical structures of 6 nanometers i.e., for Proposed
Structure ,G13 & G23 recessed FG(Front Gate)- BG(Back
Gate ) GaN HEMT ,G14 & G24 Recessed FG-BG GaN
HEMT ,G14 Recessed FG-BG GaN HEMT

It resulted in increased drain conductance (Gp) of
2.5(S/mm) appeared for the proposed structure. Tables 4,
and 5 show the Electrical properties and physical
properties of GaN in comparison with other available
materials. This elevated differentiation shows the
advantages of GaN which is used in constructing the
proposed model to produce the novel structure.

The methods used in the simulation of all structures
are presented here in Table 6. In Table 7 models required
for the simulation for the proposed device are models
required illustrated. Table 8 contains the final obtained
results for the various structures like Multi gate field
plated (MGFP), Discrete field plate (DFP), Gate field
plate (GFP), Camel shaped gate HEMT, Gama field plate
(GFP), Camel shaped gate, Gama shaped gate HEMT,
proposed structure for asymmetric high K dielectric

TABLE 4. Electrical Properties of AlGaN, GaN Materials

Gallium Aluminum
Characteristics - Gallium

Nitride o

Nitride

Saturation Velocity of electrons (cm/s) 2.5E7 11E7
Valance Band DOS (cm®) 2.51E18 2.06E18
The affinity of Electron (EV) 4 3411
Mobility of Electron (cm?/vs) 900 300
Conduction Band DOS (cm®) 2.2318 2.718

TABLE 5. Electrical and physical properties of Si, GaN,4H
SiC, GaAs

Property GaAs Si GaN 4HSiC
Energy band (Ev) 14 112 32 34
Thermal conductivity (W/cm/K) 0.5 15 49 13
Dielectric constant, € 131 118 97 9.5
Electron mobility(cm?/vs) 6000 1350 900 1300
Saturation velocity Vsat (10’ cm/s) 1.3 1 2 3
Critical field Ecr (MV/cm) 0.4 0.25 3 4

TABLE 6. Methods used for simulation of Device Even power

Methods Interpretation

Used in interface defect level electron

Taun concentration lifetime
Used in interface defect level hole concentration
Taup lifeti
ifetime
£ conmun Indicates composition, temperature, and electron
’ models which depend on doping functionality
Material align Specifies the fraction of the difference joining

material

TABLE 7. Model used for simulation of the device
Model Interpretation

Indicates Bandgap narrowing. Composition, temperature,

Bgn and doping-dependent bandgap narrowing.
Fldmob Used for a model for lateral electric field

Inif Al voltage is reset and initiated from zero
Gummel It represents a numerical solution technique
Vsatmod The velocity of saturation model for the mobility of

electron

Front gate (FG) and Back gate (BG) caped recessed with
Dual floating material GaN HEMT resulted in best
results compared to other existing results. High drain
current, High transconductance, High drain conductance,
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TABLE 8. Comparison of existing Transistors and Proposed structure

Gate Shape ~ MGFT DFP GFP  Camel Gama T Pi SG-P DGP  DGTTP gtrr"upc‘;fjer‘i
(Lg) nm 20 20 20 20 20 20 6 6 6 6 6
lon (A/Mmm) 2E-2 5E-2 5.5E-2 TE-2 1 2 4 4.4 4.6 4.9 2
loft(A) (E-11) 360 250 60.2 47 43.2 18 8.65 1 2.63E-1 5.6E-2 8E-4
lon/ lotr (E+8) 5.56E-05 2.00E-04 9.14E-04 0.001 0.02 0.1 4.62E-01 440E+00 1.75E+01 8.75E+01  0.93E+4
fmax (GHZ) 38 50 65 80 100 425 485 490 500 520 745
fr (GHz) 14 18 40 60 90 310 400 537 540 560 743
gm (S/mm) 0.098 0.217 0.297 0.327 0.501 0.9 151 1.45 1.72 2.7 4.8
Vin (V) -1 -1 -1 -1.4 -1.5 -2.8 -3.7 -3.76 -3.8 -4 -4.3.
ga (S/mm) 0.084 0.091 0.095 0.098 0.116  0.148 0.353 0.456 0.534 0.657 2.5
Ron (Qmm) 3.8 3.6 2.5 1.8 15 1 0.8 0.75 0.7 0.6 0.12

Low On-Resistance, High cut off frequency, High
maximum oscillation frequency (fmax), low leakage
current, and High lo/lorr are obtained. With these
obtained results further, it can be applied to suitable
application.

AlGaN/GaN material exhibits high breakdown
voltage and high electron mobility, with this property
device can be applied for high frequency and high-power
applications.

GaN possess high saturation velocity and high two-
dimensional electron Gas density at the two-layer hetero
interference due to this reason GaN is consider as
important candidate with high power switching transistor
for future nano world. This hetero combination exhibits
excellent power handling capabilities.  Carrier
confinement is improved by introducing increased Al
mole fraction in AlGaN.

Gallium Nitride High Electron Mobility Transistor
provides higher power density, small passive component,
higher efficiency. GaN is feasible in both vertical and
lateral structure. For high power modules vertical GaN
devices are used whereas for high frequency and medium
power application lateral GaN are used. Only lateral GaN
are in availability and are in current trend. The drawback
of GaN cascade includes packing complexity when two
devices are connected in series, parasitic inductance
affects switching performance of the device. The device
includes low Cgd gate to drain capacitance and Cgs gate
to source capacitance. Due to this reason total gate charge
is smaller for GaN based switch. As switching speed is
directly proportional to total gate change high switching
speed is efficiency is realized for GaN HEMT. For high
power electric Devices GaN is prominently implemented
due to its unique features such as high thermal stability
and large conduction band discontinuities, high
saturation drift. The thermal conductivity is lower than

Silicon and Silicon carbide. This Silicon nature tends to
higher thermal resistance leads to higher operation
temperature for same dissipated power.

4. CONCLUSION

Asymmetric high K dielectric front gate and back gate
(BG) with recessed gates, dual triple tooth metal for 6nm
HEMT are proposed in this paper and its performance is
analyzed for obtaining optimized results. The proposed
structure is collated with a few existing HEMT
structures. The DC characteristics and RF characteristics
are sorted out and reported improved increased drain
current (lon) of 7.5(A/mm), low leakage current(lo) 3E-
15 (A), Transconductance (Gm) of 4.8(S/mm), Drain
Conductance (Gg) of 2.5(S/mm), Cutoff frequency(fr) of
743 GHz Maximum Oscillation frequency (Fmax) 745
GHz, Minimum Threshold Voltage (Vth) of -4.5V, On
Resistance (Ron)of 0.12(Ohms) at Vg =0V. The
dominant characteristics of the proposed device aid to
apply in millimeters wave application.
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In computer vision, contour/edge detection is a crucial phenomenon. Edge detection is an important step
in contour detection, which is helpful in the identification of important data. The accuracy of the edge
detection process is heavily dependent on edge localization and orientation. In recent years, due to their
versatility, soft computing approaches have been considered effective edge detection strategies. Broadly,
edge detection accuracy is deeply affected by weak and dull edges. In recent works, edge detection based
on fuzzy logic (FL) was proposed, and image edges were improved using guided filtering. However,
guided image filtering (GIF) does not take into account the local features of an image. To include local
features of an image for edge detection, an improved version, i.e., an offset enable sharpening-guided
filter is used in this paper, and FL is used for edge detection. The figure of merit (FOM) and F-score are
used to evaluate the method's accuracy. Using visual representations and performance metrics, the results
are compared with those from cutting-edge techniques.

doi: 10.5829/ije.2023.36.07a.09

1. INTRODUCTION

Edge detection is quite vital in various processes like
object detection, image processing, and computer vision.
The information gained from edge detection is crucial for
numerous other visual tasks [1-3]. As a result, stable
detection of image edge features is necessary to
effectively carry out such tasks. An edge can be defined
as the black pixels in binary images with white
neighbours [1]. A group of pixels with abrupt intensity
fluctuations, similar to a step function, constitutes an
ideal edge. An edge contour is defined by Torre et al. [4]
as a collection of points with sharp brightness
fluctuations. Such abrupt variations in brightness could
be brought on by variations in the image's texture,
grayscale, or colours. According to Shui et al. [5], the
edges were discovered to be in between regions and the
background. Since traditional approaches like Canny [6],
Gao et al. [7], etc. are based on masks; the challenge of
efficient mask generation is still an open problem. These
masks additionally alter the pixel positions due to the
convolution effect. Moreover, all the existing methods,

*Corresponding Author Email: rakeshranjanpsit@gmail.com
(R. Ranjan)

due to the behaviour of masks, are not very accurate in
either accepting the correct edges or rejecting the false
edges, leading to inaccurate edge identification. Edge
detection methods using thresholds either accept
incorrect edges or reject legitimate ones. Therefore, to
address this problem in Canny Edge detection, two
thresholds were used, but even using more than one
threshold failed to solve the problem. Threshold-based
systems are like binary systems, where if the gradient of
a pixel is greater than the threshold, then the chosen pixel
is considered an edge pixel; otherwise, it is chosen as a
non-edge pixel. It is to be further noted that threshold will
depend on the pixel values of an image; therefore,
threshold-based methods fail or require other
morphological operations as done in Canny method [6].
For an edge detector to be considered reasonably
accurate, it must be able to recognise actual edge
contours with reasonable precision [8]. This is necessary
because edge contours are used in computer vision and
image processing activities to link different feature
regions [9]. In order to handle a variety of noise sources,
it is required that the edge detectors be very resilient

Please cite this article as: R. Ranjan, V. Avasthi, An Expert System Based on Type-1 Fuzzy Logic and Digital Image Processing for Knowledge
Based Edge and Contour Detection, International Journal of Engineering, Transactions A: Basics, Vol. 36, No. 07, (2023), 1278-1286
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under a variety of imaging conditions. In addition to
being able to extract edge contours in real-time, the
optimal edge detection method should also be
manageable in terms of memory and storage
requirements [8, 9].

The rest of the paper is organized as follows: in
section 2, related work is presented. In section 3 of the
paper, the proposed method is discussed. In section 4 of
the paper, results are discussed, and finally, the major

conclusions of the paper are discussed in section 5.

2. RELATED WORKS

This section provides an overview of both traditional and
cutting-edge methods.

2. 1. Kernel Based Methods The classical edge
detection methods are based on masking and are very
easy to implement. Some of the basic algorithms of these
methods were developed by Gao an improved Sobel edge
detection [7] which was based on the pixel gradient [10].
These methods generate a large number of spurious
edges, and the detected edges are thick. In recent work,
in place of traditional square masking, a hexagonal
masking scheme is proposed where square masks are
converted into hexagonal masks using the interpolation
method and corresponding new pixel values are obtained
[11]. Later on, the hexagonal scheme is considered under
Canny edge detection method, and the superiority of
hexagonal masking has been proven [12]. As an
application, the usefulness of Canny edge detection in
content-based image retrieval is discussed by Fadaei
[13].

2. 2. Machine Learning Based Methods A
probabilistic boundary (Pb)-based edge detection method
was proposed by Martin et al. [14]. In this method, a
texture feature description and an approach using image
local cues and logistic regression were developed for
recognising edges. An advanced version of the Pb
method, i.e., the multi-scale probabilistic boundary
(MsPb)-based edge detection technique, was introduced
by Ren et al. [15]. Arbelaez et al. [16] expanded the Pb
approach [14] and proposed a global probabilistic
boundary (g-Pb) approach that makes use of multi-scale
and spectral clustering.

2. 3. Deep Learning Based Methods Recently,
deep learning algorithms have made incredible progress
in the area of image edge identification. As explained in
the following two sub-sections, the currently available
deep learning-based edge detection techniques can be
loosely classified into supervised and unsupervised
learning-based techniques.

2. 3. 1. Supervised Learning-based Methods
Currently, supervised learning is used to perform the
majority of image processing tasks. Payet and Sinisa [17]
applied image edges for boundary detection. Dollar et al.
[18] introduced an advanced probabilistic boosting tree
classification. For edge detection, Rahebi et al. [19]
employed an artificial neural network. Etemad and
Chelappa [20] proposed a neural network based edge
detector. Lim et al. [21] used a random forest classifier
for effective edge detection based on a sketch marker.
The holistically nested edge detection (HED) was
developed. This method considers convolutional neural
networks [20] for feature extraction and a deep
supervised network [22] for the classification of edges.
The HED technique also has the capacity to
autonomously learn and may be successfully applied to
handle difficult ambiguities in edge detection. Still, edge
refinement is needed, as discussed by Elharrouss et al.
[23], where a cascaded convolutional neural network
(CNN) is used for the refinement of edges. The summary
of the discussed methods is presented in Table 1.

TABLE 1. State-of-the-art methods

Authors Techniques
Canny et al. [6] Masking
Gaoetal. [7] Masking

Fadaei and Abdolreza [11] Hexagonal Masking
Firouzi, et al. [12]

Martin et al. [14]

Hexagonal Masking
Probabilistic boundary (pb)

Multi-scale probabilistic boundary
(MsPb)

Ren et al. [15]
Arbelaez et al. [16]
Dollar et al. [18]
Rahebi et al. [19]
Limetal. [21]

Elharrouss et al. [23] CNN

Global probabilistic boundary (g-Pb)
Probabilistic boosting tree
Artificial neural network

Random forest classifier

Xiaofeng et al. [24] Sparse code gradients (SCG)

Isola et al. [25]

Fano [26]

Crisp boundary detection
Transmission of information
Yang et al. [27] Convolutional encoder-decoder
Anandan et al. [28]

Xia and Kulis [29]

Hierarchical model-based motion
Unsupervised image segmentation
Baterina et al. [30] Ant Colony Optimization (ACO)
Kumar et al. [31] ACO

Kumar et al. [32] ACO+ Guided Filtering
Ravivarma et al. [33]

Verma et al. [34]

Particle Swarm Optimization (PSO)
Fuzzy + Guided Filtering
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Kumar and Raheja [35] Fuzzy + Lo Guided Filtering

Raheja and Kumar [36] FL
Kaur et al. [37] Fuzzy Logic
Aborisade [38] FL
Begol and Maghooli [39] FL

Zhang et al. [40]
Dorrani et al. [41]
Siddharth et al. [42]
Ranjan et al. [43]

Adaptive Neuro-Fuzzy
Edge detection fuzzy ant colony
Edge detection + ANN
Fuzzy + Weighted Guided Filtering

2. 3. 2. Unsupervised Learning Based Methods
In an unsupervised learning based methods, edge
contours can be identified from the main understanding
of the image without the need for edge features to be
manually labelled for training. As per Xiaofeng et al. [24]
SCG can be used to remarkably increase the performance
of edge detection methods. For extracting edge contours,
Isola et al. [25] used a pointwise mutual information
architecture [26]. For the purpose of extracting object
contours, Yang et al. [27] proposed a completely
convolutional encoder-decoder network. The basic
concept behind this network was based on a full
convolution network [28]. Xia and Kulis [29] proposed
unsupervised semantic segmentation for edge detection
using encoder-decoder architecture.

2. 4. Soft Computing Based Image Edge Detection
In soft computing techniques, the ACO technique was
also employed for edge identification, but accuracy was
limited because there was only one optimal solution and
many of the genuine edges were ignored [30]. By
employing guided image filtering to strengthen weak
edges, the drawbacks of the ACO edge detection
approach were reduced [31, 32]. In other recent work, the
performance of a Sobel operator-based edge detection
mechanism is further improved by 8-directional mask
developments, and the inverse of entropy is used for
threshold detection [33]. This method produces better
results as compared to the traditional Sobel operator, but
is still unable to detect some of the genuine edges. Verma
et al. [34] considered image sharpening along with PSO
for edge detection; however, the main limitation is noise
in edge detection.

2. 5. FL Based Image Edge Detection Fuzzy set-
based edge detection is based on fuzzy theory. Here, the
intensity of the pixels is represented in terms of
membership functions. The membership functions are
derived for both inputs and outputs. For pixels,
neighbourhood fuzzy rules are developed, and a fuzzy
inference engine is used for the output prediction.
Recently, for accurate edge detection, guided image

filtering was combined with FL [35, 36]. In a method
based on fuzzy rules that Kaur et al. [37] explored, edge
detection was performed using sixteen fuzzy rules. To
address more noteworthy vulnerabilities in edge
detection, more studies have been conducted with higher
types of FL, particularly fuzzy type 2 [38, 39]. Zhang et
al. [40] developed an adaptive neuro-fuzzy system for
edge detection. An edge detection mechanism based on
ACO and fuzzy logic was proposed by Dorrani et al. [41]
to minimize false edges. An edge detection approach,
based on Kalman filtering and ANN was proposed by
Siddharth et al. [42].

2. 6. Edge Detection Based on GIF and Fuzzy Logic
Recently, edge identification based on FL and image
sharpening using GIF was proposed by Ranjan et al. [43].
In the next sub-section GIF is discussed.

2. 6. 1. Guided Image Filtering (GIF) Guided
image filtering is a filtration process where edges are
preserved, and the filtered image pixels are scaled and
shifted version of the original unfiltered image. The
scaling and shifting co-efficient are dependent on the
mean and variance of input and guided image.
Considering an image Y, which could be either the input
image X or another image, serves as the initial filtering
guide for GIF. Further assuming that ‘X, and Yy’
represent the intensities values at pixel ‘p’ of the input
and guided images, respectively. Let Qn represent the
kernel window centred at pixel ‘h’. Now, GIF is defined
as:
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Here, the kernel weights functions W, (Y) can be

defined as:
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